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Abstract The design and construction of high-per-
formance protein absorbents are of great significance
for obtaining highly purified proteins in the field of
biotechnology and more. In this study, the highly
carboxylated absorption media were fabricated for
selective absorption of positively charged proteins
by using bacterial cellulose (BC) nanofibrous aero-
gel (NFA) as a substrate material in concert with cit-
ric acid (CA). The obtained BC/CA NFAs exhibited
highly interconnected open porous structure, surface
hydrophilicity, large specific surface area (14.2 m%/g),
good elasticity and compression fatigue resistance.
BC/CA NFAs displayed a high lysozyme absorption
capacity of 868.9 mg/g and fast equilibrium within
2.5 h. A dynamic lysozyme absorption capacity of
655.35 mg/g was achieved under the drive of grav-
ity, meeting the demands of actual applications. Fur-
thermore, BC/CA NFAs exhibited unique absorption
selectivity performance, good reusability, as well as
acid and alkaline resistance. A successful scale-up of
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such environmental friendliness, low cost and good
reproducibility absorbents could provide a new per-
spective to develop next generation three-dimensional
chromatographic media for substantial bio-separation
applications.
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Introduction

Protein purification is an important bio-separation
technology in the fields of biochemistry, which has
been applied in immunotherapy, pharmaceutical,
food engineering and health care (Zhao et al. 2022;
Ebrahimi et al. 2023; Fang et al. 2022; Zhang et al.
2023). To date, several protein purification techniques
mainly including sedimentation, centrifugation,
electrophoresis, precipitation, absorption and sepa-
ration, have been developed to obtain highly puri-
fied proteins (Ogata et al. 2022; Kluszczynska et al.
2022; Arbita et al. 2022). Among them, absorption
and separation are the most widely applied strategies
owing to their high accuracy and good universality
(Ge et al. 2019; Yi et al. 2017). The protein absorp-
tion and separation process are carried out by porous
resin or micro-nano spheres packed chromatography
columns. However, these packed media are generally
subjected the drawbacks of large pressure drops, long
retention time and low flow rates, limiting the further
development in large-scale protein purification (Jain
et al. 2007; Ghosh 2002). Fortunately, fibrous-based
protein absorption media with favorable features of
surface transmission and absorption have proved to
be potential materials for solving the shortcomings
of the packed porous resin or micro-nano spheres
(Wang et al. 2020; He et al. 2015). Nonetheless, those
fibrous-based media usually exhibit relatively low
absorption capacity, which is caused by their rela-
tively insufficient absorption ligands, comparatively
large fiber diameters and small specific surface area
(Orr et al. 2013).

Nanofibers, well-known materials having favorable
features of large specific surface area, high porosity
and ease of surface functionalization, have become
promising building blocks for fabricating media
with good absorption performance (Dou et al. 2019;
Fu et al. 2018). Yi (Yi et al. 2018) et al. grafted sul-
fated groups on the surface of silk fibroin nanofibrous
membranes (NFMs) under mild conditions for the
absorption of Candida rugosa lipase (148.0 mg/g). Li
(Li et al. 2017) et al. functionalized polyacrylonitrile
(PAN) NFMs with lysine (LYS) to obtain pH-con-
trollable PAN-LYS NFMs, resultant NFMs exhibited
good absorption performance on pepsin (425.5 mg/g)
and lysozyme (55.0 mg/g). Rajesh (Rajesh et al.
2018) et al. fabricated cellulose-graft-polyethylenea-
midoamine anion-exchange NFMs by using redox
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polymerization with a bovine serum albumin captur-
ing capacity of 239.0 mg/g. Despite the absorption
performance of NFM-based media has been improved
at a certain degree, the two-dimensional (2D) NFMs
still face pivotal bottlenecks of relatively low absorp-
tion capacity and slow biomolecules transmission,
which were caused by the 2D structure of NFMs’
intrinsic limitations (Yi et al. 2017). Besides, the
2D thin membranes could hardly be assembled into
large-sized chromatography columns (Przybycien
et al. 2004).

