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Abstract The development of protein adsorbents
with high adsorption performance has attracted great
attention due to the important role of these adsorbents
in protein separation and purification. Herein, cellu-
lose-based composite membranes were prepared
through a combination of cellulose fiber (CF) and
2,2,6,6-tetramethylpiperidine-1-oxyl oxidized cellu-
lose nanofiber (CNF) in alkaline/urea aqueous solution
and regeneration from a tape casting method. Taking
advantage of the functional carboxyl groups in CNF,
the obtained cellulose-based composite membranes
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display a good protein adsorption property, with a
capacity of 241.6 mg g~', by using bovine serum
albumin as a model protein. Meanwhile, the adsorp-
tion performance of cellulose-based composite mem-
branes can be optimized by regulating the blending
ratios of CNF and CF, buffer pH, initial protein
concentrations and temperature, and the mechanical
property of cellulose-based composite membranes can
be adjusted by changing the ratio of CNF and CF.
These effective and economic membranes may act as
promising candidates for protein adsorption in protein
separation and purification fields.

Keywords Cellulose nanofiber - Cellulose fiber -
Membrane - Protein adsorption

Introduction

Interest in the development of protein adsorbents has
been increasing owing to the widespread applications
of pharmaceutical protein products in fields such as
disease diagnosis, prevention, and treatment (Fu et al.
2016; Handschuh-Wang et al. 2016; Richter and Ivan
2013). Controllable attachment of biomolecules is an
essential ability for functional materials to play roles
in diagnostic and medical applications (Hazarika et al.
2014).

Cellulose, a liner homopolymer of cellobiose units
connected by fB-(1 — 4) glycosidic bonds with
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nontoxic, biodegradable, economic and easy deriva-
tive properties, has been attested by previous
researchers as particularly friendly of protein and
biomolecule (Duan et al. 2015; Pelton 2009). Cellu-
lose membranes have been widely used for pervapo-
ration (Dubey et al. 2005), ultrafiltration (Madaeni and
Heidary 2011) and protein adsorption (Fu et al. 2018)
because of the biocompatibility, large specific surface
area, porous structure, and good mechanical property
(Huetal. 2011). However, the adsorption performance
of the cellulose membranes would be low with weak
interaction between the adsorbent and biomolecule
(Hao et al. 2018). Researches have shown that charged
membranes can perform well during protein adsorp-
tion and separation process because of their pH
controllability and special anti-fouling potential (Zhao
et al. 2003). Physical blends (Hao et al. 2018) and
chemical modification (Sahadevan et al. 2018) have
been widely used for the functionalization of cellulose
membranes to endow them with unique functional
properties. Hao et al. (2018) has developed cellulose-
based protein adsorbent through the combination of
cellulose membranes with functional magnetite
nanoparticles, the active amino groups and carboxyl
groups on magnetite nanoparticles have endowed the
composite membranes with controllable protein
adsorption performance. Sahadevan et al. (2018) has
developed cellulose-graft-polyethyleneamidoamine
nanofiber membrane absorbent through redox poly-
merization, which could perform effective separation
for biomolecules, but the fabrication process is
complex.

Common cellulose derivatives such as car-
boxymethyl cellulose or hydroxypropyl cellulose are
usually not substituted equally, and the cellulose
derivatives are water soluble so as to limit their
applications (Bhatt et al. 2011; Kamide et al. 1985;
Luan et al. 2017). Especially, TEMPO-oxidation
could effectively introduce large amounts of car-
boxylic groups into cellulose fiber by exclusively
converting primary C6-OH groups to carboxylic
moieties (Tsuguyuki et al. 2007). The abundant
carboxyl groups could provide the cellulose-based
membranes with charged properties to use for protein
adsorption.

