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Biomaterials and biomedical devices can induce a set of
adverse biological responses upon contact with body flu-
ids and/or implantation into living organs, as a result of
the formation of biointerfaces between biomolecules and
surfaces. Functional polymers have been of great interest
because of their promising properties for improving the
biocompatibility of the materials and mimicking the biolog-
ical systems to stimulate/interact with cells. Given the great
potential of polymers in solving problems at biointerfaces
and the growing demands in their biomedical applications,
we launched this special issue, which includes seven research
articles, to illustrate the applications of functional polymers
in engineering biointerfaces between biological systems and
polymeric materials and preparing novel biomaterials with
desired surface characters.

Surface modification of solid materials is a key to gener-
ating artificial biointerface. When bioinert and/or bioactive
polymers are immobilized on the surface of biomaterials
and biomedical devices via modern fabrication technolo-
gies, newly resulting biointerfaces exhibit versatile biological
effects, including antifouling, anticoagulation, specific adhe-
sion, and tissue regeneration [1]. The strategies of generating
polymeric surfaces include “grafting from,” “grafting to,”
and “blending” techniques. The article “Bottom-Up Fabrica-
tion of PEG Brush on Poly(dimethylsiloxane) for Antifoul-
ing Surface Construction” and the article “Constructing
Functional Ionic Membrane Surface by Electrochemically
Mediated Atom Transfer Radical Polymerization” show the
“grafting from” technique via surface-initiated reversible

addition-fragmentation chain transfer (SI-RAFT) polymer-
ization and surface-initiated atom transfer radical polymer-
ization (SI-ATRP), respectively. The “grafting to” technique
was utilized in the article “Use of Oxalic-Acid-Modified
Stellerite for Improving the Filter Capability of PM

2.5
of

Paper Composed of Bamboo Residues” to immobilize oxalic
acid and cationic starch on the surface of stellerites and
to further stabilize the modified stellerites on the paper
sheets. As an alternative way, the surface of ultrafiltration
membrane was modified by simply blending polyurethane in
the article “Bio-Inspired Polyethersulfone Membrane Design
via Blending with Functional Polyurethane.” As such, the
biocompatibility, hemocompatibility, and specific filtration
ability of the materials were improved, which were highly
required to meet the growing demands of the biomedical
applications. Besides the traditional specific surface coatings
shown above,materials-independent universal polymer coat-
ings are increasing needed because of the fast development
and diversification in materials science. The general rules
were proposed to develop this type of coatings [2]: (1)
there must be appropriate interactions between the coating
polymers and the substrates; (2) intracoating crosslinking is
required to stabilize the polymer coatings; (3) the coatings
should present available functions or reactive functionalities
for further functionalization.

The scale size of the polymeric materials also results
in versatile effects at biointerfaces, for example, benefit-
ing the rapid responses to external stimuli [3]. Thanks to
the rapid development of nanotechnology, the polymers in
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microscale and nanoscale have been extensively studied. The
advantages of nanomaterials/macromaterials are often due to
the high surface/volume ratios. Generally, the construction
of a nanoscale or microscale system requires synthesis or
fabrication of scalable polymers, suitable devices, and so
on. For example, the article “Influence of Sodium Alginate
on Hypoglycemic Activity of Metformin Hydrochloride in
the Microspheres Obtained by the Spray Drying” employed
spray drying approach towards fabricating soft microgels for
metformin hydrochloride delivery, which could improve the
lipid profile in human body with no risk of hypoglycemia.
By incorporating Fe

3
O

4
nanoparticles into polysaccharide

hydrogels, the soft drug controlled delivery system could
be achieved by magnetic field stimuli [4]. For repairing
hard tissues, the article “The Influence of Irradiation and
Accelerated Aging on the Mechanical and Tribological
Properties of the Graphene Oxide/Ultra-High-Molecular-
Weight Polyethylene Nanocomposites” introduces nano-
size graphene oxide into widely used ultra-high-molecular-
weight polyethylene for improvement of mechanical prop-
erties of artificial joints. Generally, high repairing efficiency,
low toxicity, and good tolerance should be taken into con-
sideration during use of nanoscale/microscale polymers in
biomedical applications [5].

Natural biopolymers are macromolecules derived from
biological systems, such as DNA, protein, and polysac-
charide. They have been extensively used as biomaterials
for drug delivery, disease diagnosis, wound dressing, and
tissue engineering as a result of their good biocompatibility
and programmable biodegradability [6] or even directly as
biospecific stimulants for tuning cell behaviors via the surface
receptors of cells and tissues. In the article “Fish Collagen
Promotes the Expression of Genes Related to Osteoblastic
Activity,” fish collagen was demonstrated to promote the
differentiation and maturation of a preosteoblast cell line
(MC3T3-E1).

In summary, this special issue bridges the polymer sci-
ence and the biointerface engineering. We sincerely hope
that the readers enjoy reading the presented original research
work in this special issue and they can get inspired for their
future studies.
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Polyurethanes (PUs) are currently considered to be biocompatible materials but limited by a low resistance to thrombus. We
therefore design a heparin-like PU (HLPU) to modify polyethersulfone (PES) membranes approaching integrated antifouling and
antithrombotic properties by bioinspiration of heparin structure. Poly(vinyl pyrrolidone)-HLPU (PVP-HLPU) was synthesized
via reversible addition-fragmentation chain transfer polymerization of VP using PU as a macroinitiator and then sulfonated by
concentratedH

2
SO
4
. FTIR andNMR results demonstrated the successful synthesis of PVP-HLPU. By incorporation of PVP-HLPU,

the cross-sectional structure of PES composite membranes altered from finger-like structure to sponge-like structure resulting in
tunable permeability. The increased hydrophilicity verified by water contact angles benefited both the permeability and antifouling
property. As a consequence, the composite membranes showed good blood compatibility, including decreased protein adsorption,
suppressed platelet adhesion, lowered thrombin-antithrombin III generation, reduced complement activation, and prolonged
clotting times. Interestingly, the PVP-cappedHLPU showed better blood compatibility compared to polyethyleneglycol-capped and
citric acid-capped HLPUs. The results demonstrated the enhanced antifouling and antithrombotic properties of PES hemodialysis
membranes by the introduction of functional HLPUs. Also, the proposed method may forward the fabrication of hemocompatible
membranes via bioinspired surface design.

1. Introduction

Polyurethanes (PUs) are currently facing growing applica-
tions in biomedical fields such as bone regeneration [1], near-
infrared imaging [2], shape memory [3], anti-inflammatory
platform [4], cancer gene therapy [5], controlled drug deliv-
ery [6], tissue engineering [7], and nervous system repair [8],
due to themain advantage of their flexible chemical structure.
Simple alterations of stoichiometry and/ormonomers during
the synthesis of PUs can produce various materials ranging
from elastic thermoplastic polymers to rigid thermoset ones
[9]. Besides these, a facile modification of pendent groups
of PU can result in a broad spectrum of properties ranging
from removing toxin bilirubin to antibacterial properties [10].
However, a limitation of low resistance to thrombi is still
associated with these biomaterials that restricted their uses
as blood-contacting materials.

Heparin is a highly acidic, polyanionic, and dispersive
linear polysaccharide [11]. The bearing of highly negative
charged groups (sulfate and carboxylate groups) and the
acceptably hydrophilic structure facilitate its anticoagulant
property, leading to a wide use in clinical practice. There-
fore, numerous approaches have been developed to prepare
heparin-immobilized PUs for potential biomedical appli-
cations with improved biocompatibility and anticoagulant
activity [12], enhanced antiadhesive and antibacterial prop-
erties [13], inhibited protein and platelet adhesion [14],
enhanced viability of transplanted hepatocytes and inducing
angiogenesis [15], and so on. In an earlier study, blood-
contacting PU films were prepared by alternatively immers-
ing PU films in human serum albumin and heparin solutions
[16]. However, the physically coated heparin onto PUs is
not stable with the ionic interaction between human serum
albumin (HSA) and heparin. Thereafter, researches turn
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the direction towards covalently immobilization of heparin
onto PUs. Tan et al. covalently linked heparin onto PU
surfaces by the reaction between the amino group from
pregrafted polyethylenimine and the carboxyl group from
heparin, which significantly improved the hydrophilicity and
hemocompatibility of thematerials [12]. However, fabricating
a heparin-like structure in PU polymer chains is rarely
targeted. Herein, we aim to design novel heparin-like PU
(HLPU) for the modification of polyethersulfone (PES)
membrane by a simple blending method, which may be used
for the fabrication of hollow dialysis membranes.

PES has become one of widely used polymers, due to its
good oxidative, thermal and hydrolytic stabilities, and good
mechanical and film-forming properties [17, 18]. However,
the anticoagulant and antifouling properties of PES are not
ideal so far. Therefore, our recent study focused on the
functionalization of PES dialysis membranes by HLPUs. The
heparin-like polyurethanes contained –SO

3
H, –COOH, and

–OH groups, which were fabricated to modify the anticoag-
ulate property of PES membranes by a blending method [19].
In order to endow PES membrane with both anticoagulant
and antifouling properties, herein, poly(vinyl pyrrolidone)
(PVP) is employed as an end-capped groups in HLPU. The
resultant PVP-HLPU was then blended with PES. The water
contact angle, antifouling property, and hemocompatibility
for the membranes were performed. In addition, the effect
of the end-capped groups on the properties of modified PES
membranes was studied.

2. Experimental

2.1. Materials. Polyethersulfone (PES, Ultrason E6020P) was
purchased from BASF chemical company (Germany). N-
Vinyl-pyrrolidone (VP; 99%) was purchased fromAlfa Aesar.
Diphenyl-methane-diisocyanate (MDI; 98%) and dimethy-
lolpropionic acid (DMPA; 98%) were obtained from Aladdin
(China). MDI, DMAP, VP, and DMAc were distilled under
reduced pressure prior to use. N,N-dimethylacetamide
(DMAc; 98%) was obtained fromChengdu Kelong Company
(China). Bovine serum albumin (BSA) and bovine serum
fibrinogen (FBG) were purchased from Sigma (USA). All the
other chemicals were obtained from Chengdu Kelong Inc.,
China.

2.2. Synthesis and Characterization of PVP-HLPU. PU was
firstly synthesized. Typically, 0.060mol MDI was dissolved
in 200mL DMAc with stirring under N

2
, followed by adding

0.062molDMPA.After completely dissolving themonomers,
the reaction was performed in airtight equipment at 70∘C
for 4 h under N

2
. The reaction pathway is presented in

Scheme 1. The crude product was purified by methanol and
hot deionized (DI) water, respectively, to remove the residues.
The obtained PU was dried completely at 40∘C in a vacuum
oven over 3 days.

Then, PU RAFT agent was synthesized. Typically, 1.74 g
chain transfer agent (CTA), 1.18 g EDC, and 0.83 g HOBT
were dissolved in 200mL DMAc with continuous stirring at
nitrogen atmosphere. After the activation for 1 h, 18 g PU was
added to above-mentioned solution and kept the reaction at

Table 1: The compositions of modified PES membranes.

Sample code PES (wt.%) PVP-HLPU (wt.%) DMAc (wt.%)
M-0 18 0 72
M-2 18 2 70
M-4 18 4 68
M-6 18 6 66
M-8 18 8 64

room temperature for 24 h. The product was purified with
methanol and hot DI water, respectively, to guarantee a full
removal of the impurities. The obtained product (macro-
RAFT agent) was dried completely at 30∘C in a vacuum oven
until reaching constant weight.

Polymerization of VP into the polymer chain of PU was
carried out in a sealed tube. Briefly, 2.49 g of VP, 1 g of
the macro-RAFT agent, and 0.02 g of AIBN were added to
a Schlenk flask followed by the addition of DMAc. After
three cycles of freeze-pump-thaw, the reaction mixture was
allowed to warm to 80∘C under a nitrogen atmosphere, and
the polymerization was carried out for 10.5 h. After dialysis
against DI water for couple of days, the product was freezing-
dried resulting in white powders and termed as PVP-PU.

The obtained PVP-PU was sulfonated by concentrated
H
2
SO
4
with a mass ratio of 1 : 10. After stirring at room

temperature in the H
2
SO
4
for 10 h, the PVP-HLPU was

purified with DI water for couple of times to remove the
residue H

2
SO
4
. The HLPU powder was dried at 30∘C for

72 h. A Fourier transform infrared spectroscope (FTIR) and a
BRUKER spectrometerwere used to characterize PVP-HLPU
polymer.

2.3. Preparation and Characterization of Membranes. The
membranes were prepared by a liquid-liquid phase-inversion
technique as described in our earlier studies [20]. The
modified membranes with different mass percentages of the
PVP-HLPU are shown in Table 1.

A scanning electron microscope (FE-SEM, JSM-7500F,
JEOL, Japan) was used to characterize the cross section
morphology of the membranes.

The hydrophilicity of the membranes was characterized
by a contact angle goniometer (OCA20, Dataphysics, Ger-
many) equipped with video capture. At least five measure-
ments were averaged to reach a reliable value.

2.4. Antifouling Property of Membranes. The characteriza-
tion of the antifouling property of membranes were pro-
vided in S1 (see Supporting Material available online at
https://doi.org/10.1155/2017/2158124).

2.5. Blood Compatibility of Membranes. The protein adsorp-
tion behavior of PES membranes was carried out according
to our previous study [10]. The protein adsorption, platelet
adhesion, clotting times (activated partial thromboplastin
times (APTTs) and thrombin times (TTs)), platelet activation
(Human Platelet Factor 4 (PF4)), coagulation activation
(thrombin-antithrombin III complex (TAT)), and comple-
ment activation (C3a and C5a) of PES membranes were

https://doi.org/10.1155/2017/2158124
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Scheme 1: Synthesis of PVP-HLPU.

carried out, and the details were provided in S2 (see Supple-
mentary Material).

3. Results and Discussion

3.1. Synthesis and Characterization of HLPU. The FTIR spec-
tra for the PVP-PU and PVP-HLPU are shown in Figure 1.
It was observed that the peaks at 3310 cm−1 and 3391 cm−1
were the characteristic stretching vibration peaks of the N–
H of the isocyanate [19] in the PVP-PU and PVP-HLPU,
respectively. After the sulfonation, the peak intensity at
3310 cm−1 decreased, which indicated the successful sulfona-
tion of PVP-PU. The peaks at 2914 cm−1 and 2908 cm−1
were attributed to the –CH

3
of the CTA in the PVP-PU

and PVP-HLPU, respectively, while the peaks at 1732 and
1736 cm−1 were attributed to the –C=O in the carboxyl group
of the isocyanate in both the PVP-PU and PVP-HLPU. The
characteristic stretching vibration peak of cyclanone in VP
was observed at 1662 cm−1. Besides, the characteristic peak of
S=O of the sulfonic group in PVP-HLPU should be between
1600 and 1750 cm−1, which was covered by the characteristic
peak of C=O.

PVP-PU

3310
2914

1732 1662
PVP-HLPU

3391
2908

1736 1662

3500 3000 2500 2000 1500 1000 5004000

Figure 1: FTIR spectra of PVP-PU and PVP-HLPU.

The NMR spectra for the PVP-PU and PVP-HLPU are
presented in Figure 2. The synthesized PVP-PU was verified
by the signals at a (𝛿 = 9.59 ppm, N–H), b and c (𝛿 =
7–7.5 ppm, Ar–H), d (𝛿 = 4.22 ppm, –CH

2
– in DMPA), e
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Figure 2: The 1H NMR of PVP-PU and PVP-HLPU.

(𝛿 = 1.21 ppm, –CH
3
of the CTA), f (–CH

2
– on the PVP

backbone), g (C–H on the PVP backbone), h, i, and j (the
–CH
2
– of the cyclanone in VP), and k (–COOH of the PVP-

PU). Compared to the NMR spectrum for the PVP-PU, the
signal at 𝛿 = 9.59 ppm (N–H) of the NMR spectrum for the
PVP-HLPU almost disappeared, which was replaced with an
intensified signal at 𝛿 = 8.53 ppm due to the sulfonic group in
PVP-HLPU).

3.2. Morphologies and Hydrophilicity of PES Membranes.
Figure 3 shows the SEM images for the cross section of the
membranes. It was observed that the cross section structure
of the membranes showed two dense layers and an interlayer.
Interestingly, the pores of the modified membranes changed
gradually from finger-like structure to sponge-like structure
with the addition of the PVP-HLPU, when compared to the
membrane M-0. Especially when the PVP-HLPU content
reached 8wt.% (M-8), the finger-like pores almost disap-
peared and the cross-sectional structure nearly changed to
sponge-like structure. Furthermore, the sponge-like pore size

increased gradually with the PVP-HLPU content chang-
ing from 2wt.% to 8wt.%; the reason might be that the
hydrophilic PVP-HLPU migrated to the membrane surfaces
and the pore surfaces during the phase separation process of
the membrane preparation [17].

3.3. Antifouling Property of Membranes. To investigate the
antifouling property of the membranes, BSA ultrafiltration
was carried out, and the data are shown in Figure 4. The
PBS fluxes of all the modified membranes were higher
than that of the pristine PES membrane. For the modified
membranes, the PBS flux increased with increasing the
HLPU amount, which might be resulted from the changed
membrane structure and the increased surface hydrophilicity
(as shown in Figure 3 and Table 2). It was reported that
the viscosity of the casting solution would be changed after
blending the amphiphilic PU, which had great effect on the
phase separation during membrane formation [21].

Meanwhile, a slight reduction in the PBS solution was
observed with time as shown in Figure 4. The fluxes of
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Figure 3: SEM images of the cross sections of different PES membranes. Magnification: (a) 1000x; and (b) 2500x.
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Table 2: Water contact angle and permeability of PES membranes.

Sample code Copolymer (wt. %) Water contact angle (∘) Water flux (mL/h×m2×mmHg) Flux recovery ratio (%)
M-0 0.0 76.8 ± 2.2 30.6 40.8
M-2 2.0 65.8 ± 1.9 90.0 81.7
M-4 4.0 58.2 ± 1.5 113.6 84.7
M-6 6.0 51.3 ± 1.8 133.5 88.2
M-8 8.0 46.7 ± 2.5 155.1 92.0
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Figure 4: Time-dependent fluxes of the PES and modified mem-
branes. PBS solution: 0–30min, 80–110min, and 160–190min; BSA
solution: 40–70min and 120–150min.

the membranes decreased dramatically when the filtration
solution changed from PBS to BSA solution. This might
be due to BSA molecules deposition/adsorption on the
membrane surfaces and/or in the membrane pore surfaces
[22].

The decline in flux under constant pressure was caused
by two reasons: concentration polarization and membrane
fouling [23]. As a result, several cycles of filtration and flux
recovery ratios were tested to determine the main reason
for the flux decline of the membranes. The composite mem-
branes were washedwith PBS solution for 10min after 60min
of protein ultrafiltration. Afterward, the PBS solution fluxes
were carried out once again. It could be observed in Figure 4
that the fluxes for all the modified membranes recovered in
a larger extent compared to the pristine PES membrane after
rinsing in DI water for 30min. It indicated that the fluxes of
the modified membranes were much easier to be recovered
and thus showed better antifouling property.