Compared with 2D nanofibrous membrane struc-
ture, three-dimensional (3D) nanofibrous aerogel
(NFA) structure possesses a larger specific surface
area, higher porosity, controllable physicochemical
properties and adjustable shape, which render 3D
aerogels be a promising candidate for constructing
high-performance protein absorption media (Cheng
et al. 2022). Recently, several aerogels based on elec-
trospun nanofibers was prepared for protein absorp-
tion, resulting in the steep improvement of protein
absorption capacity (Fu et al. 2019a, 2019b). How-
ever, the fabrication of electrospun NFA absorbents
still face the issues of high cost, poor biocompatibil-
ity and degradability, residues and volatilization of
organic solvent, uncontrollable and inhomogeneous
structures (Yu and Sun 2013; Dou et al. 2019), which
is hard to meet global sustainable development trend.

Natural polysaccharides, especially bacterial cel-
lulose (BC), are deemed as promising components
for protein absorption, resulting from their inherent
properties of good biocompatibility and hydrophilic-
ity (Sharma et al. 2017, 2019, 2020; Chen et al. 2019;
Zhan et al. 2019). BC, as a low cost and renewable
green biomass material, has been successfully pre-
pared into 3D aerogels, which possess the charac-
teristic of both 3D aerogel structure and BC (Leitch
et al. 2016; Hu et al. 2023). Moreover, the abundant
active hydroxyl groups on the surface of cellulose
can be used for subsequent modification under very
mild methods to enhance application adaptability
(Beaumont et al. 2016, 2021a, b; Das et al. 2022).
The porous network structure of BC NFAs can effec-
tively bind the protein molecules to the absorption
ligands (Huang et al. 2022). As far as we know, sel-
dom related research on protein absorbents based on
BC were reported until now.

In this work, we demonstrated a simple, versa-
tile and readily accessible strategy to design protein
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absorbents based on BC nanofibers by combining
freeze-drying and impregnation. BC nanofibers were
selected as building blocks to construct NFA substrate
through chemical cross-linking. Citric acid (CA) was
grafted on BC NFAs to generate protein absorbents
under the catalysis of polyphosphoric acid (PPA).
The as-prepared BC/CA NFAs possessed highly
interconnected open porous network, superhydrophi-
licity, large specific surface area, and robust mechani-
cal strength. Benefiting from those fantastic structural
properties, the BC/CA NFAs exhibited high absorp-
tion capacity, short absorption equilibrium time and
good dynamic absorption property. Moreover, the
selectivity, reversibility, acid and alkaline resistance
of BC/CA NFAs were also systemically investigated.

Experimental section
Materials

Bacterial cellulose (BC) nanofiber sheets (diameter
of 50.99 nm, Fig. S1) were obtained from Hainan
Yeguo Foods Co., Ltd. Glutaraldehyde aqueous
solution (50 wt%), acetic acid, polyphosphoric acid
(PPA), citric acid (CA), phosphoric acid (H;PO,),
sodium hydroxide (NaOH), phosphate buffer saline
(PBS), lithium chloride (LiCl), magnesium chloride
(MgCl,), sodium chloride (NaCl) and potassium
chloride (KCl) were all purchased from Sinopharm
Chemical Reagent Co., Ltd. Lysozyme, bromelain,
papain, ovalbumin, pepsin and bovine serum albu-
min were acquired from Sangon Biotech Co., Ltd. All
commercial obtained chemical reagents were used
without further purification or treatment.

