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ABSTRACT

he development of new biomaterials is needed to use in many areas such as protein purification, removal and drug rele-
Tase system. In this study, we fabricated hemoglobin (Hb) surface imprinting onto the bacterial cellulose nanofibers. The
metal ions coordination was obtained with vinyl imidazole and Ni2+ ions. The selective purification of Hb was obtained using
Hb-imprinted bacterial cellulose. The Scanning Electron Microscopy, Surface area, Transformed Infrared Spectroscopy,
swelling tests and contact angle measurements were used for the characterization of Hb-imprinted and non-imprinted
bacterial cellulose membranes. In addition, the adsorption studies were experimented with using the Hb aqueous solution
in the batch systems at 2 h. In this study, the prepared bacterial cellulose was reported as unique biomaterials for selective
and sensitive purification of Hb with high adsorption capacity. The reusability of bacterial celluloses was demonstrated

during the experiment.
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rotein saflastirma, uzaklastirma ve ilag salinimi gibi bircok alanda kullaniimak tzere yeni biyomalzemelerin gelistirilme-
Psine ihtiyac vardir. Bu calismada, bakteriyel seltiloz nanofiberlarin Gzerine ylzey baskilama yontemi ile hemoglobin (Hb)
baskilanmistir. Metal iyonlarinin koordinasyonu vinil imidazol ve Ni2+ iyonlari ile elde edildi. Hb’nin segici saflastiriimasi,
Hb baskili bakteriyel seltloz kullanilarak elde edildi. Hb baskilanmis ve baskilanmamis bakteriyel seliiloz nanofiberlerin ka-
rakterizasyonu igin Taramali Elektron Mikroskobu, Yuzey alani, Donustiralmus Kizilotesi Spektroskopisi, sisme testleri ve
temas acisi 6lgimleri kullanildi. Ek olarak, adsorpsiyon ¢alismalari Hb sulu ¢6zeltisi kullanilarak 2 saatte kesikli sistemlerde
deneylenmistir. Bu ¢alismada, hazirlanan bakteriyel seliiloz, yiksek adsorpsiyon kapasitesine sahip Hb’nin segici ve hassas
saflastiriimasi igin benzersiz biyomateryaller olarak rapor edildi. Bakteriyel seltlozlarin yeniden kullanilabilirligi deney sira-

sinda gosterildi.
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INTRODUCTION

he molecularly imprinted technologies are based on
Tthe polymerization of the appropriate cross-linker
around a target molecule using specific recognition
functional monomer [1]. Molecularly imprinted techno-
logy is used in many areas such as purification, separati-
on, biomarker detection, and drug delivery systems [2].
Three main steps can be explaining for molecularly imp-
rinted process: (a) a polymer matrix containing target
molecule that is attached to the specific functional mo-
nomers [3]; (b) to obtain the specific and selective bin-
ding cavities on the surface of polymeric matrices, the
target molecule is removed from the polymer, and (c)
the selective rebinding steps for the sample containing
the target molecule [4,5]. There are some challenges in
the molecularly imprinted technology such as hetero-
geneous binding caused by multiple functional regions,
slow mass transfer. Surface imprinting can be overco-
me these challenges. The selective and specific binding
cavities are prepared at the polymeric matrix surface
in the surface imprinting technique. Therefore, these
sites are easier reachable for the binding of the target
molecules. The surface imprinting technique generally
is preferred for the imprinting of macromolecules.

Bio-based polymers with a high degree of complexity
and added value are securing a place in non-traditional
sectors by adapting processing approaches from the
semiconductor and synthetic polymers technologies.
Bacterial cellulose (BC) is a biocompatible polysaccha-
ride produced by bacteria currently used in many areas.
Bacterial cellulose nanofibers are showing up charming
biomaterials with high volume ratio and surface [6—10].
BC grows at the interface between the bacterial broth
and the air, generating a robust hydrogel formed by ran-
domly distributed intertwined nano cellulosic fibers.

There are many advantages such as biocompatibility,
tensile strength, and combustible properties to use in
the purification of proteins [11-13]. Bacterial cellulose
is obtained as a broad bio-polymer in the nature. BC
properties, namely, porosity, crystallinity, water hol-
ding capacity, biocompatibility, and outstanding mec-
hanical properties have promoted it as an exceptional
material employed in such diverse fields.