In this study, we demonstrate the fabrication of a
protein adsorbent based on TEMPO-oxidized cellu-
lose nanofiber (CNF) and cellulose fiber (CF). The
combination of abundant carboxyl groups on CNF and
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good mechanical properties of CF could be an
effective and simple pathway for the construction of
protein adsorbent. CNF was first prepared by an
oxidization of cellulose fiber using TEMPO, then
cellulose-based composite membranes were obtained
by a combined dissolution of CNF and CF in alkaline/
urea aqueous solution and regeneration from a tape
casting method. Benefiting from the unique properties
such as the abundant hydroxyl groups and carboxyl
groups, large specific surface area, and porous struc-
ture, the resultant cellulose-based composite mem-
brane exhibit good performance in protein adsorption.

Experimental
Materials

Cotton linter pulp contains more than 95% of o-
cellulose was obtained from Hubei Chemical Fiber
Co. Ltd. (Xiangyang, China). The viscosity-average
molecular weight (M,), measured according to a
previous research of Cai et al. was 1.0 x 10> g mol ™!
(Jie and Lina 2006). TEMPO, sodium hypochlorite
(NaClO), sodium bromide (NaBr), and bovine serum
albumin (BSA, biotechnological grade, purity > 96%)
were obtained from Sigma-Aldrich (United States).
BCA Protein Assay Kit was from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Other
chemicals of analytical grade were provided by
Sinopharm Chemical Reagent Co., Ltd. (China).

Preparation of cellulose nanofiber

Cotton linter pulp was modified by a TEMPO
oxidation system according to a previous research of
Tsuguyuki et al. (2007). Generally, 1 wt% cotton
linter pulp suspension was prepared in advance by
dispersing cotton linter pulp into deionized water.
TEMPO (0.016 wt% of the suspension) and NaBr
(0.1 wt% of the suspension) were then added and
stirred for 0.5 h. The pH of the suspension was
adjusted and maintained at 10 &+ 0.1 by adding NaCIO
with constant mechanical stirring (380 rpm), and
0.1 M NaOH solutions were further used after the
consumption of NaClO (0.075 mmol g~' of the
suspension). The experiment was finished when the
pH of the suspension changed no more, and the
obtained suspension was washed by dialyzing
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thoroughly against deionized water. Finally, the
obtained cellulose nanofiber (CNF) was stored in a
fridge (4 °C) for further application.

Preparation of cellulose-based composite
membranes

CF and CNF solutions were first prepared by disso-
Iution of 8 g CF and 16 g CNF in 200 g aqueous
LiOH/urea/water (8/15/77) solution using a freezing/
thawing method, respectively (Meng et al. 2012). CF
and CNF solutions were mixed and stirred to get
homogeneous cellulose composite solutions. The
obtained solution were centrifuged at 5322 g for
15 min using a centrifuge (Avantj J-25, Beckman) to
obtain a transparent solution. Cellulose-based com-
posite membranes were then prepared by using a tape
casting method according to a previous research
(Meng et al. 2012). Briefly, the above transparent
solution was cast on a glass plate and followed by
immersion into a coagulating bath (5 wt% H,SO4/
10 wt% Na,SO, aqueous solution) immediately for
coagulation and regeneration. The obtained mem-
branes were rinsed with pure water until the washings
were neutral and stored at 4 °C. A series of composite
membranes were obtained by adjusting the blending
ratio of CNF and CF (2:1, 1:1, and 1:2), and these
membranes were coded as CNCM21, CNCM11, and
CNCM12, whereas pure CNF and CF regenerated
membranes were coded as CNM, CM, respectively.

Characterization

The carboxylate content of CNF, measured according
to a conductometric titration method (Montanari et al.
2008), was 1.43 mmol g_1 (Fig. S1, Table S1). For
scanning electron microscopy (SEM) observation, wet
membranes were frozen using liquid nitrogen,
snapped, freeze-dried, and sputtered with gold. SEM
images were then obtained by a Hitachi SU8010
(Tokyo, Japan) microscope. Fourier-transform infra-
red spectroscopy (FT-IR) was performed on Perk-
inElmer 1600 (USA). X-ray diffraction (XRD)
analysis was conducted on Rigaku Denki D/MAX-
1200 (Japan) in the scanning range of 5°-40° at a
speed of 5° min~' with Cu Ko radiation at 40 kV and
30 mA. The samples were cut into pieces and dried at
60° overnight for FTIR and XRD analyses. The
mechanical properties of membranes in the dry and

wet states were measured by using CMT6503 (SANS
TEST machine, China) (Hu et al. 2011) at the speed of
1 mm min~' and 5 mm min ", respectively. The tests
of each sample were repeated for five times to obtain
an average value.