In addition, flux recovery ratios (𝐹RR) were used to judge
the antifouling property [24].The better antifouling property
of the membrane is reflected by higher 𝐹RR values. As shown
in Table 2, all 𝐹RR values for the modified membranes were
over 80%, which are higher than that (40.8%) of the pristine
PES one. In addition, 𝐹RR increased gradually with increas-
ing blended amounts of HLPU. It indicated that the compos-
ite membranes showed good antifouling property after the
addition of HLPU.
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Figure 5:The protein adsorbed amount for the pure PESmembrane
and the composite membranes.

3.4. Blood Compatibility of Membranes

3.4.1. Protein Adsorption. Protein adsorption on biomaterial
surfaces is always considered as the first step of many unde-
sired bioreactions and bioresponses [25]. Protein adsorp-
tion is affected by numerous factors, such as hydrophilic-
ity/hydrophobicity, surface charge, surface topology, inter-
actions between the adsorbed molecules, the composition
of the protein solution, and the surface chemistry [26]. The
modified membranes after blending with hydrophilic addi-
tives exhibited decreased protein adsorption and enhanced
biocompatibility [22]. Otherwise, plasma protein adsorbed
on material surface had great influence on platelet adhesion
and activation [27].Thus, protein adsorptionwas firstly tested
to investigate the blood compatibility of the membranes.

The adsorption of BSA and FBG of the membranes was
studied in vitro, and the results are presented in Figure 5. As
expected, all the modified membranes exhibited decreased
protein adsorption amounts compared to the pristine PES
membrane (M-0). The BSA adsorption and FBG adsorp-
tion for the pristine PES membrane were 18.5 𝜇g/cm2 and
11.8 𝜇g/cm2, respectively. As for the modified membranes,
the protein adsorption amounts decreased with increasing
the blended HLPU content. In particular, when the PVP-
HLPU content was 8wt.%, the BSA and FBG adsorption of
the membrane (M-8) decreased dramatically to 4.9 𝜇g/cm2
and 2.4 𝜇g/cm2, respectively. It might be caused by the
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Figure 6: SEM micrographs of platelets adhered on the membrane surface.

increased hydrophilicity and electrostatic repulsion of the
negative charge of the modified membrane surface. The
enhanced protein antifouling properties improved the blood
compatibility of the modified membranes.

3.4.2. Platelet Adhesion. Platelet adhesion on the surface of
biomaterials is also critical to evaluate hemocompatibility.
Once a foreign material contacts with blood, inducing of
adsorbing proteins in blood, platelet adhesion and platelet
activation cannot be avoided, then forming thrombus [28].

The results of platelet adhesion onto PES membranes are
presented in Figure 6. It could be observed that the amount
of adhering platelets decreased sharply with increasing the
PVP-HLPU amounts in the modified membranes. When
the PVP-HLPU content reached above 6wt.% (M-6 and M-
8), there was almost no platelet adhesion on the modified
membranes. Meanwhile, the adhered platelets on the surface
of modified membranes showed rounded shape, and almost
no pseudopodium and deformation were observed on the
surface of the modified membrane. However, an aggregation
of the adhered platelets on the original PES membrane
were deformed with extended pseudopodia. It was due to
the improved hydrophilicity and the relatively low protein
adsorption on the modified membranes. It indicated that the
hemocompatibility of the PVP-HLPU modified membranes
was improved.

3.4.3. Clotting Times (APTT and TT). The activated partial
thromboplastin time (APTT) and thrombin time (TT) are
also used to characterize the anticoagulant properties of
the membranes. We measured the APTTs and TTs for the
membranes to investigate the anticoagulation activity of the
membranes, and the results are presented in Figure 7.

Both the APTTs and TTs increased sharply with increas-
ing the blended PVP-HLPU amounts. When the blended
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Figure 7: Clotting time results for all the membranes. Values are
expressed as means ± SD (𝑛 = 3).

amounts of PVP-HLPU reached 8wt.%, both the APTT and
TT of the membrane M-8 were over three times longer than
the APTT and TT of the membrane M-0. The increase of
clotting time was much higher than those reported in other
studies [29].The excellent anticoagulant property was caused
by the heparin-mimicking structure of HLPU, the enhanced
hydrophilicity, and antifouling properties. Therefore, the
clotting time tests indicated the anticoagulant properties of
the PVP-HLPU modified membranes were improved.

3.4.4. Platelet Activation and Thrombin Generation. Contact
activation of the coagulation system is crucial to induce
blood coagulation. Platelet activation could result in platelet
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Figure 9: C3a and C5a concentrations for the membranes.

aggregation and activate the coagulation cascade system.
Platelets interact with coagulation factors, while formed
thrombin is a potent platelet-activating agonist [30].The acti-
vated platelets could result in forming platelet factor 4 (PF4),
while the formed thrombin could couple with antithrombin
III to generate thrombin-antithrombin III (TAT) complexes
[31].Therefore, the concentrations of PF4 andTAT complexes
could reflect the contact activation level, and the results are
presented in Figure 8.

Both the PF4 and TAT complexes concentrations for
the modified membranes decreased dramatically compared
to the pristine PES membrane (M-0) or the plasma, which
indicated that the modified membranes would not induce
the activation of platelet and coagulation cascade. Thus, the
modified membranes showed excellent blood compatibility
after introducing the PVP-HLPU.

3.4.5. Complement Activation. Human complement system
is also important in the body’s defense mechanisms against
infection and “nonself ” elements [32]. After contacting the
blood, the complement activation reflects the hemocompati-
bility of materials. After complement activation, followed by
C3a, C4a, and C5a release, which are anaphylatoxins [33]. In
current study, activation ofC3a andC5awas tested to evaluate
the complement activation of the modified membranes, and
the results are presented in Figure 9.

Both the C3a and the C5a concentrations in plasma
increased after the membrane M-0 contacted with the

plasma. However, for the modified membranes, the C3a and
the C5a concentrations in plasma decreased to a certain
extent. In addition, their concentrations decreased with
increasing the amount of PVP-HLPU additive. The results
indicated that the modified membranes showed suppressed
complement activation after introducing the PVP-HLPU.

3.4.6. Comparison of End-Capped Hydrophilic Segments. In
order to study the influence of the HLPUs with different end-
capped hydrophilic segments on membrane performances,
CA- and PEG-capped HLPUs were also synthesized and
used for the modification of PES membranes. The molecular
structures of the HLPUs are illustrated in Scheme 2.

In the study, 8 wt.% of CA-, PEG-, and PVP-capped
HLPUs were blended with 18wt.% of PES, and the mem-
branes were fabricated by a phase-inversion method and
termed asM-CA-HLPU,M-PEG-HLPU, andM-PVP-HLPU,
respectively. Pure PES membrane was also prepared as the
reference and named as M-PES. The properties of PES
membranes are listed in Table 3. The hydrophilicity, water
flux, and 𝐹RR of modified PES membranes increased after
blending functional HLPUs. The PES composite membranes
with PEG-capped HLPU exhibited lowest protein adsorp-
tion compared with those with other functional HLPUs.
PVP-capped HLPU could endow PES membranes (M-PVP-
HLPU) with the best blood compatibility, which was demon-
strated by the highest APTT and TT and the lowest platelet
activation, TAT generation, and complement activation.
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Scheme 2: Molecular structures of HLPUs with different end-capped segments.

Table 3: Systematical comparison of different HLPUs modified membranes.

Testing Name Plasma M-PES M-CA-HLPU M-PEG-HLPU M-PVP-HLPU
Contact angle (∘) / 81.5 54.3 51.2 46.7
Water flux (mL/h∗m2∗mmHg) / 30.6 165.2 175.5 155.1
𝐹RR (%) / 40.8 95.3 95.3 92.0
BSA adsorption (𝜇g/cm2) / 18.6 3.8 3.3 4.6
FBG adsorption (𝜇g/cm2) / 12.1 2.7 1.6 2.5
APTT (s) 35.5 46.8 136.2 100.2 158.7
TT (s) 37.9 38.5 108.7 88.5 117.5
PF4 concentration (ng/mL) 1.86 2.01 0.06 1.05 0.04
TAT concentration (ng/mL) 6.95 6.29 5.05 4.86 3.29
C3a concentration (ng/mL) 499.7 516.8 482.5 456.1 441.6
C5a concentration (ng/mL) 20.6 51.1 16.9 13.9 11.2

4. Conclusion

In this study, a heparin-like poly(vinyl pyrrolidone)-capped
polyurethane (PVP-HLPU) was designed by reversible
addition-fragmentation chain transfer polymerization com-
bined with a sulfonation. The obtained PVP-HLPU could be
directly blended with PESmatrix to prepare membranes.The
modified membranes showed excellent hemocompatibility
and excellent protein antifouling properties compared with
pristine PES membrane. In a conclusion, it is an effective
system to evaluate the blood compatibility of the membranes
by combination of APTT, TT, and platelet adhesion and so
on.That is not to say that there is no drawback by use of these
three methods. Other methods such as complement activa-
tion, hemolysis test could also be employed to characterize
the blood compatibility of polymeric materials. Nonetheless,

our results indicated that the PVP-HLPU modified mem-
branes had great potential to be used in blood purification.
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In this study, pulping conditions for kraft pulping of bamboo residues were investigated, predominantly focusing on cooking
temperature and time during pulping. Oxalic acid and cationic starch were used for the modification of natural stellerite, and the
use of modified stellerite for preparing filter paper for PM

2.5
filtration was investigated.The optimal pulping technology of bamboo

residues was established based on the following experimental parameters: liquor ratio of 1 : 5.5, cooking temperature of 160∘C, and
a holding time of 2 h. Modification by oxalic acid resulted in the promotion of pore formation at the stellerite surfaces and induced
the microscopic changes. Nevertheless, paper strength remained practically unchanged after the addition of fillers, indicating that
the cationic starch preblendmethod is a promising technique for papermaking because it enhances the strength properties of paper.
With the variation in the addition of modified stellerite from 3 to 15%, while simultaneously maintaining the basis weight constant
at 60 gm−2, the filtration efficiency of paper sheets first increased and then decreased later; thus the optimum stellerite content was
found to be 9%. Filtration efficiency was suggested to be affected by gas flowing velocity.

1. Introduction

With the economic development of China as well as the
growth of its transportation industry, air pollution is becom-
ing more serious in recent years. Several contaminants and
pollutants can be adsorbed on the particles suspended in the
atmosphere and enter the body via respiration.

Most studies have reported that PM
2.5

(particles with
an aerodynamic diameter of 2.5 𝜇m or less) [1] with small
average particles size, large-scale impact, and high specific
surface area can enter the human respiratory system and even
penetrate through the lung cells into blood circulation, pos-
ing serious hazards to human health [2], including asthma [3]
and bronchitis [4]. More importantly studies have increas-
ingly reported that PM

2.5
possibly stimulates the mutation

of the p53 gene in nasopharyngeal epithelial cells and plays
an important role in the carcinogenesis of oral tissues [5].

According to the American Cancer Society, an 8% increase
in cancer mortality for every 10 𝜇gm−3 increase in PM

2.5

consistency for city population has been observed.
On the other hand, China has the richest resources of

bamboo in the world, where 33,000 km2 or 3% of the coun-
try’s total forest area is occupied by bamboo [6]. With the
development of the bamboo industry, a large number of
residues are produced, and the utilization of these bamboo
residues is not greater than 10%, where its collecting and
treatment has noticed by people [7].

Both domestic and international studies have indicated
that fiber filter material exhibits several advantages, such as
mass production, low cost, high surface area, porous nature,
and good flexibility [8–12]. The main raw materials used
for filter material for high-efficiency PM

2.5
capture include

natural plant, synthetic fiber, glass, ceramic, and metal fibers.
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Table 1: Cooking process.

Sample Extension Cooking
temperature (∘C) Cooking time (h)

BR Bamboo residue — —
P1 Pulp 1 150 1.5
P2 Pulp 2 150 2.0
P3 Pulp 3 150 2.5
P4 Pulp 4 160 1.5
P5 Pulp 5 160 2.0
P6 Pulp 6 160 2.5

Natural plant fiber, such as bamboo residues, is probably the
most promising one among various PM

2.5
filter materials,

attributed to its wide spread sources, low cost, and excellent
reprocessing performance.

Zeolite is a type of aqueous silicoaluminate mineral
with excellent adsorption characteristics. Porous zeolites have
been widely used in catalysis, adsorption, and separation
attributed to their open frameworks, high surface areas, and
ordered pore structures [13–15]. Nevertheless, few studies
have been reported on natural zeolite, despite its low cost and
abundant storage [16].

In this study, the effect of filter paper made from bamboo
residue and oxalic-acid-modified stellerite on PM

2.5
filtration

was comprehensively investigated. Factors affecting pulping
and the use of stellerite were also investigated.

2. Experimental

2.1. Materials

2.1.1. Raw Materials. Stellerite was purchased from Jinshan-
sida Co., Ltd. (Guilin, China). Oxalic acid, sodium hydroxide
(NaOH), and sodium sulfide nonahydrate (Na

2
S⋅9H
2
O) with

purities of 96% were supplied by Linfeng Chemical Co., Ltd.
(Shanghai, China). Cationic starch with a substitution degree
of 0.028 was purchased from Hengfeng Chemical Co., Ltd.
(Zhejiang, China). Bamboo (Bambusa rigida species) residue
was provided by a bamboo products company (Anji, China).
The residue exhibited the following average characteristics:
49.96% cellulose, 22.88% total lignin, and 17.97% hemicellu-
loses.

2.1.2. Pulping and Beating. First, bamboo residue (abbrevi-
ated as BR) was crushed and screened through a mesh with a
size of 160. According to ISO 287-1985 standard, its moisture
content was determined to be 12.27%. Pulping was conducted
by the kraft pulpingmethodwith a liquor ratio of 1 : 5.5, active
alkali of 30%, and a sulfureted degree of 30%. Samples were
referred to as P1, P2, P3, P4, P5, and P6 according to the
cooking process as shown in Table 1.

Filtration and washing were conducted after pulping.
Finally, the pulp was refined to 30∘SR using a TD7 Refiner
(TD7-PFI, SUST, Shanxi, China).

2.1.3. Modification of Stellerite. Stellerite was obtained from
Jinshansida Co., Ltd. (Guangxi, China). First, stellerite was
repeatedly washed using distilled water for removing some
impurity ions, and this was followed by dehydration in an
oven box at 100∘C for 12 h. Second, stellerite (7.5 g) was added
into a round flask containing aqueous solution of oxalic acid
(150mL, 1.0molL−1). Third, the reaction temperature was
maintained constant at 85∘C for 5 h under stirring. Next, the
solid liquid mixture was filtered, and stellerite was washed
with distilled water. Further, a AgNO

3
test was performed to

ensure the absence of remaining Cl− ions in stellerite. After
grinding, stellerite was calcined at 105∘C for 12 h.

2.1.4. Capping of Cationic Starch Preblend. First, distilled
water (400mL) and cationic starch (20 g) were added
together in a 500-mL four-necked-round-bottom flask; and
the resulting slurry was stirred to ensure sufficient mixing.
Second, modified stellerite (20 g) was added to the slurry,
and after stirring for 25min at 90∘C, it was dried at 95∘C
for 12 h. Finally, the mixture was ground into a powder, and
cationic-starch-capped modified stellerite was prepared by
the preblend method, with a mass ratio of 1 : 1 for cationic
starch and modified stellerite.

2.1.5. Preparation ofHand Sheets andTesting. First, the beaten
pulp was diluted to a consistency of 1.2% using distilled water,
followed by disintegration using a standard disintegrator at
20,000 revolutions until all fiber bundles were dispersed.
Second, cationic-starch-cappedmodified stellerite was added
under stirring at 3000 revolutions for 1min, where the
concentration of the added fillers was maintained constant
at 3, 6, 9, 12, and 15% (based on oven-dry pulp mass).
Hand sheets with a target basis weight of 60 gm−2 were
prepared using the ZBJ1-B Automatic Sheet Former System
(SUST, Shanxi, China) according to TAPPI T 205 (TAPPI Test
Methods, 2002), with the exception that the pressure utilized
for wet sheet pressing was controlled at 200 kPa, followed by
drying at 102∘C using a Formax 12 Drum Dryer (Thwing-
Albert Instrument, USA). The hand sheets were conditioned
under a controlled environment (temperature of 23±1∘C and
relative humidity of 50 ± 1%) before analysis.

The tensile index and air permeability of hand sheets were
determined according to the relevant TAPPI Standards. The
tensile index of the paper sheets was determined using a
WZL-300B Tensile Strength Tester (Qitongboke, China), and
air permeability was tested using an Air Permeance Tester
(Messmer Instruments Ltd., Testing Machines Inc., USA).
The ash content of the fibers was measured according to
ISO 2144:1997 method, and the ash content of the pulp and
paper sheets was determined according to TAPPI T 413 om-
85 (1985) standards. The retention efficiency of the fillers was
calculated by using

𝑅 =
(𝐴 − 𝐵) ⋅ (1 − 𝐿 − 𝐶)

(𝐿 − 𝐵) ⋅ (1 − 𝐴 − 𝐶)
× 100%. (1)

Here, 𝐴, 𝐵, and 𝐿 represent the ash content of the paper
sheets, fiber, and pulp, respectively, and 𝐶 represents the loss
on ignition of stellerite.
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Table 2: Pore structure analysis of fibers and stellerite.

Sample Specific surface area
(𝑆BET, m

2g−1)
Pore volume

(𝑉
𝑡-plot, cm

3g−1)
Pore size

(𝐷BET, nm)
Yield
(%)

P1 0.0064 ± 0.0001 0.000126 ± 0.000003 2941.4 ± 76.48 35.46 ± 0.85

P2 0.0316 ± 0.0001 0.000169 ± 0.000007 714.2 ± 14.99 38.19 ± 0.99

P3 0.0687 ± 0.0002 0.000269 ± 0.000010 405.1 ± 10.94 39.72 ± 1.23

P4 0.0753 ± 0.0005 0.000322 ± 0.000009 218.5 ± 5.244 40.98 ± 0.98

P5 0.0932 ± 0.0007 0.000358 ± 0.000012 89.4 ± 1.699 42.91 ± 1.03

P6 0.0417 ± 0.0008 0.000125 ± 0.000004 120.2 ± 3.366 36.77 ± 1.02

Natural stellerite 2.2179 ± 0.0581 0.000487 ± 0.000012 8.0 ± 0.152 —
Modified stellerite 108.8327 ± 2.1921 0.051550 ± 0.001288 1.9 ± 0.034 91.41 ± 2.01

Filtration efficiencies of various hand sheets were investi-
gated using TSI-8130 Automated Filter Tester (TSI Company,
USA). The 0.3 𝜇m NaCl particle was used as the filtration
simulation model (adjusted flow of 32 Lmin−1).

2.1.6. Determination of Pore Distribution. A pore size distri-
bution detector ASAP2010M (Micromeritics, USA) was used
for the structural analyses of fiber pores. High-purity N

2

was used as the adsorbate, and the adsorption–desorption of
high-purity N

2
was determined at 77K in a liquid nitrogen

trap by a static volumetric method.