Fabrication of BC nanofibrous aerogels (NFAs)

The BC NFAs were fabricated through freeze-drying
and cross-linking process. Briefly, 0.1 g BC nanofib-
ers were dispersed in 20 mL water through homog-
enizing for 20 min at 13,000 rpm (IKA T25 homoge-
nizer) to form BC nanofibrous dispersions (0.5 wt%).
The glutaraldehyde aqueous solution with a certain
amount (100, 200, 300 and 400 pL) was then added
into BC nanofibrous dispersions with mechanical stir-
ring. The pH value of dispersions was adjusted to 3—4
by acetic acid solution. Subsequently, the obtained
BC nanofibrous dispersions were freeze-dried to gain

BC nanofibrous framework. Finally, BC NFAs were
fabricated through heating in an air environment at
75 °C for 4 h.

Preparation of BC/CA NFAs

BC/CA NFAs were obtained through impregnation
method. CA and PPA were chosen as modifying
agent and catalyst, respectively. CA and PPA were
dissolved into deionized water to form the modified
solutions with various CA contents (0, 2, 4, 6, 8 and
10 wt%). BC NFAs were put into modified solu-
tions with bath ratio 100/1 (w/w) for 30 min. The BC
NFAs filled with modified solution were freeze-dried
in a lyophilizer, and then were heated at 100 °C to
undergo grafting polymerization to generate BC/CA
NFAs with numerous absorption ligands.

Apparatus and characterization

The microstructure was observed by employing a
scanning electron microscope (SEM, Hitachi U8230).
The hierarchical porous structure and specific surface
area were determined by using an ASAP 2020 ana-
lyzer (Micromeritics). The surface chemical bonds
and composition were detected by using an attenuated
total reflection-Fourier transform infrared spectrom-
eter (ATR-FTIR, Nicolet 8700), X-ray photoelectron
spectroscopy (XPS, Thermo Fisher K-alpha) and
solid state Nuclear Magnetic Resonance spectrometer
(13C NMR, JEOL-ECX400). The thermal proper-
ties were taken using a differential scanning calorim-
eter (PerkinElmer DSC4000) and thermogravimetric
analyzer (TGA, TA instruments Q50). The surface
wettability was measured by using a contact angle
meter (Kino SL200B) with solution volume of 3 pL.
The compression performances were characterized
by using an Instron (model 5969) fitted with a 100
N load. The zeta potential was measured by using a
Nano Zetasizer (ZS 90). The concentration of pro-
tein solutions was characterized by using an ultravio-
let—visible (UV—Vis) spectrophotometer (UV-5200).

Protein absorption performance measurements
The PBS solutions were fabricated through adding
PBS into deionized water with constantly stirring.

The model proteins were dispersed in PBS solutions
to obtain protein solutions with various pH values,
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ionic strength, ion species and protein species. 20 mg
BC/CA NFAs were immersed in 20 mL of pro-
tein solutions at room temperature, after a period of
absorption, BC/CA NFAs were taken out and washed
with PBS solutions to remove the non-specifically
binding proteins and protein-fouling. The concentra-
tions of protein solution were detected by using an
ultraviolet—visible (UV-Vis) spectrophotometer. The
protein absorption capacity of BC/CA NFAs were
calculated by the following formula:

C,—O)V
QZM 1

m
where Q is the protein absorption capacity (mg/g),
C, and C are the concentrations of protein solution
before and after absorption (mg/mL), respectively,
V is the volume of protein solutions (mL), m is the
weight of BC/CA NFAs (mg).

Reusability measurements

The absorption-elution experiments were carried
out for 10 cycles to evaluate the reusability of BC/
CA NFAs. The absorbed BC/CA NFAs were treated
in 2 M NaCl solution to elute the absorbed proteins.
After that, the BC/CA NFAs were washed by deion-
ized water to remove residual NaCl. The regenerated
BC/CA NFAs were repeatedly immersed into protein
solutions for several cyclic experiments.