Swelling behavior

The swelling studies of CNM, CNCM21, CNCM11,
CNCM12, and CM were carried out according to a
previous research (Doulabi et al. 2013). Freeze-dried
samples with size of 2 cm x 2 cm were immersed
into 0.1 M pH 7.4 phosphate buffered saline (PBS)
solution and swollen at 37 °C. The samples were
weighed and recorded as W,, after 24 h of immersion
and gently blotted with filter paper. The samples were
then dried and weighed (W,). The Swelling ratio (SR)
was calculated using the following equation:

Wy, — W,
SR (%) = ——=4 % 100% (1)
Wa
The measurement of the swelling ratio of each
sample was repeated for three times.

Point of zero charge

Point of zero charge (pzc) is the media solution pH at
which the net surface charge of test sample is zero, and
the pzc of composite membranes was measured as it is
closely related to the phenomenon of adsorption
(Marek 2014; Udoetok et al. 2016). Briefly, 8 beakers
with 20 mL NaCl solution (0.05 M) in each were
prepared. The pH of the solution was adjusted from 1
to 8 by using 0.1 M HCI or NaOH solutions, the
volume of the solution in each beaker was increased to
30 mL by the addition of NaCl solution, and the pH of
the solution was recorded (pH;). Then, the composite
membranes were immersed in each of the solution and
shaken at 90 rpm (HYL-C, Taicang Qiangle experi-
mental equipment Ltd., china, 25° &£ 2°). The mem-
branes were taken out after 48 h and the pH of the
solution was recorded (pHy). The pzc was obtained
from the plot of ApH (pH;—pHy) versus pH;.

BSA adsorption experiments
To determine the optimized pH of absorption, the

effects of pH on BSA adsorption capacities of the
composite membranes were evaluated. 25 mg samples
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were immersed into 25 mL 200 mg L™" BSA solu-
tions within the flasks in the pH range of 4.0, 4.5, 5.0
and 6.0, respectively. The flasks were then shaken at
25 °C under 90 rpm for 24 h. The concentrations of
BSA before and after adsorption were measured by
SpectraMax spectrophotometer (M2e) at a wavelength
of 562 nm using BCA protein assay kit (Yang et al.
2013). The amount of adsorbed BSA (g.) was
calculated using Eq. (2):

go= "Ly @

m

where C, (mg L™") and C, (mg L™") are the BSA
concentration of solution before and after adsorption,
respectively, V (L) is the volume of solution, and
m (g) is the weight of the composite membranes.

To evaluate the effect of initial protein concentra-
tion, 25 mg samples were added into 25 mL BSA
solution (the pH optimized as 4.5 according to the
above experiments) with concentration ranging from
50 to 4000 mg L~'. The experiments were performed
at 288, 298, and 308 K, respectively. The mean values
were obtained through three times repeated
experiments.

Results and discussion

Morphology of cellulose-based composite
membranes

SEM was used for the observation of the morpholog-
ical properties of the composite membranes (Fig. 1).
The membranes display homogeneous microporous
structures, suggesting the good miscibility of CNF and
CF within the composite membranes. It is also
observed that the structures change with the adjust-
ment of CF/CNF ratios in the composite membranes.
These composite membranes were further analyzed
using ImagelJ software to study the pore size distribu-
tion and the results are shown in the right side of Fig. 1
(Sadir et al. 2014). CNM has the largest average pore
size (1.31 pm) in comparison with the other composite
membranes, and the average pore size was found
decrease to 0.69 pm from CNM to CM. This could be
explained by the decrease of CNF content, which leads
to the decrease of carboxylate contents, and the
carboxylate contents might contribute to the formation
of pores during the regenerated process of composite
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membranes (Zhang et al. 2017). The results of SEM
and pore size analysis suggest the adjustment of the
blending ratio of CNF and CF can have a direct effect
on the carboxyl group contents and porous structure of
the composite membranes, which is helpful for the
fabrication of adsorbent with controllable functional
groups and pore size.