The bacterial cellulose can increase the mechanical cha-
racteristics of the nano-composite/bio-composite ma-
terials [14,15]. The three-dimensional bacterial cellulose

nanofibers are produced by Agrobacterium microorga-
nisms. BC nanofibers offer unique properties to use as
a biopolymer. Furthermore, the application landscape
of BC is constantly expanding fostered by the versatility
and facile fabrication of hydrogels with controlled po-
rosity, composites or self-standing 3D structures. The
numerous hydroxyl (-OH) groups on the BC nanofibers
surface cause an excellent platform for the various area.
There exists a significant demand for the production of
hemoglobin (Hb) based oxygen carriers (HBO,Cs) which
present promising alternatives to the blood obtained
via donation. The HBO,Cs can be utilized in blood shor-
tages and in various medical application areas such as
surgery, ischemia and internal hemorrhaging, etc. The
major step for the synthesis of HBO,Cs is the purifica-
tion of Hb, which can be obtained by lysing red blood
cells [16—-18]. Recently, fabrication effective, selective,
cheap, and easy methods for Hb purification is of great
interesting in the biomedical area [19].

The specific interactions between the imidazole groups
on the functional monomer and the metal ions can oc-
cur a specific recognition for target molecules which be
imprinting. The metal ions coordination plays [20,21]
a significant role in molecular imprinting technology
owing to the stability and specificity of orienting pro-
teins [22]. Also, metal ions coordination is a fast binding
process for the protein molecule in molecular imprin-
ting technology [15,23,24].

Here, Hb imprinted (MIP) bacterial cellulose was pre-
pared using vinyl imidazole (V1) as functional monomer
and Ni as metal ions coordination to prepare interac-
tion between Hb. The characterization studies were
obtained with SEM, FTIR, surface area measurements,
contact angle and swelling tests. The selectivity studi-
es of MIP bacterial cellulose were studied using Bovine
Serum Albumin (BSA), Myoglobin (Myo), Cytochrome ¢
(Cyt ¢) and Lysozyme (Lyz).

MATERIALS and METHODS

Materials

Lysozyme, Hemoglobin, Cytochrome ¢, Bovine Serum
Albumin and Myoglobin were supplied from Aldrich,
Munich, Germany. N,N’,methylene-bisacrylamide (as
a cross-linker (MBAAm)), 2-hydroxyethyl methacryla-
te (as a monomer (HEMA)) and N-vinylimidazole (VI),
3-methacryloxypropyltrimethoxysilane (3-MPS) were
obtained from Sigma (St. Louis, USA). Azobisisobutyro-



nitrile (as an initiator (AIBN)) was obtained from Fluka,
Switzerland. Acetobacter xylinum (ATCC 10245) was
purchased from Agricultural Research Service Culture
Collection (ARS, USA).

Preparation of pre-complex

Firstly, vinyl imidazole (VI) as functional monomer and
Ni?* metal ions as a metal coordinated ions were comp-
lexed in the 1:1 molar ratio at 25 °C temperature for 45
min (25 rpm). Then the Hb as a target molecule were
added into the VI-Ni*? pre-complex and mixed for 30
min in the rotator. Therefore, the specific sites can be
obtained with metal ions for target molecule. The nitro-
gen donor atoms in the imidazole of the VI have great
affinity towards Ni?* ions. The UV spectra was used for
characterization of the binding between the Hb, functi-
onal monomer, and metal ions [25].

Preparation of MIP based bacterial cellulose

Acetobacter xylinum was used for obtaining bacterial cel-
lulose as reported in previous studies [11,12,14,15,24].
The BC nanofibers were washed with deionized water
and then %3 (V/V) 3-methacryloxypropyltrimetoxysila-
ne, (3-MPS/toluene) was used to silane the BC. The BC
was washed with methanol (%99) and then deionized
water for five times, respectively. The molecularly sur-
face imprinted BC were prepared using VI-Ni*-Hb pre-
complex and PHEMA/MBAAmM, monomer/cross-linker

Figure 1. The schematic preparation of Hb-imprinted BC nanofibers.
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solution. The solutions and BC nanofibers were allowed
to polymerize in the presence of (%4 W/V) AIBN under
100 W, UV light source for 40 min. The removal process
was carried out using 1.0 M NaCl solution. The remo-
ving of Hb was reported with spectrophotometrically.
The NIP nanofibers were prepared without adding he-
moglobin to pre-complexation solution with the same
methods that used for preparation of MIP bacterial cel-
lulose. Figure 1 shows the schematic preparation of Hb
imprinted BC nanofibers.