Result and discussion
Design and fabrication of BC/CA NFAs

The protein absorption aerogels with high-perfor-
mance should be designed and fabricated according
to the following three criteria: (1) the surface wetta-
bility of resultant aerogels should exhibit good hydro-
philicity to prevent nonspecific protein absorption;
(2) the physicochemical structure of BC/CA CNFAs
should be stable and robust to guarantee their long-
term application; (3) abundant functional protein
absorption ligands should be presented on aerogels to
realize efficient absorption of proteins. The first crite-
rion was satisfied by taking BC nanofibers with good
hydrophilicity as building blocks. To satisfy the sec-
ond criterion, glutaraldehyde was used as a cross-link
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agent, enhancing the mechanical properties of aero-
gels. The bonding among BC nanofibers observed in
Fig. S2 was formed by cross-linking between gluta-
raldehyde and BC nanofibers. The last criterion was
satisfied by choosing CA as a modifier and PPA as a
catalyst, endowing the aerogels with rich absorption
ligands (Fu et al. 2016).

As illustrated in Fig. 1a, the fabrication process of
BC/CA NFAs mainly includes three steps: dispersion
of BC nanofibers, formation of BC NFAs and carbox-
ylic grafting. Firstly, dispersion was obtained through
homogenizing BC nanofibers into water mixture solu-
tion. Subsequently, BC NFAs were formed via freeze-
drying and cross-linking process, the BC nanofibers
were well-distributed and bonded with each other
(Lu et al. 2017). The BC NFAs were immersed into
the modified solutions containing CA and PPA,
then dried and heated to realize carboxylic grafting.
The unreacted CA and PPA were removed by wash-
ing with deionized water to generate BC/CA NFAs.
According to previous literature (Fu et al. 2016),
the polymerization between BC and CA occurred at
around 100 °C.

BC NFAs with good formability is the key for the
synthesis of high-performance absorbent materials.
The ether bonds (located at about 1054 cm™") formed
by cross-linking process and residual aldehyde group
(located at about 1712 cm™') on glutaraldehyde were
detected by FTIR spectra (Fig. S3), indicating the suc-
cessful cross-linking. The photograph of BC NFAs
with various glutaraldehyde contents was displayed in
Fig. S4. With increasing glutaraldehyde contents, the
volume of BC NFAs decreased. When the glutaralde-
hyde content is high, BC NFAs deformed. While, BC
NFAs with low glutaraldehyde contents collapsed in
water (Fig. S5). This is due to that the weak bonds
between BC nanofibers were destroyed by hydrogen
bonds in the water (Zhang et al. 2012). Therefore,
BC NFAs can maintain good stability in both air and
water, when the content of glutaraldehyde is set at
about 300 pL.

The process of carboxyl grafting on BC nanofib-
ers is shown in Fig. 1b. CA with a large amount of
carboxyl groups would be grafted onto nanofibers
through esterification (Fu et al. 2019b). The changes
in surface chemical compositions were determined by
FTIR spectra analysis. As shown in Fig. lc, compared
with spectra of BC NFAs, the intensity of the charac-
teristic peak located at 3339 cm™! (corresponding to
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Fig. 1 a Schematic representation of preparation process of BC/CA NFAs, b schematic of grafting process of BC, ¢ FTIR spectra of
BC NFAs and BC/CA NFAs, d TGA curves of BC NFAs and BC/CA NFAs

-OH) decreased, and a new characteristic peak located
at 1713 cm™' (corresponding to C=0) appeared,
demonstrating the reaction between BC nanofibers
and CA (Fu et al. 2019a). The ester bond (O-C=0)
located at 289.04 eV was observed in C 1 s spectrum
of BC/CA NFAs (Fig. S6). BC/CA NFAs exhibited
higher carboxyl content and lower oxygen to carbon
atom ratio (Wang et al. 2023). The thermal degrada-
tion of BC nanofibers and BC/CA NFAs components
was studied through TGA. The initial degradation
temperature of BC nanofibers was about 270 °C, and
around 7.9% residue remained, when the temperature
reached 700 °C (Fig. S7). This is attributed to that the
BC nanofibers could be carbonized to form carbon
nanofibers under N, atmosphere (Li et al. 2020). The
residual mass increased to 22.9%, after BC nanofib-
ers were cross-linked to form aerogels (Fig. 1d).
Besides the loss of water at 100 °C, only one degra-
dation stage (between 269 and 370 °C) was observed
in TGA curves of BC aerogels, which was attributed
to the decomposition of BC. While, two separate deg-
radation stages were found in TGA curves of BC/
CA NFAs, in addition to the degradation of water.
The first degradation stage occurred between 210
and 290 °C was attributed to the decomposition of
grafted CA, indicating the lower thermal stability of
carboxylate groups in BC/CA aerogels. The results