2.1.7. Fourier Transform Infrared Spectroscopy Analysis. Fou-
rier transform infrared (FTIR) spectroscopy analysis of
the samples was conducted in the transmission mode by
macrotechniques (13mmΦ pellet; ca. 1.5mg sample with
350mgKBr).The spectra were recorded using aNexusVector
spectrometer (Nexus 670, Thermo Nicolet Company, USA)
under the following specifications: Apodization: triangular;
detector: DTGS/KBr; regulation: 4 cm−1; and number of
scans: 32.

2.1.8. X-Ray Diffraction Analysis. The X-ray powder diffrac-
tion (XRD) patterns of the sampleswere recorded on aBruker
D8Advance XRD instrument (step size of 0.02∘ with 17.7 s per
step). A Generator with 40 kV and a current of 40mA were
employed as sources for CuK𝛼 radiation.

The crystallinity index was calculated from the relative
intensities of the diffraction peaks [17] as follows:

𝑎 =
𝐼
020

(𝐼
020
+ 𝐼am)
× 100%. (2)

Here, 𝐼
020

represents the intensity (2𝜃 ≈ 22.5∘) of the peak
belonging to the {020}, which contributes to the strength
of the crystalline region, and 𝐼am represents the intensity
(2𝜃 ≈ 18∘) between the {020} and {110}, which represents
the intensity of the amorphous region.

2.1.9. Scanning Electron Microscopy Analysis. Morphologies
of the hand sheet surfaces were examined by scanning elec-
tron microscopy (SEM, JSM-IT300, JEOL, Japan) operating
at an accelerating voltage of 15 kV. Before observation, the
samples were coatedwith gold using a vacuum sputter-coater.

All experiments were conducted in triplicate with a
relative standard deviation (RSD) of approximately 5%.

3. Results and Discussion

3.1. Pore Structure Analysis of Fibers and Stellerite. Table 2
lists the results obtained from the pore structural analysis of
fibers and stellerite.The results indicated that, with increasing
cooking degree, surface area and pore volume became greater
than the initial volume. Moreover, pore size significantly
decreased, indicative of the generation of abundant microp-
ores andmesopores. At this stage, the pulping yield increased
because of the reduction in the discharge rate during filtration
after cooking. However, cooking for a long time resulted
in overcooking, leading to a decrease of surface area and
the destruction of the fiber porous structure. Moreover,
pulping yield also decreased during overcooking, attributed
to the massive reduction of fines in washing process. Thus,
the optimal pulping conditions were as follows: cooking
temperature of 160∘C and a holding time of 2 h (sample P5).

With respect to the oxalic-acid-modified stellerite, specif-
ic surface area (𝑆BET) for natural stellerite was 2.2179m

2 g−1;
in contrast, for the sample treatedwith 1.0mol L−1 oxalic acid,
𝑆BET was 108.8327m

2 g−1 (increase by 49 times). In particular,
pore size (𝐷BET) was also significantly less than that observed
for natural stellerite, indicating that a microporous structure
was formed. Moreover, the modification yield was 91.41%,
attributed to the removal of impurities and loss during
washing.

3.2. Functional Group Analysis of Different Samples. Figure 1
shows the FTIR spectra of samples BR, P1, P2, P3, P4, P5,
and P6. The peak observed at 3447 cm−1 is attributed to the
hydroxylgroups (OH) in the fibers; it is a band character-
istic of cellulose [18]. The peak observed at 2960 cm−1 is
attributed to the C–H absorption. The strong band observed
at 1642 cm−1 is attributed to the vibration of absorbed water
molecules in the noncrystalline region of cellulose. The band
observed at 1511 cm−1 is attributed to the vibration of the
aromatic ring of lignin, and the peak observed at 1735 cm−1
is ascribed to the C=O stretching vibration of acetyl and
carboxyl of hemicellulose [19]. The comparison of the dif-
ferent spectra indicated that, with increasing cooking degree,
the cellulose characteristics of spectra were more apparent,
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Table 3: Effect of the variation of stellerite content on filter performance∗.

Dosage of stellerite (%) 0 3 6 9 12 15
Filtration efficiency (%) 59.3 ± 2.1 72.5 ± 1.9 74.1 ± 2.3 78.4 ± 2.5 76.5 ± 2.9 75.8 ± 3.1
∗Gas flowing velocity = 0.2ms−1.
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Figure 1: FTIR spectroscopy of different pulp samples: (a) BR, (b)
P1, (c) P2, (d) P3, (e) P4, (f) P5, and (g) P6.
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Figure 2: XRD curves of different samples: (a) BR, (b) P1, (c) P2, (d)
P3, (e) P4, (f) P5, and (g) P6.

attributed to the fact that, in comparison, cellulose, lignin,
and hemicellulose degrade more rapidly in the cooking
process.

3.3. XRD Patterns of Fibers. Figure 2(a) shows the XRD
patterns of bamboo residues, exhibiting low crystallinity
(crystallinity index = 51.8%), as evidenced by their faint
pattern. The crystallinity of pulp clearly increased after
cooking, with the main peaks observed at 2𝜃 of 22.5∘ and 18∘,
attributed to {020}, and the amorphous region of cellulose.

Moreover, the crystallinity of P1, P2, P3, P4, P5, and P6
increased to 54.4, 55.6, 56.8, 57.2, 59.9, and 57.8%, respectively.
This result is attributed to the following two reasons: the
removal of disordered material in the amorphous region
and the formation of new crystalline region, ascribed to the
realignment of the cellulose chain caused by the penetration
of water molecules into the amorphous region [19].

3.4. SEM Images of Different Samples. Figure 3 shows the
SEM images of different samples, clearly displaying their sur-
facemorphology.The bamboo residues consist of piece struc-
ture, with several pits randomly distributed on the residue
surface (Figure 3(a)).The bamboo fibers with complete shape
and clear contours were obtained for the appropriate cooking
process (P5, Figure 3(b)). Natural stellerite exhibits a clear
layer structure (Figure 3(c)). Treatment with oxalic acid led
to the formation of cracks on its surface, resulting in the
promotion of pore formation at the stellerite surfaces and
induced microscopic changes; this result is consistent with
those shown in Table 2 (Figure 3(d)). Figure 3(e) shows the
hand sheet without fillers, and Figure 3(f) demonstrates the
distribution of granular-modified stellerite between fibers.

3.5. Ash Content and Filler Retention. Figure 4 shows the
ash content and filler retention of different paper sheets.
With increasing stellerite content, ash content increases, and
approximately 7.2% of ash was obtained with the addition
of 15% stellerite. In contrast, filler retention significantly
decreases.

3.6. Tensile Indices and Air Permeability of Paper Sheets.
Figure 5 shows the effects of stellerite content on the tensile
indices and air permeability of the paper sheets. Compared
to the control (without stellerite), the tensile index of the
paper sheet with the addition of 3% stellerite indicated a
3.7% increase; however, the ash content increased from 0.14
to 1.98%. Thus, under experimental conditions employed in
this study, appropriate addition of cationic-starch-preblend-
modified stellerite exerted a certain positive effect on the
tensile index of the paper sheet, possibly attributed to the
improvement of evenness. Moreover, with increasing filler
content, air permeability also increased. With the addition of
15% stellerite, the air permeability of the paper sheet increased
from 3.44 to 6.62𝜇mPa−1 s−1, indicating that the porosity of
the paper increased because of the addition of filler.

3.7. Filter Performance of Paper Sheets. Tables 3 and 4 sum-
marize the filter performance of different paper sheets and
the impact of gas flowing velocities. The filter performance
was suggested to be affected not only by the dosage of fillers,
but also by the gas flowing velocities during testing. The best
performance was obtained with the addition of 9% modified
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Figure 3: SEM images of different samples: (a) BR, (b) P5, (c) natural stellerite, (d) modified stellerite, (e) hand sheet composed of P5 without
stellerite, and (f) hand sheet composed of P5 with modified stellerite (9%).
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Figure 4: Ash content and filler retention of different paper sheets.

Table 4: Effect of different gas flowing velocities on filter performance∗.

Gas flowing velocities (ms−1) 0.2 0.4 0.6 0.8
Filtration efficiency (%) 78.4 ± 2.8 69.7 ± 1.7 62.6 ± 2.5 58.2 ± 2.0
∗Dosage of stellerite = 9%.
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Figure 6: Filtration sketch of paper sheets.

stellerite, predominantly attributed to the fact that extremely
high air permeability of paper sheets results in the decline
of adsorption quantity. This result indicates the existence
of an important difference between fibers and fillers in the
adsorption of PM

2.5
. It has been reported that micron wood

fibers have low collection efficiency toward particles with the
diameter from 0.4 to 0.6 𝜇m, while they have significantly
higher collection efficiency for particles with other sizes.
Among these particles with the diameter of 0.01 𝜇m, the
collection efficiency of micron wood fibers can reach up to
90% [20].

In fact, the filtering process of PM
2.5

particles by plant
fibers and fillers is very complex and specific to location;
therefore, filter performance is affected not only by the 𝑧-
direction position, but also by time. This observation is
referred to as layered filtration and nonstationary filtration
(see Figure 6), which will be further explored in our future
study.

4. Conclusions

In this study, the following optimum cooking condition of
the bamboo residues by kraft pulping was established: a

liquor ratio of 1 : 5.5, a cooking temperature of 160∘C, and a
holding time of 2 h. Modification with oxalic acid resulted
in the promotion of pore formation at the stellerite surfaces,
which induced microscopic changes while simultaneously
maintaining the porous structure of stellerite. The cationic
starch preblend method is a promising technique for paper-
making as it results in the enhanced strength of paper. The
filter performance of paper sheets was significantly increased
by the addition of oxalic-acid-modified stellerite. With the
addition of 9%oxalic-acid-modified stellerite, the paper sheet
exhibited the best filter performance (78.4%) at a gas flowing
velocity of 0.2ms−1.
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The sodium polyacrylate (PAANa) contained polyethersulfone membrane that was fabricated by preparation of PES-NH
2
via

nonsolvent phase separation method, the introduction of bromine groups as active sites by grafting 𝛼-Bromoisobutyryl bromide,
and surface-initiated electrochemically atom transfer radical polymerization (SI-eATRP) of sodium acrylate (AANa) on the surface
of PES membrane. The polymerization could be controlled by reaction condition, such as monomer concentration, electric
potential, polymerization time, andmodifier concentration.Themembrane surface was uniformwhen themonomer concentration
was 0.9mol/L, the electric potential was −0.12V, the polymerization time was 8 h, and the modifier concentration was 2wt.%. The
membrane showed excellent hydrophilicity and blood compatibility.Thewater contact angle decreased from84∘ to 68∘ and activated
partial thromboplastin increased from 51 s to 84 s after modification of the membranes.

1. Introduction

Interfacial properties and interactions with cells and biolog-
ical fluids play a vital role in the applications of polymers as
biomaterials [1], and it is of great importance to control and
manipulate the surface [2, 3]. It is well known that polymeric
materials are widely used in the biomedical field such as
cellulose acetate (CA), polymethylmethacrylate (PMMA),
polyacrylonitrile (PAN), ethylene vinyl alcohol copolymer
(EVAL), polyvinyl alcohol (PVA), polysulfone (PSf), and
polyethersulfone (PES) [4]. Among these materials used
in the biomedical field, polyethersulfone (PES) is one of
the most important polymeric materials and is widely used
as biomaterial for good chemical, thermal and hydrolytic
stability, wide pH applicable scope, and oxidation resistance.
However, blood compatibility and hydrophilicity of PES are
not ideal because of intrinsic hydrophobicity.

To improve hydrophilicity and biocompatibility of PES
membranes, several polymers were used for surface mod-
ification over the past two decades, such as heparin [5],
heparin-like polymers [6], polyethylene glycol (PEG) [7],

and zwitterionic polymers [8]. Furthermore, many methods
including coatingmethod [9], UV grafting [10], plasma treat-
ment [11], and surface-initiated atom transfer radical poly-
merization (SI-ATRP) [12] have been employed for immobi-
lizing some functional groups onto PES membrane surfaces.
ATRP-based method is one of the most popular methods of
these modification techniques.

Controlled living radical polymerization has been re-
searched in the past few decades. Matyjaszewski et al.
reported the ATRP firstly. In the ATRP system, oxidation
statemetal halide salt CuIL+ take halogen atoms fromorganic
halide in the R-X to produce high oxidation statemetal halide
X-CuIIL+ and propagating radicals [R∙] and [R∙] induced
monomer polymerization to produce R-Mn∙; R-Mn∙ take
halogen atoms afresh to produce R-Mn-X and CuIL+ [13, 14].
Radical polymerization at the same time is accompanied with
the reversible and balanced reaction between free radical
activity and organic macromolecular halide dormant species.
ATRP is widely used for the synthesis of block and graft poly-
mers based on a wide variety of monomers [15–17]. However,
the association of X- to CuIIL2+ diminishes the concentration
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of deactivator X-CuIIL+, and ATRP aqueous has a relatively
large ratio of activators (CuIL+) and deactivators (X-CuIIL+),
which provides a high [R∙] and fast polymerizations [18,
19], so it is difficult to achieve polymerization control and
the targeted degree of polymerization via ATRP [20, 21].
Matyjaszewski et al. solved above problems by introducing
electrochemistry inATRP technologywhichwas named elec-
trochemically atom transfer radical polymerization (eATRP).
eATRP system includes solvent, monomer, initiator, and cat-
alyst CuIIL2+. The onset of polymerization begins only when
sufficient potential is applied to the cathode so that reduction
ofCuIIL2+ toCuIL+ occurs at theworking electrode.Themag-
nitude of potential can be appropriately chosen to achieve
continuous (re)generation of a small quantity of CuIL+
and consequently dictate the [R∙]. A living polymerization
process is ensured by the combination of a low [R∙] and
high [CuIIL2+]/[CuIL+] ratio [22, 23]. Based on eATRP, Li
et al. achieved surface polymerization by surface-initiated
electrochemically atom transfer radical polymerization (SI-
eATRP) firstly to graft functional polymer brushes on metal
substrate [24]. In SI-eATRP system, CuIIL2+ catalyst can be
electrochemically reduced to CuIL+ activators to start a con-
trolled polymerization [25]. Nevertheless, SI-eATRP method
was not used for surface modification of polymer membrane.

In this study, PAANa was covalently grafted from
PES/PES-NH

2
membrane by SI-eATRP method to improve

the blood compatibility and hydrophilicity of PESmembrane.
The growth of polymer brushes was controlled by monomer
concentration, electric potential, polymerization time, and
modifier concentration. The hydrophilicity and blood com-
patibility of the modified membrane were investigated by
water contact angle and activated partial thromboplastin
time, respectively.

2. Experimental

2.1. Chemicals. Polyethersulfone (PES, Ultrason E6020P)
and N, N-dimethyl acetamide (DMAc, 93%) were pur-
chased from BASF, Germany. Nitric acid (HNO

3
, 65%)

and hydrochloric acid (HCl, 37%) were purchased from
GuoYaoChemical Reagent Company. Cupric bromide (CuBr

2
,

98%) and stannous chloride (SnCl
2
, 98%) were purchased

from Shanghai Zhongtai Chemical Reagent Company. Sulfuric
acid (H

2
SO
4
, 98%) was purchased from Changliao Chemical

Reagent Company. Triethylamine (TEA) was purchased from
DaMao Chemical Reagent Factory. Ethanol (CH

3
CH
2
OH)

and anhydrous diethyl ether (C
4
H
10
O) were purchased

from KeLong Chemical Reagent Factory. Dibromo butyryl 𝛼-
Bromoisobutyryl bromide (C

4
H
6
Br
2
O, 98%) and tetramethyl

ethylenediamine (TMEDA) were purchased from Aladdin
Reagent.

2.2. Amination of PES. Nitric acid (30mL) and sulfuric acid
(40mL) were mixed in 250mL flask, and then PES (10 g) was
added slowly into the flask when the mixture refrigerated
to room temperature. After continuous stirring at 65∘C for
6 h, the resulting solution was then washed with deionized
water several times. Granular PES-NO

2
was obtained after

vacuum drying for 24 h. 20 g (0.089mol) stannous chloride
was dissolved into 20 g, 37% HCl in a flask, followed by
adding 50mL ethyl alcohol [26]. Then 3 g grinded PES-NO

2

was added slowly into the flask after the mixture was stirred
at 65∘C for 15min. The mixture was left to react at 65∘C for
another 6 h. The resulting precipitate was then washed with
deionized water several times when filtering. Brown PES-
NH
2
was obtained after vacuum drying for 24 h.

2.3. Preparation of PES/PES-NH2 Membrane. PES/PES-NH
2

membrane was prepared via classical phase inversion
method. Casting solution consists of different amounts of
PES, corresponding to different amounts of PES-NH

2
as

modifier in 8.2mL DMAc as solvent, and was stirred for
12 h. The resultant uniform solution was degassed under
vacuum at room temperature for 15min. After that, the
casting solution was daubed on a glass substrate, followed by
well gluing filmmachine for homogeneous thickness. Finally,
the glass with even solution was thrown into deionized water,
and then the casting solution becamemembrane quickly.The
membranes were immersed in deionized water at room tem-
perature for 24 h to remove residual DMAc. Next, Br group
was introduced onto the surface of membranes as active
sites by nucleophilic substitution reaction between PES-NH

2

and 𝛼-Bromoisobutyryl bromide. The process is as follows:
50mg PES/PES-NH

2
membranes were rinsed in a beaker

containing 54 𝜇L triethylamine and 30mL diethyl ether in
ice-water bath. Then, another solution including 0.39mol
𝛼-Bromoisobutyryl bromide and 20mL diethyl ether was
added into previous solution at a rate of one drop per
second. The membranes were stirred for another 0.5 h in an
ice-water bath after dropping 𝛼-Bromoisobutyryl bromide.
The resultant solution was stirred at room temperature for
12 h and subsequently was washed successively by diethyl
ether, methylbenzene, methyl alcohol, and deionized water.
PES/PES-Br membranes were obtained after drying under
vacuum for 12 h.

2.4. SI-eATRP Induced Sodium Acrylate Polymerization. The
reaction system includes working electrode, counter elec-
trode, and saturated calomel electrode. Electrolyte includes
monomer AANa, ligand tetramethylethylenediamine, cata-
lyst copper bromide CuBr

2
, and electrolyte benzyltributy-

lammonium chloride BBAC. On the specific scan potential,
polymerization of AANa was carried out under CuII/CuI
redox-catalyst system. Polymer brushes were grafted on
the membrane surface. The scheme diagram of preparation
process of the M-PAANa is shown in Scheme 1.

2.5. Characterization. Fourier transform infrared (FTIR)
spectra were recorded on a Nicolet 560 (Spectrometer, USA).
Morphology images were observed by scanning electron
microscopy (SEM) using S-2500C (Hitachi, Japan). Static
water contact angles (WCA) were measured by PHS-3C
(Precision science co., ShangHai, China). X-ray photoelec-
troscopy (XPS) was measured by XSAM800 (KRATOS co.,
Britain). 1 cm2 of prepared membrane was pasted on the
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Figure 1: ATR-FTIR spectra for the M-PES and M-PAANa.

glass and was scanned by anatomic force microscopy (AFM)
to obtain the surface morphology and three dimensional
structure (scanning rangewas 10𝜇m× 10 𝜇m) of the prepared
membranes.