Characterization of bacterial cellulose

UV-vis spectrophotometry was used for proving the for-
mation of the pre-complex in the range of 200 nm—700
nm (Shimadzu UV-1601, Shimadzu Crop., Kyoto, Japan).
The structure of the Hb-imprinted and non-imprinted
bacterial cellulose were demonstrated with Scanning
Electron Microscopy, SEM (Jeol JSM-5600; Tokyo, Ja-
pan). Transformed Infrared Spectroscopy (FTIR) spectra
were reported (Nicolet iS10, Thermo Fisher Scientific,
USA) to show the characteristic bonds of the functional
monomers into the Hb-imprinted and non-imprinted
bacterial cellulose membrane structures. The leakage
of Ni*? ions from the bacterial cellulose structure were
used Atomic Absorption Spectrophotometry (Analyst
800/Perkin Elmer, USA).
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Also, surface area, macroporosity, and swelling degree
were studied. The specific surface areas of the bacterial
celluloses were determined by the multipoint Brunau-
er—Emmett-Teller (BET) method (Quantachrome, Nova
2200E, USA). For macroporosity, and swelling degree,
firstly the bacterial celluloses were dried (mdried) and
weighed for the swelling properties of bacterial cel-
lulose. Water was placed in a beaker and dry bacteri-
al celluloses were immersed into the beaker. The wet
nanofibers were removed from the beaker, wiped, and
weighed (mwet). Macroporosity is calculated using the
weight of the nanoparticles in its pores when the wa-
ter is swollen and after being squeezed. Equation (1,2)
were used to determine the swelling degree and mac-
roporosity.

Swelling degree = (M o —M d,y)/ M,

(1)

Macroporosity % = -M, ) IM,,

wet

(2)

Adsorption studies

Plasma hemoglobin is a measure of circulating red blo-
od cell destruction and is considered to be the basic in-
dicator of intravascular hemolysis. In practice, clinicians
generally consider anemia (circulating hemoglobin con-
centration <120 g/l in non-pregnant females and <130
g/lin males) as due to impaired hemoglobin synthesis or
increased erythrocyte loss or destruction.

The adsorption studies of Hb on the hemoglobin-imp-
rinted and non-imprinted bacterial cellulose were done
for 2 h. The adsorption capacity was reported with 0.1-
2.0 mg/mL Hb concentration. UV-Spectrophotometry
at 280 nm was used for determining the amount of Hb.
The binding amount was calculated in Equation 3.

0= (Cinitial - Cﬁnal / m) <V (3)

Here, the binding amount of protein is showed with Q
(mg Hb/g), and the initial, final Hb concentrations are
showed with C . and C,__ (mg Hb/mL). Also, the soluti-
on volume of hemoglobin is showed with V (mL). In the
end, m is used for the dried mass of bacterial cellulose

membrane (g).

Hb imprinted onto the surface of bacterial cellulose na-
nofibers using metal ion coordination interactions bet-

ween template protein molecules (Hb) and functional
monomer incorporated nickel ions. The combination
of the imprinting strategy and metal ion coordination
interactions exhibits selective recognition sites comple-
mentary to Hb molecules. Benefiting from the high sur-
face area of bacterial cellulose nanofibers, Hb imprin-
ted (MIP) bacterial cellulose nanofibers possess a high
binding capacity for Hb purification.

Reusability and selectivity studies

One of the important advantages imprinting techno-
logy offers compared to other materials is their high
chemical robustness, stability, providing the opportu-
nity to clean and reactivate them under relatively harsh
conditions for multiple uses in purification applications.
Due to their high specificity, selectivity, good reprodu-
cibility, reusability, and efficient mass transfer molecu-
larly imprinted-based materials have become attractive
for researchers in the separation and purification of
proteins. The reusability of the Hb-imprinted bacterial
cellulose were showed with utilizing 1.0 M NacCl in the
rotator for 2 h at room temperature. This study was car-
ried out by repeating 10 times of the adsorption and
desorption experiments using the same bacterial cellu-
lose membrane.

The selectivity studies for Hb were obtained with Myo,
Cyt ¢, BSA, and Lyz. Four different competitive prote-
ins Cyt ¢ (MWcytc:12.3 kDa, pl: 10.6), Lyz (MWlyz: 14.6
kDa, pl: 10.5), Myo (MWmyo: 16.9 kDa, pl: 7.0), and BSA
(MWhbsa: 67.0 kDa, pl: 4.9) with different isoelectric po-
int values and molecular weights were used to test the
selectivity of hemoglobin imprinted nanofibers.