were consistent with the previously reported literature
(Chiou et al. 2013; Janusz et al. 2020). The second
degradation stage was ascribed to the decomposition
of BC. A weak broad signal was found in the range of
167-177 ppm (Fig. S8), confirming the presence of
ester bonds and free carboxylic acid groups in BC/CA
NFAs. The results of solid state 13C NMR analysis
also demonstrated the successful grafting of CA (Spi-
nella et al. 2016; Ghorpade et al. 2018).

Morphologies and structure of BC/CA NFAs

The SEM images of the BC NFAs were presented in
Fig. 2a. BC NFAs exhibited highly interconnected
open porous structure formed by pore walls during
freeze-drying. Compared to BC NFAs, the morphol-
ogy structure of BC/CA NFAs did not change sig-
nificantly, only the pore size reduced (Fig. 2b), which
was attributed to the formation of compact bonding
structure among BC (Fu et al. 2016). The intercon-
nected open porous of NFAs could provide abun-
dant tortuous channels, allowing rapid penetration
of protein solutions into aerogels (Wang et al. 2015).
The high-resolution SEM images were employed to
observe the BC pore walls. As shown in Fig. 2c, d,
the pore walls in both BC NFAs and BC/CA NFAs
were formed by the aggregation of BC nanofibers,
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Fig. 2 SEM images of a BC NFAs and b BC/CA NFAs, high-
resolution SEM images of ¢ BC NFAs and d BC/CA NFAs, e
photographs of dynamic measurements of water permeation on

which was caused by cross-linking of glutaraldehyde
(Qian et al. 2019). In contrast, the BC nanofibers
were stacked and twined together, and could not gen-
erate pore wall structure (Fig. S9).

The surface wettability is a crucial factor affect-
ing protein absorption performance of absorbents.
Surface wettability of BC/CA NFAs was evalu-
ated by water contact angle (WCA). As shown in
Fig. 2e, once the water droplet touched the surface
of NFAs, it was absorbed quickly. The WCA of both
BC NFAs and BC/CA NFAs decreased to 0° in less
than 1 s, confirming the good water wetting surface
of aerogels. The hierarchical porous structure of BC/
CA NFAs was studied by N, adsorption—desorption
method. The absorption—desorption isotherms of
aerogels before and after modification were exhib-
ited in Fig. 2f. Type IV with a H3 hysteresis loop
was observed in the curves, demonstrating NFAs
possessed the typical mesoporous structure (Si et al.
2014; Li et al. 2015). The Brunauer—Emmett-Teller
(BET) specific surface area of BC NFAs and BC/
CA NFAs was 43.7 and 14.2 m%/g, respectively. The
decrease in BET specific surface area after graft-
ing was attributed to the decrease in pore size. The
BET specific surface area of prepared BC/CA NFAs
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is much higher than that of reported nanofiber-based
chromatographic materials and commercial cellulose
fibrous absorbents (Table S1) (Lv et al. 2017; Jiang
et al. 2023; Ma et al. 2015; Dou et al. 2019; Yi et al.
2017). Therefore, the BC/CA NFAs fabricated in the
work is suitable for practical protein absorption and
separation process.

