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ABSTRACT: Construction of adsorptive materials for simple, efficient, and
high-throughput adsorption of proteins is critical to meet the great demands of
highly purified proteins in biotechnological and biopharmaceutical industry;
however, it has proven extremely challenging. Here, we report a cost-effective
strategy to create carbonyl groups surface-functionalized nanofibrous
membranes under mild conditions for positively charged protein adsorption.
Our approach allows maleic anhydride to in situ graft on cellulose nanofibrous
membranes (CMA) to construct adsorptive membranes with large surface area
and tortuous porous structure. Thereby, the resultant CMA membranes
exhibited high adsorption capacity of 160 mg g~', fast equilibrium within 12 h,
and good reversibility to lysozyme. Moreover, the dynamic adsorption was
performed under low pressure-drops (750 Pa), with a relatively high saturation
adsorption amount of 118 mg g~', which matched well with the requirements
for proteins purification. Considering the excellent adsorption performance of
the as-prepared adsorptive membranes, this simple and intriguing approach may pave a way for the design and development of
robust and cost-effective adsorption membranes to meet the great demands for fast and efficient adsorption of positively charged
proteins.
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1. INTRODUCTION

Highly purified proteins play critical roles in biotechnological
and biopharmaceutical industry and are in great demand
because of their wide range of applications involving

porosity of the currently used membranes led to the limited
adsorption capacity and unexpected rapid breakthrough. An
efficient way to address this problem is by performing the
adsorption process using nanofiber membrane as the platform,

immunodiagnostics, immunotherapy, scientific research, food-
stuffs, and cosmetics.'™* Conventional methods such as fixed-
bed liquid chromatograph, packed beds of porous resins, and
pore-size-dependent encapsulation platforms have been used to
selectively adsorb and elute the target protein molecules in
many biotherapeutics purification processes.”” Although these
approaches possess high binding capacity toward ligands and
proteins, they generally suffer from the relatively slow
adsorption kinetics, high operation pressure-drops, being
time-consuming, and the usage of large quantities of solvents
due to the slow intraresin microspheres diffusion of the protein
molecules to access the available binding sites in the porous
resin beads. Alternatively, fibrous membranes adsorption/
chromatography, which is known to possess porous structure,
has been successfully applied to purify proteins with lower
operation pressure-drops, faster adsorption equilibrium, ease in
packing and scale-up, and reduced solvent use.® Unfortunately,
the small surface area available for ligands binding and the low
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since nanofiber membrane is a highly desirable scaffold for
immobilization of ligands and capturing proteins owing to its
large surface area that enables higher interaction, increases
immobilization efficiency, and enhances the long-term stability
and reusability.”'® Therefore, utilizing nanofibrous membranes
to create adsorptive fibrous membranes has been suggested as a
potential alternative approach to achieve promising protein
adsorption performance.

Electrospun nanofibrous membranes as the forefront of
advanced fibrous materials, possessing large surface area to
volume ratio, high tortuous porous structure, robust mechanical
strength, reliability and amenability to large-scale production,
and versatility in terms of surface functionalization, have held
great promise for constructing functionalized nanofibrous
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Scheme 1. Schematic Illustration for (a) the Preparation of CMA Nanofibrous Membranes and the Lysozyme Adsorption

Process and (b) the Graft Reactions between Cellulose and MA
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membranes for application foreground in various fields such as
adsorption, filtration, sensing, and oil spill cleanup.''™"
Compared with the membranes operating purely on a sieving
mechanism, extensive efforts have been devoted to use
nanofibrous membranes to adsorb proteins based on dye-
ligands interaction, ion exchange, and hydrophobicity due to
the outstanding selectivity and reduced pressure-drops. For
instance, researchers have developed various adsorptive
membranes to selectively purify a variety of proteins such as
Cibacron blue F3GA functionalized poly(ether sulfone)
membranes,’® concentrated nitric acid and surfactant treated
carbon nanofibers,'” and poly(isobutylene-b-styrene) mem-
branes.'® The major problems associated with current electro-
spun nanofibrous membrane-based protein adsorption materi-
als are the expensive dye ligands, extreme modification
conditions, and relatively low adsorption capacity, which have
restricted their wide applications. The challenge therefore
remains in harvesting specific cost-effective nanofibrous
membranes with large surface area capable of efficient
adsorption of proteins under mild conditions.