The study was done with a 1 mg/mL protein concentra-
tion at pH 7.4. The imprinting factor (IF) was reported
by Equation 4;

IF = QHbfimprinted bacterial cellulose / QNonfimprimed bacterial cellulose

(4)
RESULTS AND DISCUSSION

Characterization of bacterial cellulose

The molar ratio of VI monomers and Ni?* ions were se-
lected 1:1 to obtain the extent complex between the
functional monomer (imidazole group) onto the VI mo-
nomer and metal ions. Because of the N atoms in the
hetero aromatic ring demonstrates Lewis base charac-
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Figure 2. The UV spectrum of Hb, VI-Ni2+, and VI-Ni2+-Hb pre-complex.

ter, therefore, the transition metal ions can be easily
bond to the imidazole group.

Figure 2 shows UV-vis spectra of the interaction bet-
ween VI monomer and Ni**. The binding of the VI-Ni**
complex was confirmed by 2 same investigations. First
investigation is the 350 nm shifting of the peak to the
right side and the second is an appearance of a new
peak in the 400 nm. The colors of VI-Ni?* complexes tur-
ned greenish. When the polymerization onto the bac-
terial cellulose done, the colors of bacterial cellulose
changed to the light green.

Figure 3. FTIR spectra of bare, MIP and NIP bacterial cellulose.

The FTIR spectra of bare, NIP and MIP bacterial cellulo-
se showed that the characteristic peaks of VI as amide
bands at 1600 cm™ and 1735 cm™, respectively. The bro-
adband in the region of 3350-3330 cm™ corresponds
to OH stretching frequencies of cellulose structure, the
band at around 1430 cm™is assigned to a symmetric
CH, bending vibration and the C-0—C glycosidic ether
band arises at ~1109 cm™. The presence of the amide
bands in the FTIR spectra of MIP and NIP shows the bin-
ding of the Nickel metal ions chelating monomers onto
the BC membranes structure (Figure 3).
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Table 1. The several physical properties of the BC nanofibers.

Iltems
Porosity
Nanofiber diameter
Contact angle
Thickness
Swelling

Surface area

Property
84%
50-100 nm
28°
100 um
2000%
914 m? /g

MIP

Sample ID =

EHT=2000kV  Signal A=SE1  Mag= 20.19KX

Figure 4. SEM micrograph of bacterial cellulose nanofibers.

Figure 4 shows the surface macroporosity and area of
the bacterial cellulose that enable to transport of the
target through the bacterial cellulose. The 3-dimensi-
onal structure of bacterial cellulose provides the easy
diffusion of the target through the imprinting film pre-
pared onto the matrices surface for purification and
depletion applications. The equilibrium swelling per-
cent of bacterial cellulose was obtained 2000%. The
porosity was also reported 84% and the surface area
was 914 m?/g (Table 1). The nanofibers network of the
bacterial cellulose nanofibers that enables fast binding
of the proteins were shown in Figure 4. The nanofiber
diameter was 50-100 nm.

Adsorption studies

Firstly, the pH effect was carried out for obtain the ma-
ximum adsorption capacity of Hb. In this case the pH
effect was studies in the range of 5.0-8.0, 1.0 mg/mL
Hb initial concentration. As seen in Figure 5a, pH 7.4
demonstrated maximum adsorption capacity. There-
fore, this pH was selected in during the study. Figure
5b are demonstrated the adsorption studies of the Hb
onto the MIP bacterial cellulose. The binding of Hb was
increased with the increase in the concentration of Hb.

Also, the Hb binding capacity of imprinted bacterial
cellulose was higher than the non-imprinted bacteri-
al cellulose due to the selective recognition sites. The
maximum adsorption capacity of hemoglobin onto the
MIP and NIP bacterial cellulose nanofibers was found as
71.2 mg/g and 20.9 mg/g, respectively. Also, the cross-
linkers indicates the high stability in bacterial cellulose
to recognition sites for Hb binding. It is clearly seen that
MIP nanofibers have larger adsorption capacity than
NIP nanofibers.