Mechanical properties of BC/CA NFAs

The BC nanofibers have been demonstrated to be
efficient for the preparation of aerogels with good
mechanical properties (Huang et al. 2022; Arabkhani
and Asfaram 2020). The compression tests were
carried out to evaluate the mechanical properties of
BC/CA NFAs. The stress—strain curves (e=60%)
of BC NFAs with various glutaraldehyde contents
were shown in Fig. S10. With increasing glutaralde-
hyde contents, the compressive stress of BC NFAs
increased from 1.95 kPa to 3.64 kPa, indicating the
introduction of glutaraldehyde improved mechanical
properties. Figure 3a shows the stress—strain curves
of BC NFAs and BC/CA NFAs. Two obvious distinct
deformation regions were observed in these curves:
a linear elastic deformation region at low strains
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(e<20%) and a densification region at large strains
(e>20%) (Lu et al. 2020). The maximum stress
increased from 3.64 to 6.06 kPa at strain of 60%,
after modification, demonstrating that the grafting
of CA could enhance compressive strength. This is
due to that the compact bonding structure among BC
nanofibers formed during the processes of CA graft-
ing could enhance the mechanical properties of NFAs
(Fu et al. 2016). The compressive stress—strain curves
of BC/CA NFAs at different strain of 20%, 40% and
60% are presented in Fig. 3b. The BC/CA NFAs
exhibited good compressive properties, which were
able to bear a large deformation without any collapse
and recover to original shape after release of loading.
It is obvious to observe a highly non-linear and hys-
teresis in those curves, which are typical viscoelastic
and energy-dissipative behavior deformable materi-
als (Lu et al. 2022). The compressive strain is 20%,
40%, and 60%, corresponding to the stress of 1.01,
2.71 and 6.06 kPa, respectively. The relatively high
compressive strength is ascribed to robust mechani-
cal properties of BC nanofibers and chemical cross-
linking of glutaraldehyde.

The structural stability of BC/CA NFAs was evalu-
ated to perform cyclic compression test. As shown in
Fig. 3¢, BC/CA NFAs were repeatedly compressed

Cycles

under a strain of 60% for 100 cycles. The hysteresis
loops and a permanent deformation were found after
cyclic compression, which was attributed to energy
dissipation of aerogels during the repeated compres-
sion processes (Si et al. 2015). BC/CA NFAs could
remain over 73% of the initial maximum stress after
100 cyclic compressions (Fig. 3d and Table S2), indi-
cating the good compression fatigue resistance of BC/
CA NFAs.

Optimization of protein absorption on BC/CA NFAs

As shown in Fig. 4a, the proteins were absorbed and
immobilized on the surface of nanofibers through the
electrostatic interaction. The carboxyl groups were
grafted onto the BC nanofibers to endow them with
surface electronegativity, which has been proved
by zeta potential results (Fig. S11). Lysozyme was
chosen as a positively charged protein template for
protein absorption tests. The two new characteristic
peaks (located at 1536 and 1648 cm™, respectively)
in FTIR spectra of NFAs after absorption are attrib-
uted to amide groups of lysozyme (Fig. 4b), demon-
strating the good lysozyme capture performance of
BC/CA NFAs. As presented in Fig. 4c, the absorption
capacity increased consistently with the increase of
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CA contents, and the maximum absorption capacity
of 868.9 mg/g was reached when the CA content was
8 wt%. With continued increase of CA contents, the
absorption capacity remained constant. With increas-
ing CA contents from 8 to 10 wt%, the ion-exchange
capacity increased slightly (Fig. S12), illustrating
the carboxyl groups on BC/CA NFAs had reached
saturation. The absorption capacity of BC/CA NFAs
was about 17 times higher than that of commercial
Sartobind S and Sartobind C membranes adsorbents
(Chiu et al. 2012).