2.6. Grafting Yield. The grafting yield of PAANa brushes on
theM-PES was calculated by (1), where𝑚

0
(mg) and𝑚

1
(mg)

are weight before and after grafting PAANa and 𝐴 is the area
of membrane. The last mean result was obtained by three
measurements.

GY =
𝑚
1
− 𝑚
0

𝐴

. (1)

2.7. Hydrophilicity Measurements. The hydrophilic of mem-
brane surface was usually denoted by static water contact
angle (WCA). Static water contact angle is a way to character-
ize the wettability properties of membrane surface [27]. 5 𝜇L
water was dripped on the surface of the membrane; at the
same time, drip pictures were obtained by lens of microscope
and camera, and then the angles were calculated by digital
image processing. The last mean result was obtained by three
different sites measurements.

2.8. Clotting Time. Antithrombogenicity of the membrane
was evaluated by activated partial thromboplastin (APTT),
which was measured by an automated blood coagulation
analyzer CA-50 (Sysmex Corporation, Kobe, Japan). The

test method is as follows: 0.5 cm × 0.5 cm of membrane
was immersed in 2mL phosphate buffer saline (PBS, PH
= 7.4) solution for 1 h, and then PBS was removed and
0.1mL platelet-poor plasma (PPP) was added. 50 𝜇L PPP was
inhaled in a test cup after incubation at 37∘C for 30min,
and 50𝜇L TT/APTT reagent was added in the test cup at
37∘C, followed by incubation for 3min. Then clotting time
was measured and the last mean result was obtained by three
measurements.

3. Results and Discussion

The preparation of the M-PAANa is shown in Scheme 1,
which mainly included three steps: (i) nitrogroup was intro-
duced to PES macromolecule and transformed to amino to
obtain amino-modified PESmacromolecules (PES-NH

2
); (ii)

PES-NH
2
and PES were blended in a certain proportion

and proceeded to phase separation to achieve NH
2
-grafted

PES membrane (M-NH
2
), which was then immersed in

𝛼-Bromoisobutyryl bromide to acquire membrane initiator
(M-Br); and (iii) finally PAANa modified PES membrane
(M-PAANa) was prepared by the SI-eATRP method, which
was carried out in a three electrode system by using an
electrochemical work station.

Figure 1 shows the ATR-FTIR spectra of the pristine
PESmembrane (M-PES) andM-PAANa. Compared with the
M-PES, the M-PAANa showed a new peak at 1672 cm−1,
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Figure 2: The XPS spectra of C 1s for (a) M-PES and (b) M-PAANa.

which was contributed to the antisymmetric stretching vibra-
tion band of the carboxyl on AANa structure. These results
indicate that PAANa chains have been grafted on the M-PES
membrane.

XPS was used to analyze the change of surface compo-
sitions of membranes. The XPS spectra of C 1s core-level
spectrum are shown in Figure 2. By comparing the XPS
spectra between the M-PES and M-PAANa, there were the
same peaks of C-O at 286.1 eV, C-C at 284.6 eV, and C-N
(C=O) at 288.0 eV at both M-PES and M-PAANa, while the
M-PAANa showed a higher peak of C=O at 288.0 eV which
was contributed to carboxyl of AANa, also indicating that the
PAANa chains were grafted on the membrane.

The AFM images of the M-PES and the M-PAANa are
shown in Figure 3. It can be found that the latter sample had
an evident peak-valley structure, and there were plenty of
particles (20–50 nm) on the surface of M-PAANa compared
with M-PES. The roughness Ra increased from 14.4 nm of
M-PES (Figure 3(a)) to 29.4 nm of M-PAANa (Figure 3(b)),
which was attributed to the PAANa brushes grafted on PES
membrane.

As shown in Figure 4, when the monomer concentration
was 0.09 and 0.9mol/L, the corresponding grafting yield was
0.01 and 0.36mg/cm2, respectively, at the electric potential of
−0.12 V for grafting time of 8 h. It is found that the grafting
yield of the former was so much lower than the latter, which
may be the cause that too little monomer was scattered in
the electrolyte which is difficultly grafted to the membrane
surface, agreeing with the SEM results. We can see from the
SEM images that there were apparent polymer nanoparticles
grafted on the surface of the membrane; and the latter sample
had more and bigger nanoparticles (about 20 nm) compared
with that of former sample (about 3 nm). This indicates that
higher concentration of monomer in the SI-eATRP system
would show higher grafting degree of the polymer chain and
thus thicker polymer coating.

Figure 5 shows the SEM images of M-PAANa prepared
with different electric potential of −0.08, −0.12, and −0.2 V.
By calculation, we found that their corresponding grafting
yields were 0.11, 0.36, and 0.24mg/cm2 at the grafting time
of 8 h, modifier concentration was 2wt.%, and the monomer
concentration was 0.9mol/L. It can be also seen from the
figure that distribution of nanoparticles was uniform and the
amount of nanoparticles agreed with the result from grafting
yield.

The M-PAANa was also prepared by controlling the
polymerization time from 15min to 8 h. The grafting yields
were increased from 0.04 to 0.12, 0.3, and 0.36mg/cm2
when the reaction time increased from 15min to 0.5, 1, and
8 h, respectively. Figure 6 presents the SEM images of M-
PAANa prepared at different grafting time. It can be seen
from the figure that the amount of nanoparticles grafted on
the membrane surface increased obviously with the reaction
time. In addition, there was no further obvious increase of
grafted polymer through further prolonging reaction time
after 1 h.

Themodifier concentration during the membrane prepa-
ration process also plays an important role in controlling the
graft degree. Figure 7 shows the SEM images of M-PAANa
by different modifier concentrations of 0.8, 2, and 5wt.%.
As shown in the picture too low modifier concentration
(0.8 wt.%) resulted in the low graft degree of the polymer
brushes; and too highmodifier concentration (5wt.%) gener-
ated many macrovoids on the membrane surface. Moreover,
their corresponding grafting yields were calculated to be 0.07,
0.36, and −0.02mg/cm2, consistent with the result obtained
in the SEM characterization.

To sum up, the grafting of ion polymer chains on
membrane surface can be carried out by SI-eATRP method,
and the density and length of PAANa brushes can be
easily controlled by the polymerization condition, such as
monomer concentration, electric potential, time of SI-eATRP
reaction, and modifier concentration.
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Figure 3: AFM images of (a) M-PES and (b) M-PAANa.

The hydrophilicity of membrane surface was character-
ized by static water contact angle, which was used to evaluate
the wettability of membrane surface. As is shown in Figure 8,
the contact angle decreased from 84∘ of M-PES to 68∘ of M-
PAANa, which was contributed to the hydrophilic carboxyl
of AANa. The APTTs were further measured to study the
blood compatibility of the modified membrane, as shown
in Table 1. It was found that the blood clotting time of M-
PAANa increased to 84 s compared with that of the pristine
PES membrane, that is, 51 s. Then enhancement of blood
compatibility is because of (i) increase of hydrophilicity of

Table 1: APTTs for the M-PES and M-PAANa.

Samples M-PES M-PAANa
Clotting time (s) 51 ± 5 84 ± 5

the membrane surface and (ii) the grafting of ionic chain
on the surface. Based on these results, we can conclude that
the grafting method via SI-eATRP method is an effective
approach to modify the polymer membranes to improve the
surface properties, such as blood compatibility.
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(a) (b)

Figure 4: SEM images of M-PAANa modified by different monomer concentration: (a) 0.09mol/L and (b) 0.9mol/L.

(a) (b)

(c)

Figure 5: SEM images of M-PAANa prepared at different electric potential: (a) −0.08, (b) −0.12, and (c) −0.2 V.

4. Conclusions

In this study, polymer brushes were grafted on PES mem-
brane by SI-eATRP method, and the results proved that
the modified PES membrane has good hydrophilic and
anticoagulation capability compared with those of pristine
PES membrane. The water contact angle decreased from 84∘
to 68∘ and activated partial thromboplastin increased from

51 s to 84 s. Moreover, the polymerization can be controlled
by reaction condition during SI-eATRP process, such as
monomer concentration, electric potential, polymerization
time, and modifier concentration.
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(a) (b)

(c) (d)

Figure 6: SEM images of M-PAANa prepared at different reaction times: (a) 10min, (b) 0.5 h, (c) 1 h, and (d) 8 h.

(a) (b)

(c)

Figure 7: SEM images of M-PAANa prepared at different modifier concentrations: (a) 0.8, (b) 2, and (c) 5 wt.%.
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(a) (b)

Figure 8: Water contact angle of (a) M-PES and (b) M-PAANa.
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Tilapia type I atelocollagen (TAC) is a strong candidate for clinical application as its biological scaffold due to a high degeneration
temperature and biologically safe properties. The aim of this study was to confirm the biological effects of TAC in vitro on
osteoblastic cells, simulating its clinical application.The proliferation and differentiation of typical preosteoblasts, MC3T3-E1 cells,
were investigated using a microarray analysis, staining assay for mineralization, and real-time PCR analysis of the expression of
mineralization-related genes. The mRNA expression of 10 genes involved in proliferation and differentiation increased after 3-day
culture on an TAC gel, with an average balanced score ratio exceeding 1.5 compared to the control. After two weeks of culture, all
three experimental groups showed stronger alkaline phosphatase staining than after one week. The genes expression of alkaline
phosphatase, osteocalcin, and bone sialoprotein increased under the experimental conditions. The gene expression of osteopontin
did not increase, and no statistical differences were noted among the three experimental groups.The present and previous findings
suggest that TAC is not only a suitable alternative to collagen products originating frommammals but also a novel biomaterial with
cell differentiation ability for regenerative medicine.

1. Introduction

The research and development of nonmammalian natural
biomaterials will improve the safety of scaffold and carrier in
regenerative medicine, which are meaningful and beneficial,
due to the global prevalence of dangerous infectious diseases
(zoonosis) such as bovine spongiform encephalopathy, avian
and swine influenza, tooth-and-mouth disease in cows, pigs,
and buffalos, Ebola hemorrhagic fever, and Zika fever [1].
Furthermore, collagen generated from porcine and bovine
sources cannot be used due to religious objections in some
countries. Fish, which are the most genetically distant rel-
atives from mammals, have recently attracted attention as
an alternative source of collagen. Fish collagen (FC) derived
from the scales, skin, and bone has interested many laborato-
ries worldwide for its bioactive properties, such as excellent
biocompatibility, low antigenicity, high biodegradability, and
cell proliferation potential [2, 3].

The weakest point of fish collagen is its relatively low
denaturation temperature (𝑇𝑑), which indicates a poor sta-
bility in clinical applications. However, our recent experi-
ment using calorimetry revealed that 𝑇𝑑 of collagen solu-
tion derived from the tropical fish, tilapia (tilapia type I
atelocollagen [TAC]), was 35-36∘C [4], indicating that the
abovementioned weak point has been completely overcome.
In addition, the biological safety of TAC has been confirmed
using various testmethods recommendedwith ISO standards
[5]. The long-term storage of TCA under frozen conditions
for over 1 year has already been demonstrated in our labo-
ratory (unpublished data). These data and findings strongly
support TAC as a candidate for clinical application as a
biological scaffold.

In the present experiment, we confirmed the biological
effects of TAC in vitro on osteoblastic cells simulating its clin-
ical application as a suitable alternative to collagen products
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Table 1: Primers designed for RT-PCR analyses of genes related to cell proliferation and differentiation.

Gene name Oligonucleotides

Matrix metallopeptidase 13 (Mmp13) Forward: AGGCCTTCAGAAAAGCCTTC
Reverse: GGTCCTTGGAGTGATCCAGA

Wnt inhibitory factor 1 (Wif1) Forward: GAGTGTCCGGATGGGTTCTA
Reverse: TGGTTGAGCAGTTTGCTTTG

Receptor activity modifying protein 1 (Ramp1) Forward: GCGGTATCCTCCTGAAAACA
Reverse: CAGTCCTCCAGTTGGACCAT

SMAD family member 6 (Smad6) Forward: ACGGTGACCTGCTGTCTCTT
Reverse: AGCGAGTACGTGACCGTCTT

Platelet-derived growth factor, D polypeptide (Pdgfd) Forward: TCAGCTGTGTGCTCAACAAA
Reverse: ATTGGGCCTGGCTTACTTCT

Chordin-like 1 (Chrd1) Forward: TGGTCTTTGCTTTCCCATGT
Reverse: CCCAGGTGTTCTCTGAAAGC

Septin 4 (Sept4) Forward: TTCAGGTCCAAAAGCCAGTT
Reverse: TGACTTCCCTATCCCTGCTG

Fibroblast growth factor receptor 3 (Fgfr3) Forward: ACAAGGACCGTACTGCCAAG
Reverse: ACCTGGTAGGCACAGGACAC

Lumican (Lum) Forward: TTCTCTCTTGCCTTGGCATT
Reverse: CACTGCAGGTCTGTGACGTT

Vitamin D receptor (Vdr) Forward: CGGAAATGGGTACCAAAATG
Reverse: CACGTAGCAAGCGCTATGAA

Ribosomal protein S17 (rpS17) Forward: GCATATCATGCAACGCTTTC
Reverse: GGAGCTTCAGCATCTCCTTG

originating from mammals. The proliferation and differen-
tiation of MC3T3-E1 cells, which are typical preosteoblasts,
were investigated using a microarray analysis, staining assay
for mineralization, and real-time PCR analysis (RT-PCR) to
determine the expression of calcification-related genes.

2. Materials and Methods

2.1. Cell Culture for Passage. The used MC3T3-E1 cells
derived from mouse calvaria were the typical preosteoblasts.
They were cultured in a 100mm dish at a density of 1.5 ×
106 cells in 𝛼-MEM (Gibco, Palo Alto, CA, USA) with 10%
fetal bovine serum (FBS) (MP Biomedicals, Santa Ana,
CA, USA) and penicillin-streptomycin (Life Technologies,
Carlsbad, CA, USA) and then incubated [6].

2.2. The Dissolution of TAC. TAC (0.6%) produced by sol-
ubilized tilapia skin was supplied by Nippi Inc., Biomatrix
Institute (Ibaraki, Japan). A diluted 0.1% TAC solution in
1.5-fold concentration PBS (−) (pH 7.4) was used for the
biological experiments.

2.3. Total RNA Isolation for Microarray. For FC gel group,
1mL of 0.1% TAC was added to a 60mm culture dish. TCA
solution was gelled at 37∘C for 30min in a condition of 5%
CO2 and air. MC3T3-E1 cells were seeded in a 60mm culture
dish covered with or without TAC gel at a density of 1.5 ×
106 cells. After 3-day culture, total RNA fromcellswas isolated

using TRIzol reagent (1mL/10 cm2) (Invitrogen, Carlsbad,
CA,USA) and purified in accordancewith themanufacturer’s
instructions [6].

2.4. Microarray of Gene Expression for Checking Prolifera-
tion and Differentiation [6]. The cRNA was amplified and
hybridized to an Affinity Mouse Genome 430 2.0 array (for
39,000 transcriptional products), scanned by an Affymetrix
scanner, and calculated using the Affymetrix Expression
Console�.

2.5. Filter Criteria for Data Analysis [6]. We then established
the criteria for upregulated genes (𝑍 score > 3.0, ratio > 1.5-
fold).

2.6. RT-PCR following Microarray. TheMC3T3-E1 cells were
seeded and cultured (𝑛 = 3 for FC group, 𝑛 = 3 for control
group) under the same conditions as in the experiment
for total RNA isolation for microarray. The primers are
indicated in Table 1. The analyses of RT-PCR were carried
out according to the similar methods to our recent study [6],
except the following two steps.The first was that the protocol
of amplification and quantification was 40 cycles (58-59∘C,
1min).The second was that, in the final calculations, the data
were normalized by ribosomal protein S17.

2.7. Alkaline Phosphatase (ALP) Staining. For the FC gel
group, 90𝜇L of 0.1% TAC was poured into each well. TCA
solution was gelled at 37∘C for 30min in an atmosphere of
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Table 2: Primers designed for RT-PCR analyses of gene related to calcification.

Gene name Oligonucleotides

Alkaline phosphatase (ALP) Forward: GTTGCCAAGCTGGGAAGAACAC
Reverse: CCCACCCCGCTATTCCAAAC

Osteopontin (OPN) Forward: CATTGCCTCCTCCCTCCCGGTG
Reverse: GCTATCACCTCGGCCGTTGGGG

Osteocalcin (OCN) Forward: AGGGAGGATCAAGTCCCG
Reverse: GAACAGACTCCGGCGCTA

Bone sialoprotein (BSP) Forward: TGTCTGCTGAAACCCTTC
Reverse: GGGGTCTTTAAGTACCGGC

Ribosomal protein S17 (rpS17) Forward: GCATATCATGCAACGCTTTC
Reverse: GGAGCTTCAGCATCTCCTTG

5% CO2 and air. The MC3T3-E1 cells were cultured in a 24-
well plate at a density of 5 × 104 cells/well and incubated for
1 or 2 weeks. The following four groups (𝑛 = 3 wells for
each group and each week) were designed for comparison:
(1) the control group (culture medium: 𝛼-MEM with FBS),
(2) FC-positive group (culture medium: 𝛼-MEM with FBS),
(3) FC-negative and BGP-positive group {culture medium:
𝛼-MEM supplemented with FBS, 50𝜇g/mL ascorbic acid
(Wako, LTD., Osaka, Japan), and 10mM 𝛽-glycerophosphate
([BGP] nakarai tesque, Kyoto, Japan)}, (4) FC-positive and
BGP-positive group (culture medium: 𝛼-MEM with FBS,
50𝜇g/mL ascorbic acid, and 10mM BGP). The medium was
renewed every three days. The ALP Staining Kit (Stemgent,
Inc., Cambridge, MA, USA) was used to stain for ALP
expression in accordance with the maker’s instructions.

2.8. RT-PCR for Calcification-Related Genes. For the FC gel
group, 1mL of 0.1% TAC was added to a 60mm culture dish.
TCA solution was gelled at 37∘C for 30min in a condition
of 5% CO2 and air. MC3T3-E1 cells were seeded in a 60mm
culture dish covered with or without TAC gel at a density of
1.5× 106 cells.The abovementioned four groupswere also pre-
pared for this experiment (𝑛 = 3 for each group). After three
days of culture, RT-PCR was applied to check the expression
of four calcification-related genes: ALP, osteopontin (OPN),
osteocalcin (OCN), and bone sialoprotein (BSP). All the
methods were similar to the abovementioned methods. The
primer designs for these genes are represented in Table 2.

2.9. Statistical Analyses. All data were represented as the
mean ± standard deviation (SD). The statistical significance
(𝑃 < 0.05) of the differences between the two different exper-
imental groups was demonstrated using a paired Student’s 𝑡-
test.

3. Results

3.1. Genes Expression to Proliferation and Differentiation.
Microanalysis revealed 72 of the upregulated genes (𝑍 score
> 3.0). The following 10 genes related to proliferation and
differentiation of osteoblastic cells were compared with the
control using the RT-PCR: vitaminD receptor (Vdr), lumican
(Lum), matrix metallopeptidase 13 (Mmp13), SMAD family

Table 3: Genes expression represented in cell proliferation and
differentiation.