Structural characterization of cellulose-based
composite membranes

The chemical structural variations were recorded
using FTIR spectroscopy (Fig. 2). The successful
modification of CF was evident from the band at
1618 cm™!in the spectrum of CNF, which is ascribed
to carboxyl groups in salt form (COO™) (Zhang et al.
2018). The abundant carboxyl groups within the
composite membranes would thus be beneficial for
protein adsorption. Compared with CF and CNF, the
band around 895 cm ™' owing to the stretching vibra-
tion of v(C-O-C) at the B-(1-4)-glycosidic linkage
increased apparently in the spectrum of the regener-
ated membranes, and the band at 1282 cm™! due to
6(C-H) shifted to lower wave number (Dinand et al.
2002; Sang et al. 2005). These results indicate the
dissolution and regeneration process can lead to the
cellulose I structure changes to cellulose II (Luo et al.
2009). The intensity of v(C=0) stretching bands at
1735 cm™ ! was gradually decreased with the decrease
of CNF content from Fig. 2c—g owing to the reduced
amount of carboxyl groups, indicate the simple
method of controlling the absorption sites within the
composite membranes.

To better understand the chemical structural fea-
tures of the composite membranes, the crystalline
structure was evaluated. In Fig. 3a, the peaks at
20 = 14.9°, 16.6°, 22.8°, and 34.5° were ascribed to
cellulose I structure (Chang et al. 2008). These were
also found in CNF and thus can be attributed to the fact
that the introduced carboxyl groups only exist on
surfaces of CNF (Luan et al. 2017). With respect to the
composite membranes (Fig. 3c—g), the peaks at
20 = 12.1°, 19.8°, and 22.6° corresponding to cellu-
lose II structure (Sang et al. 2005). The result is in
agreement with FTIR results, indicated that the
cellulose I crystal structure was changed to cellulose
IT in the process of dissolution and regeneration.

The mechanical property is one of the key functions
of the composite membrane for industrial application
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Fig. 2 FT-IR spectra of CF (a), CNF (b), CNM (c), CNCM21
(d), CNCM11 (e), CNCM12 (f), CM (g)
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Fig. 3 XRD patterns of CF (a), CNF (b), CNM (c), CNCM21
(d), CNCM11 (e), CNCM12 (f), CM (g)

as protein adsorbent. The effects of CF/CNF ratios on
mechanical properties were investigated by using
tensile tests. It was observed from Fig. 4 and Table 1
that the tensile strength and elongation at break of the
membranes in both states were increased with increas-
ing content of CF. The tensile strength of the CNM
was noted at 17.78 &+ 1.09 MPa, whereas it was
observed at 86.05 + 0.36 MPa for CNCM12. Elon-
gation at break of CNM and CNCM12, presents the
same trend as the tensile strength, were 0.99 £+ 0.07%
and 4.20 £ 0.07% at dry state, respectively. The
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tensile tests suggest that the adjustment of CNF/CF
ratios within the composite membranes can directly
affect the mechanical properties.

Swelling behavior

The water absorption capacity of the membrane
absorbents has an effect on the interaction process
between protein and the membranes (Abedini 2011).
Thus, the swelling behaviors of the composite mem-
branes were determined and the results were shown in
Fig. 5. The swelling ratios of CNM, CNCM2I,
CNCMI11, CNCM12 and CM, gradually decreased
with increasing CF contents, were 158.0 £ 4.36%,
127.3 + 2.08%, 111.3 £+ 1.53%, 95.3 &+ 1.53%, and
78.7 & 2.52%, respectively. These results could be
owing to the function of hydrophilic COO™ groups in
the composite membranes, and the decrease of CNF
and increase of CF result in the decrease of carboxyl
groups in the composites (Zhang et al. 2017).