Reusability and selectivity studies

In order to show the stability and reusability studies of
Hb-imprinted bacterial cellulose membranes, the 10
cycles of the adsorption and desorption experiments
were repeated using the same bacterial cellulose
membranes 2 h at room temperature in the rotator
with 20 rpm. It was realized that the membranes are
highly stable. The adsorption capacity of the bacterial
cellulose was reported at almost value of 95%. After 10
times repeating, there was no significant decrease in
the adsorption capacity of MIP bacterial cellulose na-
nofibers.
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Figure 5. Effect of pH, b. equilibrium MIP nanofibers on adsorption amount.

Lyz, Cyt ¢, BSA and Myo with different molecular we-
ights and also isoelectric point were utilized to show
the sensitivity and selectivity of Hb based MIP bacte-
rial cellulose membranes. The binding capacity of Hb-
imprinted and non-imprinted bacterial cellulose was
showed using 1.0 mg/mL initial concentration of Hb at
pH: 7.4. The shape memory of MIP bacterial cellulose
and cross-linkers supplied the three-dimensional struc-
ture for Hb on the surface of MIP bacterial cellulose.
Therefore, the imprinting factor was demonstrated
high selectivity for Hb protein (Figure 6).

Discussion

Surface imprinting has been notified as one of the
most commonly preferred approaches to be applied
for imprinting of proteins. In the related literature, the-
re have been some publications using biomaterials for
the purification of Hb. It was emphasized that molecu-
lar imprinted are suitable for the purification of prote-
ins with selective and sensitive advantages. In a study,
Baydemir et al. designed a composite cryogel that con-
sisted of hemoglobin imprinted poly(2-hydroxyethyl
methacrylate-N-methacryloyl-I-histidine) particles and
2-hydroxyethyl methacrylate cryogels with high gel
fraction yield up to 90% for the depletion of hemog-
lobin [26]. In another study, Zhang and Li developed a
facile approach to the construction of bio-recognition
sites in silica nanoparticles for efficient separation of
Hb through surface molecularly imprinting technology.
The imprinted polymers possessed a maximum binding

capacity up to 90.3 mg/g and high selectivity for the re-
cognition of Hb [27].

When the history of Hb purification is searched, it can be
clearly seen that molecular imprinting technology exp-
loited as effectively as antibody recognition attempts.
In another study, Zhang et al. prepared a robust, effi-
cient, and cost-effective Hb purification strategy. They
used molecularly imprinted polymers as a novel and
efficient chromatograpbhic resin to selectively recognize
and purify different Hb variants. The dynamic binding
capacity at 10% breakthrough was around 7.4 mg /mL
resin for adult Hb and fetal Hb [28]. In other studies,
Bagan et al. prepared protein-selective polymers as the
epitope-imprinting approach, where surface-accessible
peptides from a target protein are used as templates
to create surface-exposed binding sites on molecularly
imprinted polymers. They displayed new surface imp-
rinted MIPs to high selectivity for Hb, and separated dif-
ferent variants of Hb from protein mixtures [29].

Our previous researches [12, 15, 30, 31] in the field of
imprinted bacterial cellulose for purification were all
performed for proteins such as Hb, lysozyme, cytochro-
me c. In the present study, it was aimed to purification
Hb selected as a model using surface imprinted bacte-
rial cellulose nanofibers. The purification mechanism
could be attributed to the amino acids on the surface
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of the protein, which provide the interaction with MAH-
Ni(ll) complex.

Conclusion:

A new technology based on surface imprinting was sho-
wed for the purification of Hb. Hemoglobin imprinted
bacterial cellulose nanofiber membranes were produ-
ced in this study with highly selectivity and sensitivity.
Metal coordination with protein is well suited to use
in surface imprinting technology due to its specificity
and stability. Also, the cross-linking onto the bacterial
cellulose generate a meaningful adsorption amount of
hemoglobin molecules. The maximum Hb adsorption
capacity of MIP bacterial cellulose nanofiber was found
to be 71.2 mg/g.

The reusability of MIP bacterial cellulose nanofiber was
tested by performing 10 times adsorption-desorption
cycles. After 10 times repeating, there was no signifi-
cant decrease in the adsorption capacity of MIP bacte-
rial cellulose nanofibers. The results offered here show
that surface imprinting technology is able to fully purify
a Hb in a single-purification step. This method is able to
fabricate work for the purification of Hb from almost
any other species. Molecularly imprinted-based mate-
rials are demonstrated high specificity, and good rep-
roducibility, to use in the separation and purification of
proteins.
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