Gene name 𝑍 score Ratioa Confirmationb

Vdr 3.9 1.6 1.5
Lum 4.9 1.7 1.5
Mmp13 12.2 4.4 3.5
Smad6 3.7 1.5 2.0
Pdgfd 3.4 1.5 1.6
Wif1 6.3 2.0 5.1
Fgfr3 4.8 1.7 2.0
Sept4 6.5 2.1 2.3
Ramp1 4.3 1.6 3.2
Chrdl1 6.0 1.9 3.9
aThe change raw signal ratio. bConfirmed by the RT-PCR data (triplicate
samples).
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Figure 1: RT-PCR for 10 genes in relation to cell proliferation and
differentiation. Each bar indicates the SD of triplicate samples.

member 6 (Smad6), platelet-derived growth factorD (Pdgfd),
Wnt inhibitory factor 1 (Wif1), fibroblast growth factor
receptor 3 (Fgfr3), septin 4 (Sept4), receptor (calcitonin)
activity modifying protein 1 (Ramp1), and chordin-like 1
(Chrdl1) (Table 3). The RT-PCR analyses revealed that the
mRNA expression of these 10 genes also increased after 3-
day culture on FC gel, with an average balanced score ratio
exceeding 1.5 compared to the control (Figure 1).

3.2. Alkaline Phosphatase Staining (Figure 2). In group (1)
after 2 weeks of culture, very-weak-intensity ALP staining
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1 week 2 weeks

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2: Representative ALP staining photographs after one or two weeks of culture: (a, e) FC-negative group, (b, f) FC-positive group, (c,
g) FC-negative and BGP-positive group, and (d, h) FC-positive and BGP-positive group. ALP staining shows either a yellow or brown color.
Although the typical pavement-like shape is observed at (a), (e), and (b), (f), on the whole, the cell morphology changes to a spindle-like cell
shape (c, g, and d, h). Scale bar = 15 𝜇m.
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Figure 3: RT-PCR for four calcification-related genes: (a) FC-positive group (group 2), (b) FC-negative and BGP-positive group (group 3),
and (c) FC-positive and BGP-positive group (group 4). Each bar represents the SD of triplicate samples.

was observed, similar to that in group (2) after 1 week. After
2 weeks of culture, each group showed stronger staining
than after 1 week. On the whole, the spindle-like shape was
observed in groups (3) and (4) (Figures 2(c), 2(g), and 2(d),
2(h)). The intensity of staining increased with increasing
group number from group (2) to group (4).

3.3. Gene Expression for Calcification. The RT-PCR anal-
yses demonstrated that the mRNA expression of four
calcification-related genes in three experimental groups was
analyzed after 3-day culture, compared to the control group
(1) (Figure 3). Although the gene expression of ALP, OCN,
and BSP increasedwith increasing group number from group
(2) to group (4), a significant increase was recognized in BSP
gene expression (𝑃 < 0.01). The raw data of OPN expression
of OPN was around 1.0 in three groups, although there was
a significant increase between group (2) and group (3) (𝑃 <
0.05).

4. Discussion

Cell culture method using the type I collagen gel was first
reported by Elsdale and Bard [7]. The cells have well grown
within a three-dimensional (3D) structure, as the conditions
more closely resemble those of the in vivo condition of
the osteoblast than the traditional two-dimensional (2D)
cultures. Cells growth in 3D gels showed positive mineral
staining and induction of osteoblastic marker genes earlier

than cell growth in 2D cultures [8]. Although the present
culture conditions were not the exact 3D gel culture system,
the present environment was remarkably similar to a 3D
culture environment, as a low-concentration TCA solution
was gelled to mimic wet and elastic conditions [9].

Microarray and RT-PCR analyses for checking the genes
involved in proliferation and differentiation in MC3T3-E1
cells demonstrated that the 𝑍 score data using the standard
deviations presented the effect of FC onMC3T3-E1 cellsmore
clearly than the original ratio results. Ten genes, including
Wif1, a secreted modulator of Wnt proteins [10], increased
expressions compared with a control condition. This datum
is the first to reveal that FC directly accelerates the activity of
MC3T3-E1 cells in order tomaintain the preosteoblast nature.

In the present experiment, the function of MC3T3-E1
cells was accelerated after three-day culture in FC-positive
or BGP-positive group, which was confirmed by the increase
of the expression of calcification-related genes, except OCN.
ALP is an early expression marker essential for osteoblast
proliferation [11], whichwaswell demonstrated by the present
ALP staining findings and the typical change in the cell shape.
Furthermore, the time lapse between mRNA expression (3
days) and protein synthesis (7 days) seemed reasonable.
AlthoughOPN,OCN, and BSP are generally used as differen-
tiationmarkers for osteoblasts [11–13], OPNwas also reported
to act as a mineralization inhibitor to regulate crystal growth
[14, 15]. The present PCR data of OPN clearly demonstrated
this osteoclastic function of OPN.
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Although the intracellular signal transduction pathway
and the related gene expression in osteoblast differentiation
have been widely investigated [16–22], the direct trigger
mechanisms for osteoblast proliferation and differentiation
by collagen have not yet been clarified. Recently, an inter-
esting study revealed that adhesion of human mesenchy-
mal stem cells on tilapia collagen in vitro was faster and
higher than that on porcine collagen or a noncoated surface,
probably due to the texture flexibility and surface softness
of the tilapia scale collagen, making the binding between
collagen and integrin easier to trigger and stimulate both
proliferation anddifferentiation of preosteoblasts [23]. A 0.1%
TAC solution was used to make a gel in the present FC group.
The nature of this gel is very soft, even after 2 weeks in the
CO2 incubator, and is thought to be possessed of sufficient
flexibility and surface softness. This means that cultured cells
may also behave as they would in a 3D culture system.

Proper biodegradation and suitable biocompatibility are
indispensable for biomaterials. The biodegradation of colla-
gen is closely linked to and dependent on the constitution
of amino acids in a given species. Compared to bovine
collagen, the contents of methionine, isoleucine, leucine,
hydroxylysine, and lysine are lower in TAC [24]. As these
amino acids are related to the collagen stiffness, the tilapia
collagen can be easily degraded in vivo. The characteristics of
these amino acids give TAC its abovementioned nature.

From our previous data [4, 5] and the present results,
TAC may represent not only a promising alternative to
mammalian and avian collagen products but also a novel
biomaterial with cell differentiation ability.The final goal with
TAC is its clinical application as a scaffold in regenerative
medicine. The enzymatic digestion time for atelotreatment
and the elimination of enzyme in TAC are controlled to
a clinical level (personal communication). The preliminary
experimental data concerning pulp regeneration [24] using
TAC as a scaffold revealed no rejection reaction on the
newly regenerated pulp tissue in dogs (unpublished data).
These findings suggest that TAC may be useful for clinical
application after further animal experiments.

5. Conclusion

The present in vitro experiments using osteoblasts clearly
revealed that TAC is not only a suitable alternative to collagen
products originating frommammals for cell proliferation and
differentiation as the scaffold for regenerative medicine.
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Graphene oxide/ultra-high-molecular-weight polyethylene (GO/UHMWPE) nanocomposite is a potential and promising candi-
date for artificial joint applications. However, after irradiation and accelerated aging, the mechanical and tribological behaviors of
the nanocomposites are still unclear and require further investigation. GO/UHMWPEnanocomposites were successfully fabricated
using ultrasonication dispersion, ball-milling, and hot-pressing process.Then, the nanocomposites were irradiated by gamma ray at
doses of 100 kGy. Finally, GO/UHMWPE nanocomposites underwent accelerated aging at 80∘C for 21 days in air. The mechanical
and tribological properties of GO/UHMWPE nanocomposites have been evaluated after irradiation and accelerated aging. The
results indicated that the incorporation of GO could enhance the mechanical, wear, and antiscratch properties of UHMWPE. After
irradiation, these properties could be further enhanced, compared to unirradiated ones. After accelerated aging, however, these
properties have been significantly reduced when compared to unirradiated ones. Moreover, GO and irradiation can synergistically
enhance these properties.

1. Introduction

Ultra-high-molecular-weight-polyethylene (UHMWPE) is
considered as being suitable bearing materials for orthopedic
implants [1] because it has excellent properties including
good wear resistance, exceptional toughness, a lower fric-
tion coefficient, and good biocompatibility [2]. However,
during the long-term application process, wear, oxidation,
and wear debris accumulation easily result in osteolysis
[3] and aseptic loosening [4, 5]. And it ultimately leads
to failure of orthopedic implants. In order to increase the
longevity of orthopedic implants, much effort has been
placed on improving mechanical and tribological properties
of UHMWPE. Among most of methods, gamma-irradiation
and UHMWPE-based composites are two main methods.

Gamma-irradiation is the usual method for enhancing
polymer properties, which not only provides reliable and
effective medical sterilization but also can cross-link the

polymer. The free radicals are generated during gamma-
irradiation through the scission of C-H and C-C bonds. In
the one aspect, free radicals produced by irradiation can form
crosslinking by recombining each other in the amorphous
phase of polyethylene. As a consequence, wear properties of
UHMWPE have been significantly improved [6]. In the other
aspect, in crystalline phase of polyethylene, residual free radi-
cals can reactwith oxygen and result in oxidation degradation
of UHMWPE during shelf aging or after implantation [7, 8],
which greatly affect mechanical and tribological properties.
Therefore, accelerated aging methods are used to evaluate
potential for long-term oxidation resistance of the polymer in
air. It is crucial for long-lasting artificial joint to understand
the influence of irradiation and long-term shelf aging in air
on the oxidation of UHMWPE.

In addition to gamma-irradiation, another alternative
method is UHMWPE-based composites. Various fillers such
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as Graphene [9–11], carbon nanotubes (CNTs) [12], graphite,
calcium carbonate (CaCO

3
) [13], and wollastonite [14] have

been applied to enhance mechanical and antiwear properties
of the polymer. Among the above fillers, Graphene is regarded
as an ideal reinforcing filler due to its superior mechanical
[15] and lubricant properties [16]. However, it is difficult
to disperse Graphene in the polymer matrix [17]. As a
result, Graphene oxide (GO), which is one of the most
important Graphene derivatives, has been widely used to
enforce polymer properties due to excellent dispersion in
polymer matrix. The incorporation of GO into UHMWPE
can significantly improve antiwear andmechanical properties
of UHMWPE. For instance, GO/UHMWPE nanocomposites
can enhance the hardness, tensile strength, and impact
strength of UHMWPE [18–20]. And GO can reduce the
wear rate but increasemean friction coefficient of UHMWPE
[21, 22]. Moreover, it is also found that the optimum 0.5 wt%
GO content for the nanocomposites can effectively improve
GO/UHMWPE nanocomposites performance, compared to
pure UHMWPE [23]. Although these important results give
important insights into GO/UHMWPE nanocomposites,
the influence of gamma-irradiation and accelerated aging
on antiwear and mechanical properties of GO/UHMWPE
nanocomposites has rarely been reported. In this paper, the
mechanical and tribological properties of GO/UHMWPE
nanocomposites are studied after gamma-irradiation and
accelerated aging.

2. Experimental Details

2.1. Sample Preparation Method. UHMWPE powder with a
density of 0.93 g/cm has a molecular weight of approximately
5 million. GO is prepared via the modified Hummer’s
methods [24]. GO/UHMWPE composites with 0.5 wt% GO
loading are prepared by following route reported by previous
work [25]. In brief, 0.5 g GO powder is dispersed in 200mL
alcohol solution and sonicated for 30min. Then, 99.5 g
UHMWPEpowder is dispersed inGO solution and sonicated
for another 40min. Next, the mixture solution is kept in
an oven at 60∘C until the solvent is completely volatilized.
Subsequently, dried powder composites are ball-milled for
2 h at the constant rotation rate of 400 rpm. Afterward, the
powder composites are prepressed in the model at 15MPa
for 15min. Then pressed powder composites are heated for
2 h at 200∘C in an air oven. Finally, the powder composites
taken out from an air oven are pressed at 10MPa until their
temperature cools to room temperature.

Vacuum-packed samples are irradiated at room tem-
perature by 60Co gamma-rays (WuXi EL PONT Radiation
Technology Co., Ltd.) with irradiation doses of 100 kGy.

Accelerated aging process is carried out at 80∘C for 21
days in an air oven (according to ASTM F2003-00; ASTM:
American Society for Testing and Materials).

The morphology of the surface is observed by Hitachi’s
S-4800 field emission scanning electron microscopy (SEM).

2.2. Mechanical Properties. The test samples are cut into
dumbbell-shaped test specimens according to the ASTM
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Figure 1: The loading-unloading curve in scratching process.

D638 (Type IV; thickness: 3.2mm). Tensile tests are per-
formed on a tensile machine (WDW-200, Ji’nan Shijin Group
Co. Ltd., China) at the crosshead speed of 50mm/min. At
least five specimens are tested for each case. Young’smodulus,
yield stress, and fracture stress are calculated according to the
stress-strain curves.

The ball indentation hardness is measured according to
the ISO2039-73 [26, 27] as a referee and the measurements
are carried out with Rtec Tribometer (Type: MFT-5000; Rtec
Instruments, Inc., USA). The indenter is a Si

3
N
4
ball of

5mm in diameter.The initial applied preload is 9.8N and the
applied test load is 132N. The measured hardness 𝐻 can be
calculated according to the following equation [27]:

𝐻 =
𝑃max
𝜋𝐷ℎmax

, (1)

where 𝑃max is the test force,𝐷 is the diameter of the ball, and
ℎmax is the reduced depth of the impression.

2.3. Scratching Test. Scratching testing is performed with
Rtec Tribometer (Type: MFT-5000; Rtec Instruments, Inc.,
USA). Conical diamond tip (1mm × 5mm × 60∘, 12.5
micron diamond radius) is used to scratch the surface of the
samples. The loading-unloading curve is shown in Figure 1.
In scratching process, the applied constant load is 0.1 N; the
scratch velocity is about 10mm/s and the scratch length is
set at 10mm. The residual depth of the scratch is measured
by Rtec Profilometer (Type: MFD-D; Rtec Instruments, Inc.,
USA). The friction coefficient (𝜇) is calculated according to
the following equation:

𝜇 =
𝐹
𝑇

𝐹
𝑁

, (2)

where 𝐹
𝑁
is normal force and 𝐹

𝑇
is lateral force. Scratch caus-

ing wear resistance of test samples is assessed by measuring
the volume loss by Rtec Lambda view (Rtec Instruments, Inc.,
USA).
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Figure 2: The SEM images of (a) GO, (b) UHMWPE, and (c) GO/UHMWPE composites.

3. Results and Discussion

3.1. Surface Topography. The SEM image of GO (Figure 2(a))
displays the rough and wrinkled morphology. The surface
topography of UHMWPE and GO/UHMWPE composites
is shown in Figures 2(b) and 2(c), respectively. It can be
clearly seen from SEM images that incorporation of GO into
UHMWPE matrix has a dramatic influence on the surface
topography of UHMWPE. In comparison with UHMWPE,
GO/UHMWPE composites show uneven surface because
crumpled and wrinkled GO sheets are dispersed in the
interface of the composites. The wrinkled rough surface of
GO can result in a stronger interfacial adhesion between
GO and polymer matrix [28]. GO possesses much oxygen-
containing polar functionalities, such as hydroxyl, carbonyl,
epoxide, and carboxyl groups, which make it more versatile
in interacting with various polymers [29].The stronger inter-
facial adhesion is beneficial to stress transfer betweenGO and
polymer matrix [30], which can significantly influence the
mechanical and tribological properties of UHMWPE.

3.2. Mechanical Properties. The mechanical properties mea-
sured are Young’s modulus, yield stress, fracture stress, and
hardness, which are shown in Figure 3. The results indicate
that GO, irradiation, and accelerated aging significantly affect
the mechanical properties of test samples.

The nanocomposites with lower GO loading can
offer significant improvement in mechanical properties.
Young’s modulus, yield stress, fracture stress, and hardness

of GO/UHMWPE composites are increased by 22.44%,
8.10%, 42.53%, and 44.32%, respectively, compared to
pure UHMWPE. These mechanical behaviors of typical
GO/polymer systems have been reported in previous
studies [18–20, 23]. The improved mechanical properties
of the composites can be attributed to strong interfacial
adhesion between GO and UHMWPE matrix, which plays
a crucial role in mechanical performance of polymer-GO
composites [15]. In GO/UHMWPE composites, van der
Waals interaction plays an important role among GO and
UHMWPE matrix and consequently GO affects UHMWPE
response to tensile loading. Wrinkled GO, tightly adhering
on the interface of UHMWPE, can result in interface
roughness which may likely lead to an enhanced mechanical
interlocking and adhesion with the polymer chains [29].
Moreover, GO contains a range of hydrophilic functionalities
on its basal planes and carbon edges, which can enhance
compatibility with polymer matrix. Consequently, interfacial
forces are transferred efficiently from the polymer matrix to
reinforcement [31].

Irradiation further enhancesmechanical properties of the
composites. Young’s modulus, yield stress, fracture stress,
and hardness of irradiated composites are increased by
17.22%, 11.66%, 19.50%, and 13.25%, respectively, compared
to unirradiated composites. The similar change trends have
been observed in irradiated UHMWPE/MWNT nanocom-
posites [32]. The mechanical properties of the composites
depend directly on the crystallinity [33]. During irradiation
in vacuum, free radicals are formed due to the cleavage of
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Figure 3: Mechanical properties: (a) Young’s modulus; (b) yield stress; (c) fracture stress; (d) hardness.

C-C and C-H bond and can recombine with each other to
form crosslinking which results in the enhancement of the
crystallinity of UHMWPE. According to our previous studies
[25], irradiation can significantly increase the crystallinity of
GO/UHMWPE composites. Moreover, irradiation can cause
bond scission in GO and produce dangling bonds [34] which
can create molecular bond with matrix. Recently, it has been
reported that GO was very weak radicals scavenger [35].
It may be proposed that few free radicals in UHMWPE
may bond with GO. Consequently, irradiation may result
in the stronger GO/matrix interaction. Therefore, irradi-
ated composites obtain better mechanical properties than
nonirradiated composites. Moreover, GO and irradiation
can synergistically enhance the mechanical performance of
UHMWPE. These similar results have been reported in
irradiated MWCNTs/UHMWPE [32].

However, accelerated aging leads to a significant decrease
in mechanical properties of the samples. Young’s mod-
ulus, yield stress, fracture stress, and hardness of aged
composites are reduced by 20.58%, 22.66%, 42.75%, and
8.16%, respectively, compared to irradiated composites. And
Young’s modulus, yield stress, fracture stress, and hardness
of aged UHMWPE are reduced by 28.91%, 19.45%, 20.14%,
and 11.78, respectively, compared to irradiated UHMWPE.
After accelerated aging, the reduced mechanical properties
are attributed to oxidative degradation of thermal. When
the samples undergo accelerated aging, high temperature
accelerates oxygen diffusion in the interior of UHMWPE and
the migration of free radicals in the crystallinity phase of
UHMWPE, which greatly increases the reaction probability
of oxygen with free radicals. As a consequence, acceler-
ated oxidative degradation produces a great deal of ketone,
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Figure 4: (a) 2D image of the scratch. (b) Width and depth profile through the scratch on the test sample. (c) 3D image of the scratch.

alcohol, carboxylic acids, and esters, finally resulting in
degradation ofmechanical properties of the samples. Accord-
ing to Figure 3, it is also observed that GO cannot restrict
the aging degradation of the mechanical properties of
UHMWPE. Although GO shows the capacity of scavenging
free radicals [35], GO may display a very weak radical
scavenging activity in GO/UHMWPE composites, resulting
in poor antioxidant capacity [25]. Therefore, the mechanical
properties of the composites have been greatly reduced
during accelerated aging.