The kinetic absorption performance is one of the
most important factors affecting the actual absorption
efficiency of absorbent materials (Amaly et al. 2020).
The kinetic absorption performance of BC/CA NFAs
was investigated by testing absorption capacity at var-
ying adsorption time. As shown in Fig. 4d, it is clear
that the absorption capacity increased sharply, then
approached equilibrium value within 2.5 h, which
was much shorter than these previously reported lit-
eratures (Yi et al. 2017; Dou et al. 2019). The pseudo-
first-order, pseudo-second-order, Langmuir and Fre-
undlich models are employed to investigate the type
of interaction between lysozyme and BC/CA NFAs.
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where ¢, is the absorption amount at a given time,
q, is the absorption amount at equilibrium, ¢ is the
absorption time, k; and k, are the rate constants of the
Pseudo-first-order and Pseudo-second-order models,
Q, and C, are equilibrium absorption capacity and
protein concentration at different initial concentration,
respectively, Q,, is Langmuir adsorption capacity, K,
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and K are Langmuir and Freundlich adsorption con-
stants, 1 /n is the adsorption intensity constant.

The kinetic parameters of absorption process are
listed in Table 1. The correlation coefficient (R?) of
pseudo-first-order model (0.99189) is higher than
that of pseudo-second-order model (0.96638), indi-
cating that the good match between absorption and
pseudo-first-order model. The results demonstrated
that the absorption of lysozyme on BC/CA NFAs
is dependent on electrostatic interaction (Jiang
et al. 2023). Moreover, the Langmuir and Freun-
dlich models were introduced to study the lysozyme
adsorption and capture process on BC/CA NFAs.
As shown in Fig. S13 and Table S3, the R? of Lang-
muir models and Freundlich models is 0.98547 and
0.97722, respectively. Therefore, the absorption
isotherms of BC/CA NFAs were fitted better with
absorption process of Langmuir models.

Table 1 Kinetic parameters of absorption isotherm

Kinetic models q. (mg/g) k R?

Pseudo-first-order models 850.11 0.02
987.34 2.20

0.99189

Pseudo-second-order models 0.96638

In comparison to most reported cellulose-based
and carboxylated nanofibers-based protein absor-
bents (Qiao et al. 2022), BC/CA NFAs exhibited a
higher absorption capacity and a shorter equilibrium
time (Fig. 4e and Table S4), indicating the superior
integrate application performance of BC/CA NFAs.
The dynamic absorption performance was tested.
The size-matched BC/CA NFAs (thickness of about
10 mm) were packed into columns to fabricate chro-
matography columns. The lysozyme solution was
driven to penetrate chromatography columns solely
by gravity. Figure 4f presents a typical lysozyme
absorption breakthrough curve. The outlet concen-
tration increased gradually and reached the initial
lysozyme solution concentration. The calculated
dynamic absorption was 655.35 mg/g, which was
approximately 75% of the maximum static saturated
absorption capacity. The good dynamic absorption
performance of BC/CA NFAs is extremely important
for their actual applications.

Absorption capacity on lysozyme at different pH
values (3, 4, 5, 6, 7, 8,9, 10 and 11) was detected
to investigate the influence of protein solution on
absorption performance. As shown in Fig. 5a, the
absorption capacity exhibited a great dependence
to the pH value. When the pH value of lysozyme
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Fig. 5 Effect of a pH value, b ionic strength, ¢ cationic species, d anionic species, e acid buffer and f alkaline buffer on absorption
capacity of BC/CA NFAs (insets are the SEM images of BC/CA NFAs after acid/alkaline buffer treatment)
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solution was about 2, the absorption capacity was
relatively low. The maximum lysozyme absorption
capacity was achieved with increasing pH value to
about 6. which might be ascribed to increased ion-
ized adsorption ligands with the increase of pH value
(Li et al. 2015). The absorption capacity decreased
sharply, with continued increase of pH value. This is
due to that the positive charges of lysozyme reduced
and even converted to negative charge at a relatively
high pH value (Jiang et al. 2023), thus reducing the
electrostatic interaction between BC/CA NFAs and
lysozyme. Moreover, the neutral condition was ben-
eficial to maintain the three-dimensional conforma-
tion and biological activity of protein. The following
absorption experiments were carried out at pH value
of about 6.