BSA adsorption experiments
Effect of pH

The effect of pH on BSA adsorption was investigated
to determine the optimized pH of absorption as the pH
of protein solution has a close relationship with the
protein absorption. It is observed from Fig. 6 that all of
the composite membranes display pH-dependent
adsorption behaviors. At pH 4.5, all of the samples
could absorb the highest amount of BSA. The
adsorption performance was gradually increased from
CM to CNM at pH 4.0 and 4.5. On the contrary, CM
displayed the highest adsorption capacity at pH 6.0
among these composite membranes, and the adsorp-
tion capacity was gradually decreased from CM to
CNM. These interesting phenomena were resulted
from the changes of the surface charge of the
membranes and BSA at different pH. It is known
from previous research that the isoelectric point of
BSA is 4.7, and the BSA molecules are positively and
negatively charged below and above 4.7, respectively
(Castro et al. 2009). pzc is significative for interpreting
electrostatic interactions between charged materials
and molecules. The absorbent possessed positive
surface charges due to adsorption of H' and/or the
protonation below pzc, and negative surface charges
owing to adsorption of OH ™ and/or the deprotonation
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Table 1 The tensile Samples Strength/MPa Elongation/%
strength and elongation at
break of the membranes Dry Wet Dry Wet
CNM 17.78 £ 1.09 0.07 £ 0.03 0.99 £ 0.07 3.14 £ 0.20
CNCM21 59.72 £+ 0.51 0.34 £+ 0.04 3.56 £ 0.11 36.58 £ 091
CNCM11 73.65 £+ 0.62 0.43 £+ 0.02 4.07 £ 0.07 42.17 £ 1.36
CNCM12 86.05 £+ 0.36 0.50 + 0.02 420 + 0.07 52.24 £+ 0.67
CM 86.72 £+ 0.50 0.56 + 0.02 4.68 £ 0.16 62.74 + 0.76
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Fig. 5 Swelling behaviors of CNM (a), CNCM21 (b),
CNCM11 (c), CNCM12 (d), CM (e)

above pzc (Hubbe et al. 2012; Marek 2014). To better
explain the absorption mechanism between the mem-
branes and BSA molecules, the pzc was measured to
evaluate the surface charges of the membranes. As
shown in Fig. S2, the pzc of the membranes was

Fig. 6 Effect of pH on BSA adsorption

~ 2.8. The membranes have positive surface charges
due to the protonation of the COO™ groups at
pH < 2.8, and negative charges owing to the COO™
groups at pH > 2.8. The maximum BSA adsorption at
pH 4.5 for all of the samples was owing to the
electrostatic interactions between the composite mem-
branes (negative charged) and BSA molecules
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(positive charged). In addition, the composite mem-
branes could absorb more BSA molecules at pH 4.5
than at pH 4.0, and this could be explained by the
reason that the composite membranes contain more
negative COO™ sites at higher pH above the pzc. The
absorption capacities of the composite membranes
were decreased when pH increased from 4.5 to 6.0
because of the charge change of the BSA molecules
from positive to negative, and the electrostatic inter-
actions between the composite membranes and BSA
were altered from attraction to repulsion (Hao et al.
2018). These results indicate that the charges of the
composite membranes and BSA molecules at different
pH play the dominant role in BSA adsorption.

Adsorption isotherms studies

Based on the above results, CNCM11 was chosen to
investigate the adsorption isotherms, and the isotherm
data were analyzed by fitting them into various modes
to find the available model for this work. It is observed
from Fig. 7A that at different temperature (288 K,
298 K, and 308 K), the adsorption amount (g,) of
CNCM11 was significantly increased when the BSA
concentration was lower than 1000 mg L', and the qe
was then turned to a plateau in the BSA concentration
range of 1000—4000 mg L™'. Equilibrium BSA
adsorption capacity of 2253 mg g~ ', 235 mg g~ ',
241.6 mg g~ ' were obtained at 288 K, 298 K and
308 K, respectively. To determine the interaction type
between CNCM11 and BSA, the BSA adsorption
isotherm data was evaluated using Langmuir and
Freundlich models (Foo and Hameed 2010; Hlady
et al. 1999).