3.3. Tribological Properties. The scratch technique is exten-
sively applied to evaluate the frictional, wear, and scratch
resistance characteristics of polymer composites under spec-
ified conditions [36]. A diamond tip is pressed on the surface
of the samples and then drawn on the surface under a
constant force and with a constant velocity. As a typical
scratched surface is shown in Figure 4, Δℎ is mean scratch
depth.

In scratching process, the coefficients of friction (COF)
are calculated based on (2). Figures 5(a) and 5(b) show
the variations of the COF values of different samples. The
results indicate that the incorporation of GO shows a slight
increase in COF values of GO/UHMWPE nanocomposites,
compared to the samples without adding GO. In comparison
with unirradiation samples, irradiation further increases the
COF of the samples. However, accelerated aging produces a
marked decrease in the COF of the samples.

GO is considered as a good candidate for solid lubricants,
which can reduce the adhesion and friction force between the

contact surfaces [37]. However, in our experiments, it seems
that GO does not display lubricant properties because of a
slight increase in the COF, whenGO is added intoUHMWPE
matrix. The similar results have been found by Tai et al. [22].
The reason can be attributed to increased lateral force. The
additional lateral force encountered by a diamond tip during
travel inside the GO/UHMWPE composites consists of three
aspects: GO-UHMWPE bond; GO-GO interlayer van der
Waals bonds; andC-Cbond inGOplane.Moreover, wrinkled
GO sheets can make wrinkled or rough surface and enhance
mechanical properties of UHMWPE. As a consequence, the
COF of the composites has a slight increase.

After irradiation, the increased COF can be attributed
to the crosslinking and chain-reorganization. Free radicals
induced by irradiation recombine each other, resulting in
chain-reorganization. Crosslinking restricts the mobility of
molecular chains in the amorphous region and decreases
the creep behavior of UHMWPE. Furthermore, irradiation
affects structural integrity and mechanical properties of
UHMWPE. Consequently, the plastic property has a reduc-
tion and the hardness has been increased, which may result
in an increase in the lateral force.

Aging leads to oxidative degradation of polymer compos-
ites, which efficiently embrittles the surface and significantly
reduces mechanical performance of polymer composites.
Aged composites include much shorter chains and have
weaker bonding between polymer matrix and the dispersed
fillers, compared to unaged polymer composites. Thus,
debonding and cracking in the scratch process can be more
easily caused in oxidized dominant region of the scratched
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Figure 5: ((a), (b)) Coefficients of friction (COF) of test samples. (c) Wear rate of test samples. (d) Mean scratch depth.

subsurface. Consequently, the COF of aged composites has a
slight reduction.

The wear volume losses induced by scratch are adopted
to evaluate wear resistance properties. The variations of
wear volume of all samples are shown in Figure 5(c). The
incorporation of GO can improve wear resistance and irradi-
ation further improves wear resistance. However, accelerated
aging reduces wear resistance. Comparing wear rate and
mechanical properties, it is found that wear rate has a relation
with mechanical properties. The wear protection of GO can
be attributed to increased mechanical strength and hardness
[16]. Irradiation can further increase wear resistance of the
composites due to crosslinking. Crosslinking induced by
irradiation can increase the wear resistance of UHMWPE by
improving the crossing-path motion. Moreover, crosslinking
can efficiently restrict chain slippage and make UHMWPE
more resistant to being drawn into fibrils [38]. However, after

aging, oxygen degradation can break down the crosslinking
and decrease wear resistance while further resulting in
reducing mechanical properties.

Figure 5(d) summarizes mean residual depth of the
scratch. Adding GO can significantly reduce scratch depth,
compared to the samples without adding GO. Irradiation can
further decrease residual depth, compared to unirradiated
samples. In comparison to GO and irradiation, accelerated
aging produces a marked increase of residual depth. Figure 6
shows optical scratching images of test samples. The shal-
lower scratch grooves without fracture are observed from all
samples. After accelerated aging, subsurface lateral cracking
results in chipping (see Figures 6(e) and 6(f)).

In general, the scratch depth is important microstructure
parameters to evaluate scratch resistance [39, 40]. Moreover,
the surface deformation is strongly affected by mechanical
properties, ductility, and modulus [41]. So, the materials with
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Figure 6: Optical scratching images of test samples (×20): (a) UHMWPE; (b) GO/UHMWPE nanocomposites; (c) irradiated UHMWPE;
(d) irradiated GO/UHMWPE nanocomposites; (e) irradiated + aged UHMWPE; (f) irradiated + aged GO/UHMWPE nanocomposites.

excellent mechanical properties may display high scratch
resistance. Adding GO can efficiently improve scratch resis-
tance of UHMWPE. The reason is that the incorporation
of GO into UHMWPE can increase the crystallinity [20],
modulus, and yield stress. Similar results were observed in
GO/polypropylene nanocomposites [42]. Irradiation further
enhances scratch resistance of the samples because irradia-
tion further increases mechanical properties. In comparison
to GO and irradiation, accelerated aging produces a marked
increase of residual depth due to oxidative degradation.
And, the chip is generated. So accelerated aging leads to
a deterioration of scratch resistance properties. Moreover,
it is found that the scratch resistance of GO/UHMWPE

composites is synergistically enhanced by combiningGO and
irradiation.

4. Conclusions

After irradiation and accelerated aging, the mechanical and
tribological properties of GO/UHMWPE nanocomposites
have been evaluated. The following conclusions can be
obtained from above studies.

(1) The addition of GO to UHMWPE significantly
improves the mechanical properties of UHMWPE.
Gamma-irradiation further enhances the mechan-
ical properties of GO/UHMWPE nanocomposites.
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However, accelerated aging reduces the mechanical
properties of GO/UHMWPE nanocomposites.

(2) Adding GO slightly increases COF values. Irradiation
further increases the COF values. But, accelerated
aging significantly decreases the COF values.

(3) GO increases wear resistant properties of UHMWPE
and irradiation further enhances the wear resistant
properties of the composites. But, accelerated aging
significantly reduces wear resistant properties of the
samples.

(4) GO improves antiscratch properties. Irradiation fur-
ther enhances antiscratch properties. But, accelerated
aging reduces antiscratch properties.

(5) GO and irradiation can synergistically enhance the
mechanical, tribological, and antiscratch properties.
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Poly(dimethylsiloxane) silicones have foundmany applications in biomedical devices, whereas their surface hydrophobicity always
brings about unexpected bioadhesion, causing complications of the implanted biomedical devices. In this work, surface-initiated
reversible addition-fragmentation chain transfer (SI-RAFT) polymerization was utilized to generate PEG brushes on silicone
surface, obtaining highly hydrophilic surface coatings. Such PEG brush coated silicone presents excellent antifouling to protein,
cells, and bacteria, which may have great potential in implantable biomaterial surface modifications.

1. Introduction

Poly(dimethylsiloxane) (PDMS) silicones have found many
applications in biomedical devices, such as catheters, pros-
theses, contact lens, and intraocular lens [1]. But their
hydrophobicity always brings about unexpected bioadhesion
on the surface, which may cause the main complications of
the implanted biomedical devices. For example, the adhesion
and proliferation of the lens epithelial cells on the silicone
intraocular lens may cause the after cataract, a common
complication after the cataract surgery, which leads to losing
vision again [2]. It is also common that the rapid accu-
mulation of tear proteins or the adhesion of bacteria may
potentially cause the adverse clinical events in contact lens
wearing [3].These complications are related to the biofouling
of the silicone materials.

Generally, biofouling is generated by the attachment
of microorganisms such as cells or bacteria to the surface.
To circumvent such problems, a variety of strategies
have been developed to modify the surface properties
of PDMS by physical modification or chemical covalent
methods, including oxygen plasma, ultraviolet light/ozone,
polyelectrolyte multilayers, surface activation, and chemical
grafting [4–8]. Particularly, polyethylene glycol (PEG)
surface modification is an effective method for antifouling
purpose [7, 9]. The PEG with active ending groups can be
coupled to the surface via chemical grafting. However, the

PEGylated surface fabricated from “graft-to” method only
renders short term effects on antifouling, which may be
due to the sparseness and irregular arrangement of the PEG
chains [10, 11]. The favorable antifouling surface calls for the
well-defined PEG coating techniques.

Surface-initiated living radical polymerization reactions
provide a good alternative for the biomedical materials
surface modification, as obtaining the well-defined polymer
brushes. Reversible addition-fragmentation chain transfer
(RAFT) polymerization is one of the living radical polymer-
ization techniques and it has enjoyed widespread acceptance
as a modification technique due to its capability to con-
trol polymerization of diverse monomers under mild reac-
tion conditions without the requirement of metal catalysts
[12–14]. Antifouling surface can be obtained via surface-
initiated RAFT polymerization of antifouling molecules on
the material surface [15–17]. In this work, surface-initiated
RAFT (SI-RAFT) was carried out for bottom-up grafting
PEG brushes on silicone surface for antifouling applications.
The hydrophilicity of the coatings was investigated and the
antifouling properties were tested by protein adsorption, S.
aureus adhesion, and lens epithelial cell adhesion assays.

2. Materials and Methods

2.1. Materials. PDMS precursors Sylgard 184 were
purchased from Dow Corning Corporation, USA.
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Figure 1: (a) The ATR-FTIR spectra of the silicone before and after RAFT agent immobilization. (b) The amplification of the ATR-FTIR
spectra in the wavenumber range of 1200 to 2000 cm−1.

(3-Aminopropyl)triethoxysilane (APTES), 4-cyano-4-(phe-
nylcarbonothioylthio)pentanoic acid (CPCTTPA), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide sodium (NHS), poly-
ethylene glycol methacrylate (PEGMA, Mn = 360), and
4-cyano-4-(2-cyano-5-hydroxy-5-oxopentan-2-yl) diazenyl-
pentanoic acid (V501) were purchased from Sigma, USA.

2.2. Experimental Methods. Silicone was made from PDMS
at a weight ratio of A : B = 1 : 10, according to the supplier.
The surface modification is initiated by the RAFT agent
immobilization onto the silicone. Briefly, silicone was
immerged in APTES/ethanol (1%, w/v) solution overnight.
The aminolyzed silicone was then immersed into a reaction
vessel containing 4-cyano-4-(phenylcarbonothioylthio)pen-
tanoic acid (CPCTTPA, 0.22mg/mL), N-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride (EDC,
40mg/mL), and N-hydroxysulfosuccinimide sodium (NHS,
20mg/mL) in distilled water. The reaction mixture was
left on a shaking device for 48 h at room temperature. The
CPCTTPA immobilized silicone was used for SI-RAFT
polymerization. Typically, polyethylene glycol methacrylate
(PEGMA, Mn = 360) and 0.5mg/mL 4-cyano-4-(2-cyano-
5-hydroxy-5-oxopentan-2-yl) diazenylpentanoic acid
(V501) were dissolved with ethanol in microwave-safe
glass vials and degassed. The vials were placed in Initiator
Microwave System (Initiator-60, Biotage, Sweden) to perform
polymerization at 60∘C for predetermined time. After
reaction, the functionalized silicone was removed from the
solution, washed with ethanol and distilled water ultrasoni-
cally, and dried under vacuum overnight. Fourier transform
infrared (FTIR) spectroscopy in attenuated total reflection
(ATR) mode was used to characterize the immobilization of
the RAFT agent and contact angle observation was utilized
to evaluate the hydrophilicity of PEG brushmodified silicone
surface. The protein adsorption, S. aureus adhesion, and lens
epithelial cell adhesion assays were then carried out on the

functionalized silicone substrate according to the procedures
in our previous publications [5, 6, 18, 19].

3. Results and Discussion

Figure 1 shows the ATR-FTIR curves of the silicone substrate
before or after RAFT agent immobilization. As it can be
seen in both of the spectra, there is a strongest band at the
wavenumbers from 1000 to 1120 cm−1, which are attributed
to the stretching vibration peaks of Si-O-Si. The asymmetric
and symmetric stretching vibrations of C-H

3

occur at 2962
and 2909 cm−1, respectively. A sharp single peak is seen in
every spectrum at 1250 cm−1, attributed to the deformation
vibration of C-H

3

in Si-Me
2

group [20]. Compared to the
general symmetric deformation vibration of C-H

3

in alkyl
group, this vibration band takes a distinct red shift from 1375
to 1250 cm−1. There is a tiny peak on the silicone spectra at
2160 cm−1 and it disappears after the RAFT agent immobi-
lization. The characteristic vibration of 2160 cm−1 is conven-
tionally attributed to the stretching vibration of Si-H bond.
The Si-H should disappear after the surface reacted with the
silane coupling agent as the Si-H was substituted by the Si-
O-Si after reaction. There are also some new characteristic
peaks which appear after the RAFT agent immobilization.
As shown in Figure 1(b), the peak at 1737.5 cm−1 is due to
the characteristic absorption bands of the carbonyl group,
originated from the carboxyl group in the RAFT agent. Peak
at 1443.2 cm−1 is also originated from the vibration of S-
C in the RAFT agent. These results indicate the successful
immobilization of the RAFT agent on the silicone surface.

Figure 2 shows the results of surface contact angle (SCA)
measurements of the silicone before and after SI-RAFT
polymerization of PEGMA. The silicone is a material with
high hydrophobic surface properties.The initial value of SCA
is measured after the water drop contacting with the surface
for 30 s. The initial SCA of silicone is 112.8∘ (Figure 2(a)(a1)).
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Figure 2: Representative surface contact angle images of silicone with (b) or without (a) PEG brush modification.The images were obtained
after water drops contacting with the surface for 30 s (a1, b1) and 11min (a2, b2).

After surface modification of PEG brushes via SI-RAFT,
the SCA decreases to 50.6∘ (Figure 2(b)(b1)). The surface
hydrophilicity is greatly improved after the PEG brushes
surface modification. More interestingly, the SCA of the
PEG brushes modified surface decreases to less than 8.0∘
after the water drop contacting with the surface for 11min
(Figure 2(b)(b2)), whereas the SCA of pristine silicone is
84.2∘ (Figure 2(a)(a2)). The silicone is a hydrophobic mate-
rial; the small decline of the SCAon silicone surfacewith time
increase may be due to the water evaporation. However, the
dramatic decrease of the SCA on the PEG brushes modified
surface is not just due to the evaporation. The SI-RAFT
polymerization on the surface can obtain a brush structured
polymer on the surface [15, 16]. The brush structure plays an
important role in high hydrophilicity of the PEG modified
surface. Surface with excellent hydrophilicity is obtained after
the SI-RAFT polymerization of PEG on the surface as PEG
brushes are generated via bottom-up living polymerization.

Figure 3 shows the protein adsorption results on the sili-
cone before and after PEGbrushesmodification.The albumin
is used as a modal protein for test. The pristine silicone easily
absorbs proteins due to its hydrophobic nature. However, the
hydrophilic PEG brushes modification greatly reduces the
protein adsorption on the surface. The absorbed protein on
the modified surface is about 40% of that on the pristine
surface. Figure 4 shows the cell and bacteria adhesion results
on the surface. The lens epithelial cell (LEC) and S. aureus
are used. As we can see, the pristine silicone is bioadhesive
for both LEC and S. aureus. Plenty of LEC and S. aureus are
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Figure 3: The protein adsorption of silicone before and after PEG
brush grafting. ∗Significant difference.

found on the silicone surface (Figures 4(a) and 4(c)). The
adhered cells present spreading morphology on the surface,
indicating the high cell viability on such surface. The PEG
brushes modification greatly reduced the cell and bacteria
adhesion. Seldom cells are found on the modified surface.
The few adhered cells render small roundmorphology, which
indicates the lack of cell viability on such surface.The cell and
bacterial adhesion on the implantable materials may cause
lots of complications. For example, the LEC adhesion onto the
material surface is themain reason for the silicone intraocular
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Figure 4: The lens epithelial cell (a, b) and S. aureus (c, d) adhesion on silicone before and after PEG brush grafting.

lens implantation. S. aureus adhesion and invasion may
cause endophthalmitis, which is a critical issue of the vision
loss in ophthalmologic surgery. The above result indicates
that an excellent antifouling surface is obtained via SI-
RAFT polymerization of PEGMA on silicone surface, which
greatly improves the biocompatibility for biomaterial applica-
tions.

4. Conclusions

In this paper, a PEG brush coating is obtained via sur-
face-initiated RAFT polymerization of polyethylene glycol
methacrylate on silicone surface. The surface contact angle
analysis shows the excellent hydrophilicity of the PEG
brush coating surface. The in vitro protein adsorption assay
indicates that the PEG brush coating can notably decrease
the protein adsorption on the surface. The lens epithelial
cell and S. aureus adhesion assay results indicate that such
PEG brush modification can evidently resist the cell and
bacteria adhesion. Such antifouling silicone with excellent
hydrophilic PEG brush coatings might have great potential
in the implantable biomaterials.
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Alginate microspheres with metformin hydrochloride were prepared by the spray drying method in order to improve residence
time of drug in the stomach. Nine formulations (F1–F9) with various drug : polymer ratio (1 : 2, 1 : 1, and 2 : 1) and different sodium
alginate concentration (1%, 2%, and 3%) were evaluated for size, morphology, drug loading, Zeta potential, and swelling degree.
In vitro drug release, mathematical release profile, and physical state of microspheres were also evaluated. Optimal formulation
characterized by the highest drug loading was formulation F6 (drug : polymer ratio 2 : 1 and 2% alginate solution). Based on
glucose uptake in Saccharomyces cerevisiae cells and 𝛼-amylase inhibition tests, it could be concluded that alginate microspheres
enhance hypoglycemic activity of metformin hydrochloride evaluated in vitro. Designedmicrospheres are promising as alternative,
multicompartment dosage form for metformin hydrochloride delivery.

1. Introduction

Sodium alginate (ALG) is nontoxic, biocompatible, and
biodegradable polymer, which belongs to the group of
polysaccharides naturally present in the seaweed [1, 2].
ALG is composed of monomers of 𝛽-D-mannuronic acid
and 𝛼-L-guluronic acid residues joined together by (1–4)
glycoside linkages. It is a biopolymer widely used for dietetic,
biotechnology, cosmetic, and pharmaceutical industry [3].
Mucoadhesiveness and ability to gelate make ALG a promis-
ing excipient in the development of various dosage forms
for modified drug delivery. In contact with acidic pH, ALG
cross-links and forms swollen polymermatrix which acts as a
reservoir enabling sustained drug release [4, 5]. Additionally,
ALG is characterized by the ability to reduce body weight
and to control glycemia in diabetic individuals by reduction
after meal fluctuations of glucose concentrations, insulin
secretion, decreasing of food intake, and delaying gastric
emptying [6–8].