Lots of salt ions existed in the protein solution
in the practical protein absorption applications. The
NaCl was added into lysozyme solution to simulate
the actual absorption. NaCl solutions with various
concentration were used to regulate the ionic strength
of lysozyme solutions. As presented in Fig. 5b, the
absorption capacity decreased largely with increas-
ing NaCl concentration, indicating that the absorption
capacity was affected by the ionic strength (Fu et al.
2016). Therefore, the ionic strength in eluent can
be regulated to realize protein elution. Beside ionic
strength, the ionic species also possess important
influences on the absorption capacity. The lysozyme
absorption capacity in the presence of 0.2 M LiCl
was much higher than that of in the presence of

0.2 M NaCl and KClI (Fig. 5¢). The lysozyme absorp-
tion capacity in the presence of 0.2 M MgCl, is the
lowest. This result proved that the larger radius and
higher charges would result in lower absorption
capacity. The anionic species also possess signifi-
cant influences on the absorption capacity of BC/CA
NFAs (Fig. 5d). The BC/CA NFAs were soaked into
acid and alkaline buffer solution for a given time to
evaluate acid and alkaline resistance. The absorption
experimental results were presented in Fig. Se, f, BC/
CA NFAs still maintained a stable absorption capac-
ity and micro-morphologies (insets of Fig. Se, f) after
being treated in acid and alkaline buffer for 72 h,
highlighting their excellent structural stability.
Proteins with different surface charges under neu-
tral conditions are selected to evaluate the selectively
absorption of BA/CA NFAs. As displayed in Fig. 6a,
BC/CA NFAs exhibited good absorption capacity to
lysozyme, bromelain and papain. This is due to the
electropositivity of the proteins under neutral condi-
tions and can be absorbed by electronegative NFAs.
While, the electronegative proteins (pepsin, ovalbu-
min and bull serum albumin) were barely absorbed.
Therefore, BC/CA NFAs presented in this work can
be used to separate electropositive and electron-
egative proteins. The absorbed BC/CA NFAs were
eluted by 2 M NaCl solutions, then rinsed by deion-
ized water for another absorption-elution cycle. As
shown in Fig. 6b, the net absorption capacity of the
regenerated BC/CA NFAs almost did not change after
10 cyclic processes, indicating the excellent cyclic

Absorption capacity (mg/g)
[
S
S

Absorption capacity (mg/g)
S
o
S

Fig. 6 a The absorption capacity to various proteins, b reusability of the BC/CA NFAs
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performance of BC/CA NFAs. The good reusability
of BC/CA NFAs mainly is ascribed to stability of tor-
tuous porous fibrous structure and mechanical prop-
erties. Taking in account of favorable comprehensive
properties, the BC-based protein absorbents represent
a perfect candidate for next generation chromato-
graphic media for highly efficient bio-separation.

Conclusion

We have reported that highly carboxylated nanofi-
brous aerogels (NFAs) could be constructed via graft
of citric acid (CA) onto bacterial cellulose nanofi-
brous aerogels (BC NFAs). Successful grafting of
CA was confirmed by FTIR, XPS, TGA, NMR and
zeta potential results. Attributing to the cross-linking
of glutaraldehyde and grafting of CA, the pore size
and specific surface area of aerogels decreased, while
the compressive strength increased. The obtained BC/
CA aerogels were demonstrated to bind positively
with the charged proteins through electrostatic inter-
action. With increasing CA contents, the lysozyme
absorption capacity increased and achieved the maxi-
mum value of 868.9 mg/g within 2.5 h. The dynamic
absorption capacity of 655.35 mg/g was reached
solely under the drive of gravity. The absorption per-
formance of BC/CA NFAs was sensitively affected by
pH values, ionic strength and species, which weak-
ened electrostatic interaction between aerogels and
proteins. Furthermore, BC/CA NFAs exhibited excel-
lent reusability, acid and alkali resistance, confirming
their good stability of porous fibrous structure. We
anticipate that the BC-based protein absorbents pre-
sented in this work offer a new option the design and
development of chromatographic media in the fields
of bio-separation and purification.
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