'nK Ce
Langmuir model: ¢, = 1(]—1—71;6} (3)
Freundlich model: g, = kzC!/" (4)

where ¢,, (mgg~') is the maximum adsorption
capacity of the membranes, K; (L mg~') is the
Langmuir adsorption constant, C, (mg L™') is the
equilibrium BSA concentration of the solution, kg
(mg g~ "L mg™")"" is equilibrium adsorption coef-
ficient, and 1/n is an empirical constant. The Langmuir
calculation model describes monolayer adsorption on
a homogeneous surface with enumerable identical
sites, and there is no mutual effect between the
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adsorbate and no further adsorption occurring, while
the Freundlich model is apply to evaluate adsorption
on a heterogeneous surface (Tailor et al. 2012).

Nonlinear fitting of the data were summarized in
Table 2. Figure 7 compares the theoretical calculation
based on adsorption isotherm and experimental data. It
was observed from Table 2 that regression coefficient
(r%) obtained from Langmuir model was higher than
Freundlich model at all three temperatures, and these
results suggest that the adsorption process was better
fitted into Langmuir monolayer model (Fu et al. 2016).
The dimensionless constant adsorption factor (R;) of
Langmuir model calculated using Eq. (5) (Zhu et al.
2011) is in the range of 0-1, indicating a favorable
adsorption of BSA.

1

Rp=——7—
L 1+ K;Cy

(5)
where K; (L mg_l) is the Langmuir constant and C is
the initial BSA concentration.

Thermodynamic of BSA adsorption

To explore the effect of temperature on BSA adsorp-
tion, enthalpy change (AH, kJ mol "), entropy change
(AS, T K~ ! mol™"), and standard Gibbs free energy
(AG, kJ mol™") were calculated according to equa-
tions (Iriarte-Velasco et al. 2011; Juang et al. 2006):

KC =qy X KL (6)
AH AS

InKe = ——+—

nKc RT + R (7)

AG = AH — TAS (8)

where, K. (L gfl) is the equilibrium constant, T (K) is
the absolute temperature, and R (8.314 J mol ' K71
is the universal gas constant. AH and AS obtained from
the slope and intercept of linear plot of InKc versus 1/T
(Fig. S3) were summarized in Table S2. The positive
AH and AS suggest the exothermal adsorption process
and increased randomness at the membrane-BSA
interface, respectively (Sun et al. 2008). The negative
AG confirmed the thermodynamically favorable and
spontaneous adsorption process and the higher AG
value at higher temperature show more favorable
adsorption process (Khattri and Singh 2009).
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Fig. 7 (A) Effect of various initial BSA concentration on adsorption performance; experimental and adsorption isotherm data by

Langmuir and Freundlich models at 288 (B), 298 (C), 308 K (D)

Table 2 Isotherm parameters at different temperatures

Isotherm Parameters 288 K 298 K 308 K
Freundlich n 4.56 4.84 5.05
kg 40.2 474 52.2
r 0.8259 0.8133 0.7940
Langmuir dm 228.8 242.0 247.6
Ky 0.0115 0.0134 0.0157
r 0.9814 0.9849 0.9759

Conclusion

In this study, cellulose-based composite membranes
were fabricated by a combined dissolution and regen-
eration of CNF and CF and evaluated as protein
adsorbent. The results revealed that the abundant
active carboxyl groups of CNF can provide the
composite membrane with excellent protein adsorp-
tion performance. Meanwhile, the abundant hydroxyl
groups in CF and CNF may be helpful for stabilizing
the membrane structure due to the intermolecular and
intramolecular hydrogen bond formed after the regen-
eration of CNF and CF. More importantly, the
adjustment of CNF/CF ratios can have a direct effect
on the mechanical property and adsorption
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performance of the composite membranes. These
effective and economic composite membranes may
have potential application in protein adsorption and
can be used in the fields of protein separation and
purification.
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