Metformin hydrochloride (MF) is an orally administered
antidiabetic agent from biguanide group, which is the first
line therapy to treat type 2 diabetes. Its hypoglycemic action
includes decrease in the hepatic glucose production and in

the intestinal glucose absorption and increase in glucose
metabolism which, in consequence, lead to the reduction
in plasma glucose concentration. In addition, MF decreases
appetite and has effect on weight reduction and improvement
of the lipid profile with no risk of hypoglycemia. MF is
water soluble, but its bioavailability after oral administration
in conventional dosage forms is only about 50% [9, 10].
Increase in the stomach residence time and the improvement
in drug bioavailability might be achieved by mucoadhe-
sive dosage forms. Mucoadhesive drug delivery systems
through the intimate contact with the absorption surface
enable prolonged residence time, better drug absorption, and
enhanced bioavailability and they also permit decrease in the
drug dosing frequency. Microspheres are multicompartment
dosage forms which provide improved efficacy, reduced
toxicity, and larger margin of safety in case of dosage form
damage compared with traditional single unit formulations.
Mucoadhesive polymer’smatrix enables them to adhere to the
mucous membranes and to remain for longer time period in
the gastrointestinal tract [11, 12].

One of the most widely reported methods for preparing
ALG microspheres with MF is emulsion-cross-linking and
nonaqueous evaporation [13–16]; therefore, the aim of this
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research was to attempt to formulate for the first time ALG
microspheres with MF by the new spray drying technique.
Obtainedmicrospheres were characterized for size, morphol-
ogy, entrapment efficiency, drug loading, Zeta potential, and
the in vitro MF release. The effects of the drug : polymer
ratio and concentration of ALG solution on the properties
of microspheres were also studied. Mucoadhesive properties
of the microspheres were examined by using TA.XT.Plus
TextureAnalyzer and three differentmodels of adhesive layer:
gelatin disc, mucin gel, and porcine stomach mucosa. The
physical state of microspheres was determined by differential
scanning calorimetry (DSC). Additionally, the hypoglycemic
properties of microspheres and the influence of ALG on MF
activity were studied by determination of glucose uptake in
Saccharomyces cerevisiae cells and by 𝛼- amylase inhibition
test.

2. Experimental Section

2.1. Materials. Metformin hydrochloride (MF) was obtained
from Debao Fine Chemical CO (Henan, China). Sodium
alginate (ALG) low viscosity (2%, 100–300 cP), mucin type
II, and gelatin type B from bovine skin were purchased from
SigmaAldrich (Steinheim, Germany). Potassium dihydrogen
phosphate, sodium hydroxide, hydrochloric acid, methanol,
propan-1,2-diol, acetonitrile, and starch pure soluble were
obtained from Chempur (Piekary Śląskie, Poland). Glucose
was obtained from Prolab (Nakło, Poland). Water was dis-
tilled and passed through a reverse osmosis system, Milli-
Q Reagent Water System (Billerica, USA). Porcine stom-
ach mucosa from large white pigs weighting ≈200 kg was
obtained from the veterinary service (Turośń Kościelna,
Poland). Samples were stored at −20∘C and before the
experimentwere defrosted and cut into 5mm indiameter and
2mm thick pieces. Saccharomyces cerevisiae was purchased
fromLesaffre (Wołczyn, Poland), acarbosewas obtained from
Bayer Pharma AG (Berlin, Germany), and 𝛼-amylase was
obtained from Polfa S. A. (Warsaw, Poland).

2.2. Formulation of Microspheres Containing MF. Micro-
spheres were prepared usingMini Spray Dryer B-290 (Büchi,
Flawil, Switzerland). The flow rate was set to 4.5mL/min,
relative spray rate was fixed to 37m3/h, and spray flow was
fixed to 600 L/h. The inlet and outlet temperatures were
established at 200∘Cand 96∘C, respectively.Theparameters of
the spray drying were optimized in a number of preliminary
tests. ALG of different concentrations (1%, 2%, and 3%) and
different drug : polymer ratio (1 : 1, 1 : 2, and 2 : 1) was sprayed
to obtain different formulations of microspheres (F1–F9).

2.3. Characteristics of Microspheres

2.3.1. Morphology and Size. Microspheres were analyzed by
optical microscope (Motic BA400,Wetzlar, Germany) and by
scanning electron microscope (SEM) (Hitachi S4200, Tokyo,
Japan). Before imaging, samples were sputter-coated with
gold in an argon atmosphere (Leica EM AC 2000, Wetzlar,
Germany). The microspheres size distribution was studied

using Zetasizer NanoZS90 (Malvern Instruments, Malvern,
UK) by laser light-diffraction technique after suspending
in propane-1,2-diol (propane-1,2-diol was used because in
aqueous medium swelling and dissolving of microspheres
were observed).

2.3.2. HPLC Analysis. The concentration of MF in the
medium was determined by the HPLC system Agilent
Technologies 1200 equipped with a G1312A binary pump,
a G1316A thermostat, a G1379B degasser, and a G1315B
diode array detector (Agilent, Waldbronn, Germany). Data
collection and analysis were performed using Chemstation
6.0 software. Isocratic separation was achieved on Waters
Spherisorb� 5.0 𝜇M ODS 4.6 × 250mm, 5 𝜇m column
(Waters Corporation, Milford, USA). Mobile phase was
acetonitrile : methanol : phosphate buffer, pH 3.0 (20 : 20 : 60,
v/v), the flow rate was 1.0mL/min, and UV detection was
performed at a wavelength of 240 nm [17]. The column
temperature was maintained at 25∘C. For injection into the
HPLC system, 20𝜇L of sample was used. All reagents used
for analysis were HPLC grade. The retention time of MF was
2.8min. Standard calibration curve was linear over the range
of 1–100𝜇g/mL with the correlation coefficient (𝑅2) 0.999.

2.3.3. MF Loading and Percentage Yield. MF loading in the
microspheres was determined by dissolving an accurately
weighted amount of microspheres (20mg) in 10mL of dis-
tilled water and agitating it for 24 h at 150 rpm in a water bath
[18]. The sample solution was further diluted and filtrated
through 0.45 𝜇m cellulose acetate Millipore filters (Billerica,
USA). The percentage yield of MF in the ALG microspheres
was determined by using the following formula:

𝐿 =

𝑄m
𝑊m
× 100, (1)

where 𝐿 is the percentage of drug loading, 𝑄m is the drug
loaded in the microspheres, and 𝑊m is the weight of the
microspheres. The mean drug encapsulation efficiency was
calculated by the following equation:

EE =
𝑄a
𝑄t
× 100, (2)

where EE is the percentage of encapsulation efficiency, 𝑄a is
the actual drug content, and𝑄t is the theoretical drug content.

Percentage production yield was calculated as the rela-
tionship of the achieved weight of the microspheres related
to the entire amount of the theoretical weight of drug and
polymer:

𝑌 =

𝑊m
𝑊t
× 100, (3)

where 𝑌 is the percentage production yield,𝑊m is the weight
of microspheres, and𝑊t is the theoretical weight of drug and
polymer.

2.3.4. Microspheres Porosity. Microspheres porosity was
determined by using the solvent replacement method [19].
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Dried microspheres were immersed overnight in absolute
ethanol and weighed after excess ethanol on the surface was
blotted.Then, porosity was calculated based on the following
equation:

𝑃% =
(𝑊
𝑊
−𝑊
𝐷
)

𝜌 × 𝑉

× 100, (4)

where 𝑃% is the porosity,𝑊
𝐷
is the weight of microspheres

before immersion in absolute ethanol, 𝑊
𝑊

is the weight
of microspheres after immersion in absolute ethanol, 𝜌 is
the density of absolute ethanol, and 𝑉 is the volume of
microspheres.

2.3.5. Zeta Potential. Zeta potential measurements were per-
formed using a Zetasizer NanoZS90 (Malvern Instruments,
Malvern, UK). Before measurements, microspheres were
suspended in propane-1,2-diol. Data was obtained from
Zetasizer software 6.20.

2.3.6. Swelling Properties. Swelling properties were evaluated
at 37±1∘C in beakers containing 25mL of 0.1MHCl (pH 1.2)
and stirred at 100 rpm. The microspheres were periodically
weighted at predetermined time intervals until a constant
weight was obtained [20]. The swelling ratio was calculated
by using the following formula:

SR =
𝑊S −𝑊0
𝑊
0

× 100, (5)

where SR is the swelling ratio, 𝑊
0
is the initial weight of

microspheres, and 𝑊S is the weight of microspheres after
swelling.

2.3.7. Mucoadhesiveness. Evaluation of mucoadhesiveness
was performed using TA.XT.Plus Texture Analyzer (Stable
Micro Systems, Godalming, UK) and three different mod-
els of mucoadhesive material: gelatin disc, mucin gel, and
porcine stomach mucosa. Experimental parameters of the
process were chosen during preliminary tests and set as fol-
lows: pretest speed 0.5mm/s, test speed 0.1m/s, contact time
180 s, posttest 0.1mm/s, and applied force 1N. Gelatin discs
were prepared by pouring 30% (w/w) aqueous solution into
a Petri dish. Layer of mucin was prepared by absorbing 10%
mucin gel on discs with cellulose fiber (5mm in diameter).
The tests were conducted at 37 ± 1∘C. Adhesive layers were
adhered to an upper probe andmoisturized (exceptedmucin)
with 0.1M HCl (pH 1.2) [21]. The mucoadhesive properties
were determined as the maximum detachment force (𝐹max)
and the work of mucoadhesion (𝑊ad), calculated from the
area under the force versus distance curve, expressed in 𝜇J.

2.4. In Vitro MF Release. For the in vitro MF release test,
apparatus type I (Erweka Dissolution tester type DT 600HH,
Heusenstamm, Germany) was used [22]. Microspheres were
placed in the basket, immersed in 500mL of 0.1M HCl (pH
1.2), and stirred at 50 rpm. In each study, the amount of
microspheres equivalent to 500mg ofMFwas analyzed. Sam-
ples were withdrawn and filtered through 0.45 𝜇m cellulose

acetate Millipore filters (Billerica, USA) at predetermined
time intervals and replaced with fresh dissolution medium
[23]. During the dissolution process, the temperature was
maintained at 37 ± 1∘C. The amount of released MF was
analyzed by HPLC method (as described in Section 2.3.2).

2.5. MathematicalModeling ofMF Release Profile. MF release
data were analyzed according to zero-order kinetic, first-
order kinetic, Higuchi model, Korsmeyer-Peppas equation,
and Hixson-Crowell cube root law to characterize mecha-
nism of the drug release.The constants of release kinetics and
the regression coefficients (𝑅2) were calculated from the slope
of plots by linear regression analysis.

Zero-order kinetic is as follows:

𝐹 = 𝑘 × 𝑡. (6)

First-order kinetic is as follows:

ln𝐹 = 𝑘 × 𝑡. (7)

Higuchi model is as follows:

𝐹 = 𝑘√𝑡. (8)

Korsmeyer-Peppas model is as follows:

𝐹 = 𝑘𝑡
𝑛

. (9)

Hixson-Crowell model is as follows:

1 − (1 − 𝐹)
1/3

= 𝑘𝑡, (10)

where 𝐹 is the fraction of the drug release, 𝑘 is the release
constant, and 𝑡 is the time. For the Korsmeyer-Peppas model,
the fraction of drug remaining at time 𝑡 was determined for
every time interval log (𝑀

𝑡
/𝑀
∞
) and plotted against the log

of time 𝑡. The slope of the line was taken as the value of 𝑛,
diffusional release exponent used for interpretation of release
mechanism [24, 25].

2.6. Differential Scanning Calorimetry (DSC). DSC analysis
of MF, ALG, and microspheres formulation F6 (with the
highest drug loading) was performed using an automatic
thermal analyzer system (DSC TEQ2000, TA Instruments,
New Castle, USA). Each sample was precisely weighted
(5mg) and placed in sealed aluminium pan. An empty pan
sealed was used as a reference. Temperature calibrations were
performed using indium and zinc as standard. Samples were
heated from 25∘C to 200∘C at scanning rate of 10∘C/min
under nitrogen flow of 20mL/min [26].

2.7. Evaluation of ALG Influence onMFHypoglycemic Activity

2.7.1. Glucose Uptake by Saccharomyces Cerevisiae Cells. Glu-
cose uptake by Saccharomyces cerevisiae cells is often used
model to in vitro study hypoglycemic activity [27–29]. Cells



4 International Journal of Polymer Science

Table 1: Characteristics of MF loaded ALG microspheres (formulations F1–F9).

Formulation Drug : polymer
ratio

Zeta potential
(mV)

Production
yield (%)

Encapsulation
efficiency (%)

Percent
loading (%)

Mean diameter
(𝜇m) Porosity (%)

1% ALG solution
F1 1 : 2 −5.3 ± 0.3 57.1 ± 1.6 119.8 ± 2.1 39.9 ± 1.7 3.5 ± 0.8 73.39 ± 2.3
F2 1 : 1 −3.4 ± 0.4 86.1 ± 2.4 111.9 ± 2.7 55.6 ± 3.4 3.4 ± 1.1 67.02 ± 4.2
F3 2 : 1 −1.4 ± 0.9 85.9 ± 1.4 109.4 ± 3.2 72.9 ± 1.6 1.7 ± 0.9 60.71 ± 3.5

2% ALG solution
F4 1 : 2 −5.8 ± 2.3 61.8 ± 1.5 115.4 ± 1.9 38.4 ± 2.2 5.7 ± 1.1 75.04 ± 2.5
F5 1 : 1 −4.2 ± 0.9 68.0 ± 1.3 103.1 ± 2.1 51.5 ± 3.6 3.6 ± 0.5 65.55 ± 2.4
F6 2 : 1 −1.3 ± 0.7 61.7 ± 2.1 113.4 ± 2.3 75.6 ± 1.5 3.0 ± 1.6 61.81 ± 3.7

3% ALG solution
F7 1 : 2 −7.7 ± 3.8 68.9 ± 1.1 111.9 ± 2.6 37.3 ± 3.9 4.0 ± 0.8 72.97 ± 3.5
F8 1 : 1 −3.7 ± 1.5 58.9 ± 1.4 111.1 ± 2.9 55.7 ± 3.9 2.5 ± 1.3 60.88 ± 2.9
F9 2 : 1 −1.8 ± 1.1 45.0 ± 2.1 110.4 ± 3.1 73.6 ± 7.5 1.6 ± 0.4 59.70 ± 2.5

were grown at 30 ± 1∘C in a bottom flask containing 500mL
of sterilized modified minimal medium pH 5.3 for yeast
growth (0.5 g KH

2
PO
4
, 0.5 g (NH

4
)
2
SO
4
, 0.5 g MgSO

4
, 1 g

yeast extract, and 10 g glucose) [30]. Cells growth started from
a stationary preculture of about 107 cfu/mL. Then, cells were
washed three times with distilled water and centrifugated
(3 000×g, 5min). The cytocrit was adjusted to 10% cells [31].
MF, microspheres placebo, and microspheres formulation
F6 were added to 1mL of various concentrations of glucose
solution (5, 10, and 25mM) and incubated for 10min at
37 ± 1∘C. Reaction was started by adding 100𝜇L of yeast
suspension; then,mixture was vortexed and incubated at 37 ±
1∘C for 60min. After incubation, mixtures were centrifuged
(2 500×g, 5min) and concentration of glucose remaining in
the medium was estimated by using glucose assay kit (One
Touch Select, Johnson & Johnson, New Brunswick, USA)
[27].

2.7.2. 𝛼-Amylase Inhibition. 𝛼-Amylase inhibition was evalu-
ated bymodifiedmethod based on the starch iodide reaction.
Mixture composed of 1mL 0.02M sodium phosphate buffer
(pH 6.9), 5 units of 𝛼-amylase solution, and examined
samples (microspheres placebo, microspheres F6, and MF)
was incubated at 37 ± 1∘C for 10min. Then, 1mL of starch
solution (1%, w/v) was added and mixture was incubated
at 37 ± 1∘C for 15min. To stop the enzymatic reaction, 1M
HCl (20𝜇L) was added, followed by the addition of 20𝜇L of
iodide reagent (5mM I

2
and 5mM KI) [32–34]. To eliminate

the absorbance produced by analyzed substances, appropriate
controls were also included. The triiodide anion with iodide
reagent creates complexes with starch, producing an intense
blue color.The absorbancewasmeasured spectrophotometri-
cally at 586 nmusingGenesys 10SUV-Vis Spectrophotometer
(Thermo Scientific, Madison, USA).The activity of examined
samples was compared with acarbose (3, 5, and 10mg), a well
established 𝛼-amylase inhibitor [35]. Concentration of starch
was calculated according to the calibrating curve.The control
reaction (without examined substances) represented 100% of

enzyme activity. 𝛼-Amylase inhibition was assessed using the
following formula:

% IA =
(𝐶S − 𝐶C)

𝐶S
× 100, (11)

where IA is the percent of 𝛼-amylase inhibition, 𝐶C is the
concentration of starch in the control reaction, and 𝐶S is the
concentration of starch in the test sample [34–36].

2.8. Statistical Analysis. Quantity variables were expressed
as the mean and standard deviation. Statistical analysis
was performed using nonparametric Kruskal-Wallis test and
conducted by Statistica 10.0 software (StatSoft, Tulsa, USA).
Differences between groups were considered to be significant
at 𝑝 < 0.05.

3. Results and Discussion

3.1. Microspheres Morphology, Size, and Surface Charge Anal-
ysis. Spray drying is a relatively simple, one-step process
which includes spray drying of drug solution or suspen-
sion in a stream of gas and depends on several parame-
ters, for example, atomization devices, aspirator and feed
rate, drying temperature, spray air flow, and properties of
the drying material [37]. This method enables entrapment
of both hydrophilic and hydrophobic drugs in polymer
matrix and compared to other techniques (emulsification-
precipitation, emulsification-cross-linking, ionotropic gela-
tion, solvent evaporation, and coacervation) it might be
used in both laboratory and industrial scale. Moreover, it
is characterized by the possibility of precisely controlling
production parameters, high production yield (40–80%), and
encapsulation efficiency (up to 100%) [37–40]. It was shown
that formulatedmicrosphereswere characterized by relatively
narrow size distribution and MF loading in all formulations
was in the range between 37.3±3.8%and 75.6±1.4% (Table 1).

Drug : polymer ratio is a key factor influencing the char-
acteristics of microspheres. The minimum MF loading was
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Figure 1: Representative images of microspheres formulation F6 under magnifications ×40 (a), ×2 000 (b), and ×10 000 (c).

observed in formulations F7, F4, and F1 with drug : polymer
ratio 1 : 2 (37.3±3.9%, 38.4±2.2%, and 39.9±1.7%, resp.).The
maximum drug loading was in formulations F6, F9, and F3
(75.6±1.5%, 73.6±7.5%, and 72.9±1.6%)whendrug : polymer
ratio was 2 : 1. Interestingly, concentration of ALG solution
had no significant impact on microspheres characteristics.
Application of more concentrated solution of ALG (3%)
did not result in higher production yield and diameter of
obtained microspheres. It is worth noting that encapsulation
efficiency in all microspheres was higher than 100%. It can
be explained by a partial loss of the polymer during the
preparation of microspheres, which decreased the theoretical
polymer mass and changed the theoretical drug content to
values higher than the previewed ones [41]. All formulations
of microspheres had spherical shape. The morphology of
microspheres F6 (with the highest MF loading) examined
by optical and scanning electron microscopy is presented in
Figure 1.

Zeta potential is an important parameter related to the
stability of colloidal dispersions [42]. Zeta potential values of
designed microspheres varied between −1.3 ± 0.7 and −7.7 ±
3.8mV as shown in Table 1 (compared to −15.9mV for ALG
microspheres placebo). Although ALG is negatively charged,
values of Zeta potential of microspheres with MF were close
to zero. It is probably caused by complex formation between

the polyanionic ALG and oppositely charged MF. Formula-
tion F6 (with the highest drug loading) was characterized by
the lowest Zeta potential value.

3.2. Swelling and Mucoadhesive Properties. Mechanism of
mucoadhesion is directly connected with water uptake
into the polymer matrix, swelling, and gel layer formation
[43]. Swelling is mainly attributed to the hydration of the
hydrophilic groups of ALG, where water penetrates inside
the microspheres and fills the inert pores among polymer
chains. ALG swelling and dissolution are pH dependent.
At acidic pH, as a result of reduction of the electrical
repulsion between the negatively chargedALGmolecules and
positively charged ions in themedium, polymer is protonated
and creates insoluble form of alginic acid [44, 45]. After
protonation of carboxylic acid groups, the polymer shrinks,
absorption of water is decreased, and in consequence swelling
degree decreases [43]. The swelling profiles, represented as
the swelling ratio (SR) versus time, are reported in Figure 2.

Figure 2 illustrates the swelling properties of the designed
microspheres in 0.1MHCl (pH 1.2) at different time intervals.
All the curves gave linear increase, indicating a loosening
of the matrix with the creation of larger pores [46]. The
results indicated that formulations of microspheres swelled
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Figure 2: Swelling ratio (SR) of microspheres placebo (F0) and formulations F1–F3 (a), F4–F6 (b), and F7–F9 (c).

gradually. Obtained curves showed an initial rapid increase
within 30min of the experiment due to the entry of water via
metastable pores known as hysteresis of swelling mechanism
and reached the highest value after 120min for formulations
F1–F9 and after 180min for microspheres placebo. Formu-
lation F7 (with the lowest MF content) showed the highest
swelling ratio, while microspheres F6 (with the highest MF
loading) attained lower value of SR. Swelling in acidic pH
as a result of osmosis caused by unbound carboxyl groups
enables forming a swollen gel and surface erosion, which
results in disintegration of microspheres and sustained MF
release.

The mucoadhesive drug delivery systems increase drug
residence time and in consequence improve its bioavailability.
ALG as polyanionic polymer is characterized by higher
bioadhesive properties than polycationic (chitosan, poly(l-
lysine)) or nonionic polymers (macrogol, hypromellose and
polyvinyl alcohol) [47, 48]. Mechanism of ALG mucoadhe-
sion is defined by interaction between carboxyl groups of
polymer and mucin through electrostatic adsorption, van
der Waals, and hydrogen bonds. The surface of mucin is
positively charged and its flexible backbone chains enable
interaction with ALG carboxyl groups. Initially, contact
(wetting) between polymer and mucus and, subsequently,
polymer swelling make the polymer strands relax [47, 48].
This is followed by the penetration of ALG into the mucus
network and finally the formation of secondary chemical

bonds between the mucus and the polymer. The influence of
MF on the mucoadhesive properties of ALG microspheres is
shown in Table 2.

The mucoadhesive properties were presented as maxi-
mum detachment force (𝐹max) and work of adhesion (𝑊ad)
and as the adhesive layers gelatin discs, mucin gel, and
porcine stomachmucosawere used. Porcine stomachmucosa
model is often used in order to imitate in vivo conditions
[49]. It was shown that ALG microspheres readily adhered
to all tested mucoadhesive materials and that detachment
force and work of adhesion increased when drug loading was
decreased.When gelatin was used as adhesive layer, relatively
large maximum detachment force and small values of the
work of adhesion were observed.This fact might indicate that
microspheres adhere to this layer for very short time, forming
only weak bonds between gelatin and alginate. The lower
mucoadhesiveness ofmicrospheres F3, F6, and F9 is probably
due to the high MF content causing disturbances in ALG
gel structure. It is worth noting that significant (𝑝 < 0.05)
differences of detachment force and work of adhesion values
between gelatin and porcine stomachmucosa were observed;
therefore, it might be suggested that mucin gel is a better
substitute of mucous membrane.

Moreover, the obtained results indicate that there is direct
correlation between mucoadhesive properties and SR. The
highest values of 𝐹max (0.9 ± 0.1) and𝑊ad (768.2 ± 5.4) were
observed for formulation F7 with the highest SR value.
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Table 2: Mucoadhesive properties of microspheres placebo (F0) and microspheres formulations F1–F9.

Formulation
Type of adhesive layer

Gelatin Mucin Porcine stomach mucosa
𝐹max [N]∗ 𝑊ad [𝜇J]∗∗ 𝐹max [N]∗ 𝑊ad [𝜇J]∗∗ 𝐹max [N]∗ 𝑊ad [𝜇J]∗∗

F0 0.9 ± 0.3 362.9 ± 1.8 1.1 ± 3.7 583.4 ± 1.5 1.3 ± 1.3 779.5 ± 2.4
F1 0.5 ± 0.2 237.5 ± 1.0 0.5 ± 0.2 275.1 ± 1.6 0.7 ± 0.1 428.0 ± 2.6
F2 0.5 ± 0.2 203.0 ± 0.6 0.5 ± 0.3 207.2 ± 0.5 0.7 ± 0.2 360.9 ± 1.3
F3 0.4 ± 0.3 179.5 ± 0.4 0.5 ± 0.4 179.5 ± 0.1 0.7 ± 0.1 272.3 ± 0.5
F4 0.5 ± 0.2 392.8 ± 2.1 0.6 ± 0.2 410.0 ± 2.8 0.8 ± 0.2 681.6 ± 3.9
F5 0.4 ± 0.2 264.0 ± 0.3 0.6 ± 0.3 367.7 ± 1.5 0.7 ± 0.3 560.3 ± 4.1
F6 0.5 ± 0.2 238.3 ± 0.5 0.6 ± 0.3 342.3 ± 2.9 0.6 ± 0.2 467.5 ± 1.7
F7 0.5 ± 0.3 319.4 ± 1.5 0.6 ± 0.2 501.0 ± 3.1 0.9 ± 0.1 768.2 ± 5.4
F8 0.5 ± 0.2 303.7 ± 1.3 0.7 ± 0.4 489.6 ± 3.8 0.8 ± 0.2 692.1 ± 4.6
F9 0.4 ± 0.1 234.2 ± 0.6 0.7 ± 0.3 441.8 ± 2.3 0.6 ± 0.3 657.7 ± 4.3
∗Maximum detachment force and ∗∗work of adhesion.
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Figure 3: MF release from microspheres formulations F1–F3 (a), F4–F6 (b), and F7–F9 (c), 𝑛 = 3.

3.3. In Vitro MF Release. The release profiles of MF from
microspheres formulations F1–F9 are shown in Figure 3. In all
formulations, the release profile showed a burst effect, which
is the first phase of the drug release and occurs due to the
free MF binding at the microparticles surface. The highest
burst effect was observed in formulation F6, with the highest

drug loading; after 30min, 41.7 ± 0.4% of MF was released.
At acidic pH, ALG swells and creates gelling alginic acid
matrix, which prevents disintegration of microspheres and
controls water penetration inside the microsphere structure.
Formulations F1, F4, and F7, with the lowest MF content,
were characterized by the higher swelling ratio and ensured
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Table 3: Models of MF release from microspheres formulations F1–F9.

Formulation
Zero-order
kinetics First-order kinetics Highuchi model Korsmeyer-Peppas model Hixson-Crowell

model
𝑅
2

𝐾 𝑅
2

𝐾 𝑅
2

𝐾 𝑅
2

𝐾 𝑛 𝑅
2

𝐾

F1 0.92 1.67 0.97 0.17 0.98 22.98 0.94 0.31 0.08 0.96 0.18
F2 0.86 1.68 0.98 0.55 0.95 29.37 0.88 0.34 0.08 0.94 0.58
F3 0.41 4.07 0.59 0.18 0.56 16.82 0.51 0.27 0.11 0.52 0.16
F4 0.87 6.69 0.95 0.22 0.96 25.03 0.90 0.32 0.19 0.94 0.22
F5 0.82 6.55 0.95 0.13 0.93 25.15 0.86 0.32 0.17 0.95 0.27
F6 0.52 4.62 0.73 0.21 0.66 18.76 0.59 0.28 0.12 0.65 0.19
F7 0.90 7.34 0.93 0.22 0.96 27.11 0.91 0.33 0.22 0.91 0.23
F8 0.70 6.01 0.93 0.37 0.84 23.64 0.78 0.31 0.14 0.86 0.29
F9 0.45 5.15 0.66 0.25 0.60 21.33 0.58 0.31 0.14 0.58 0.22
𝑅

2: correlation coefficient,𝐾: release constant, and n: the release exponent.

sustained drug release; after 8 h of the study, the amount of
released MF was 82.6 ± 1.6%, 88.9 ± 2.2%, and 89.1 ± 3.2%,
respectively.

Afterwards, MF release profiles were fitted to zero-order
and first-order equations and Higuchi, Korsmeyer-Peppas,
and Hixson-Crowell models (Table 3).

In the Highuchi model, the best fit curve with 𝑅2 (0.98)
was observed for formulation F1. It was also noticed that
mechanism of MF release from formulations F1, F2, F4,
F5, and F7 was diffusion controlled first-order kinetics as
the plots showed higher regression correlation coefficient.
However, based on Korsmeyer-Peppas equation in case of
sphere shape microspheres, the value of diffusional exponent
𝑛 ≥ 0.85 means that drug release is independent of time
(case II transport), while value 𝑛 ≤ 0.43means that release is
controlled by Fickian diffusion.A value between 0.43 and 0.85
indicates combination of diffusion and swelling mechanism.
The obtained values of diffusion exponent from 0.08 to 0.22
confirm diffusion as mechanism of MF release. The high
values of 𝑅2 in the Hixson-Crowell model indicate that this
equation can also describe MF release and suggest that it was
controlled also by disintegration process of themicrospheres.
The Hixson-Crowell cube root law describes the release from
the systems, where drug release depends on the change in
surface area and diameter of the particles with time and it is
mainly applied to systems which are subjected to dissolution
or erosion processes. In this case,MF release rate is limited by
the microspheres erosion.The obtained data have shown that
MF release from ALG microspheres is complex and includes
simultaneously erosion and diffusionmechanism.MF release
can be controlled by water penetration, responsible for poly-
mer hydration, erosion of microspheres, and drug diffusion
[50, 51].

3.4. Differential Scanning Calorimetry (DSC). DSC is an
important tool to obtain information about possible interac-
tions between drug and polymer, according to the appear-
ance, shift, or disappearance of endothermic or exothermic
peaks.Thermograms ofMF, ALG, microspheres placebo, and
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Figure 4: DSC thermograms of sodium alginate (ALG), metformin
hydrochloride (MF), microspheres placebo, and microspheres for-
mulation F6.

microspheres formulation F6 (with the highest MF loading)
are shown in Figure 4.

Under the experimental conditions, a sharp endothermic
peak for pure MF was observed at 233.02∘C corresponding to
its melting point. Thermogram of microspheres formulation
F6 has shown that peak of MF did not shift significantly
(226.55∘C). Lowering of MF melting point in microspheres
might be due to its mixing with ALG, which lowered the
purity of each component; MF crystallinity was reduced and
the drugmight convert into the amorphous form. In the DSC
thermogram, a small endothermic peak of ALG at 129.55∘C,
attributed to the dehydration process, and strong exothermic
peak at 247.80∘C, corresponding to the decomposition of the
polymer, were observed. Melting peak of ALG (129.27∘C) was
not detected in microspheres F6, which might suggest that
ALG has dehydrated during the spray drying process [52].

3.5. Influence of ALG on MF Hypoglycemic Activity. Type
2 diabetes is a chronic metabolic disorder characterized by
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Table 4: In vitro glucose uptake by yeast cells incubated withmicro-
spheres placebo, microspheres F6, and metformin hydrochloride
(MF).

Concentration of glucose (mM)
remaining in the medium

5mM glucose 10mM glucose 20mM glucose
Control∗ 3.79 ± 1.67 7.48 ± 0.72 14.72 ± 1.32
Microspheres
placebo 4.56 ± 0.49 9.01 ± 1.61 17.84 ± 2.86

Microspheres
F6 1.65 ± 2.79 3.13 ± 1.69 6.51 ± 1.01

MF∗∗ 1.22 ± 0.18 1.50 ± 0.23 3.91 ± 0.69
∗Suspension of Saccharomyces cerevisiae cells in glucose solution; ∗∗MFwas
used in an amount (10mg) corresponding to its loading in microspheres
formulation F6.

high level of blood glucose, which may lead to damage of
the body organs [53]. Uncontrolled hyperglycemia can lead
to the development of complications, such as dysfunction
of blood vessels (retinopathy and neuropathy) and nervous
system, and increasing the risk of cardiovascular diseases
[54–56]. Although many antidiabetic drugs are available,
most of them possess serious side effects or do not provide
satisfactory glucose control.Therefore, many studies focus on
the development of novel dosage forms for antidiabetic drugs.
Hypoglycemic effect can be studied in vitro using a variety of
models, which play a very important role as initial screening
tools in the evaluation of antidiabetic activity of drugs
and new dosage forms. To determine hypoglycemic activity
of ALG microspheres with MF and to evaluate influence
of ALG on MF hypoglycemic activity, glucose uptake by
Saccharomyces cerevisiae cells and 𝛼-amylase inhibition tests
were performed.

3.5.1. Glucose Uptake by Saccharomyces Cerevisiae Cells.
Polysaccharides can influence intestinal glucose absorption
and the mechanism of this action includes forming a viscous
gel which may slow the access of glucose to the epithelium,
thereby decreasing postprandial glucose blood concentra-
tion. Viscous gel may also delay gastric emptying, slow
down carbohydrate uptake, and retard carbohydrate access to
digestive enzymes which may contribute to the postprandial
effect [57, 58]. Glucose uptake by Saccharomyces cerevisiae
cells is complex process based on facilitated diffusion and
controlled by multiple hexose transporters (Hxts) [59]. Roy
et al. demonstrated that mechanism of glucose transport by
Hxts is similar to human glucose transporters (GLUTs) [60].
As GLUT-2 is localized in the intestinal mucosa and it is
responsible for monosaccharides absorption into the blood-
stream [61], determination of glucose transport across the
Saccharomyces cerevisiae cell membranes has been receiving
attention as alternative method for the in vitro hypoglycemic
effect evaluation. The amount of glucose remaining in the
medium after incubation of Saccharomyces cerevisiae cells
with different glucose concentrations (5, 10, and 20mM) and
microspheres placebo, microspheres formulation F6, andMF
is presented in Table 4.

Obtained results indicate that MF significantly increased
glucose uptake by Saccharomyces cerevisiae cells compared
to the control sample. The uptake of glucose by Saccha-
romyces cerevisiae cells incubated with formulation F6 was
lower than that by cells incubated with pure MF. This
effect was observed at all examined glucose concentrations
(5, 10, and 20mM). In case of 10mM glucose solution,
concentration of glucose remaining in the medium was
3.13 ± 1.69mM for microspheres F6, 1.50 ± 0.23mM for
pure MF, and 9.01 ± 1.61mM for microspheres placebo.
The highest glucose uptake inhibition was observed when
Saccharomyces cerevisiae cells were incubated with micro-
spheres placebo, which suggests that pure ALG demon-
strates the highest intestinal glucose absorption inhibitory
potential.

3.5.2. 𝛼-Amylase Inhibition. Therapeutic strategy of hyper-
glycemia in the treatment of type 2 diabetes involves decreas-
ing the postprandial glucose concentration in the blood
[53]. 𝛼-Amylase is an intestinal enzyme which plays an
important role in the carbohydrate digestion. It hydrolyses
𝛼-bonds of polysaccharides (such as glycogen and starch)
to glucose and maltose. Inhibitors of this enzyme delay
carbohydrate digestion through binding to 𝛼-bonds and
prevent decomposition of polysaccharides into mono- and
disaccharides [62, 63]. This action prolongs the overall time
for carbohydrate digestion and results in a reduction of
glucose absorption. Consequently, inhibition of 𝛼-amylase
reduces the postprandial fluctuations of blood glucose and
decreases glycemic index of food [64–66]. It was shown
that seaweeds can reduce activity of 𝛼-amylase; therefore,
impact of ALGmicrospheres withMFon enzyme activity was
studied.The results of𝛼-amylase inhibition test are illustrated
in Figure 5.

Inhibition of enzyme activity by microspheres F6 was
associated with the amount of polymer; samples contain-
ing higher amount of ALG more effectively inhibited 𝛼-
amylase. The values of enzyme inhibition were ranged
from 5.35 ± 0.32% (for 7.56mg of MF) to 63.82 ± 2.83%
(for 10mg of microspheres placebo) (Figure 5(a)). Micro-
spheres formulation F6 was characterized by stronger 𝛼-
amylase inhibition activity (36.34±2.45%) compared to pure
MF.

4. Conclusions

MF release and mucoadhesive properties of ALG micro-
spheres obtained by the spray drying can be altered by
varying the drug : polymer ratio. Optimal formulation char-
acterized by the highest drug loading was formulation F6
(drug : polymer ratio 2 : 1 and 2% alginate solution). All
microspheres possessed swelling and mucoadhesive proper-
ties depending on drug and polymer content. The release
profile of MF from microspheres was prolonged and con-
trolled by Fickian diffusion. Based on the in vitro hypo-
glycemic activity evaluation, it can be concluded that ALG
microspheres enhance activity of MF. It was observed that
ALG affects inhibition of glucose uptake in Saccharomyces
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Figure 5: The effect of microspheres placebo (placebo), micro-
spheres formulation F6 (F6), and metformin hydrochloride (MF)
in an amount corresponding to its loading in microspheres for-
mulation F6 (2.27mg, 3.78mg, and 7.56mg, resp.) on the in vitro
𝛼-amylase inhibition (a), and representative images of reactive
mixture: without 𝛼-amylase (1), with 𝛼-amylase (2), with acarbose
(3), with microspheres placebo (4), with microspheres formulation
F6 (5), and with 7.56mg of pure metformin hydrochloride (in an
amount corresponding to its loading in microspheres formulation
F6) (6) (b), 𝑛 = 3.

cerevisiae cells and reduces 𝛼-amylase activity. As inhibition
of intestinal glucose absorption is crucial in type 2 diabetes
treatment, ALG might be valuable excipient in designing
dosage forms with MF. Designed microspheres seem to be
promising as alternative, multicompartment dosage form
for metformin hydrochloride delivery. However, in vivo
evaluation of ALG influence on hypoglycemic activity of MF
in the microspheres is necessary and will be described in a
due course.
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