In this work, we present an intriguing and economic
approach for the construction of carbonyl groups surface-
functionalized cellulose nanofibrous membranes under mild
conditions for protein adsorption. Previously, carbonyl groups
were modified onto the surface by atom transfer radical
polymerization, air plasma pretreatment, and concentrated acid
treatrnent,17 which are inconvenient to process, time-consum-
ing, and hard for large-scale fabrication. Herein, the adsorptive
nanofibrous membranes were facile fabricated by first in situ
immobilization of the maleic anhydride (MA) on the surface of
cellulose nanofibers and the subsequent heat treatment (80 °C)
to graft MA molecules on cellulose (Scheme 1). To the best of
our knowledge, there has been no reported work on employing
MA-functionalized materials for proteins adsorption. We
demonstrate that our MA-modified cellulose (CMA) nano-
fibrous membranes exhibit good adsorption performance,
involving high lysozyme adsorption capacity, fast adsorption
equilibrium, efficient separation performance, and good
reversibility. Additionally, considering the adsorbed positively
charged proteins on the surface could be eluted by regulating
the pH value or the ionic strength of the elution buffer,
consequently, the specified proteins could be separated from
the mixture of the positively charged proteins; thus, the as-
prepared CMA nanofibrous membranes could potentially be

truly applied for protein adsorption. We believe that these
membranes made in the investigation could serve as the
adsorptive membranes to prepare fibrous membranes adsorp-
tion/chromatography for fast and efficient adsorption of
positively charged proteins.

2. EXPERIMENTAL SECTION

1. Materials and Reagents. Cellulose acetate (CA; M, =
30000; acetyl content of 39.8%) was provided by Sigma-Aldrich Inc.,
St. Louis, MO, USA. MA and polyphosphoric acid (PPA) were
purchased from Aladdin Reagent Co., Ltd, Shanghai, China. N,N-
Dimethylacetamide (DMAc), acetone, sodium chloride (NaCl), and
sodium hydroxide were obtained from Shanghai Chemical Reagent
Co., Ltd., China. Lysozyme powder from chicken egg white and
bovine serum albumin (BSA) were obtained from Sangon Biotech Co.,
Ltd., Shanghai, China. Ultrapure water with a resistance of 18.2 MQ
was purified by using a Heal-Force system. The chemicals/materials
were all analytical grade and were used as received without further
purification.

2.2. Fabrication of Cellulose Nanofibrous Membranes. The
cellulose nanfibrous membranes were prepared by hydrolyzing the
electrospun CA nanofibrous membranes according to the previous
work."” Typically, a 15 wt % CA precursor solution was prepared by
dissolving CA powder in the mixture solvent of DMAC and acetone
(1/2, w/w) and vigorously stirring for 12 h. Afterward, the precursor
solution was loaded into syringes with a 5-G metal needle to perform
the electrospinning process by using DXES-1 spinning equipment
(Shanghai Oriental Flying Nanotechnology Co. Ltd.,, China). During
the process, a high voltage of 25 kV and a controllable feed rate of 0.5
mL h™' were applied. The resultant nanofibrous membranes were
deposited onto the paper-covered grounded rotating roller with a
rotation rate of 50 rpm at a 15 cm spinneret-to-collector distance. The
relevant temperature and humidity during electrospinning were kept at
25 + 2 °C and 45 + 5%, respectively. Subsequently, the obtained CA
nanofibrous membranes were hydrolyzed in a 0.05 M sodium
hydroxide aqueous solution for 7 days at ambient temperature,
washed with ultrapure water to neutral, and then dried in the oven to
obtain the cellulose nanofibrous membranes.

2.3. Preparation of CMA Nanofibrous Membranes. Typically,
a mixture of aqueous solution was first prepared by dissolving a certain
amount of MA (0, 0.01, 0.05, 0.1, 0.5, 1, 3, 5, and 10 wt %) in water;
simultaneously, the PPA (10 wt % as to MA) was added to the
solution to serve as a catalyst, and then the cellulose nanofibrous
membranes were immersed in the mixture solution for 10 min to in
situ immobilize the MA onto the surface of cellulose nanofibers.
Subsequently, the membranes were kept in the heating oven at 80 °C
for 1 h to undergo the graft reaction to form the CMA nanofibrous
membranes. In order to compare the adsorption performance between
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nanofibrous membranes and commercial filter paper, the MA-
functionalized cellulose filter paper was prepared using the same
procedures.

2.4. Testing Adsorption Performance. In this work, lysozyme
with the isoelectric point of 10.8 was taken as the positively charged
model protein and BSA with an isoelectric point of 4.7 was taken as
the negatively charged model protein. Prior to systematically
investigation of the adsorption performance, the adsorption toward
lysozyme and BSA (at the concentration of 1 mg mL™') was
performed, illustrated in Supporting Information Figure S1. It is clear
that the CMA nanofibrous membranes could only adsorb lysozyme
ascribed to the electrostatic attraction between the positive charge on
the lysozyme and the negative charge on CMA fibers; thus, we
investigated the adsorption performance toward lysozyme subse-
quently. Lysozyme solutions with various concentrations (0.2, 0.4, 0.6,
0.8, 1, 1.2, and 1.5 mg mL™") and pH values (4, S, 6, 6.5, 7, and 8)
were prepared using phosphate buffer solution. To test the static
adsorption performance, 0.5 g of as-prepared CMA nanofibrous
membranes was immersed in the lysozyme solution (100 mL) for a
certain time, subsequently the absorbance intensity change at 280 nm
was detected using an ultraviolet—visible (UV—vis) spectrophotom-
eter, and then the adsorption amount was calculated by using the
following equation: g, = V(Cy — C,)/m, where g, is the adsorption
amount (mg g~'), V is the volume of the protein solution (mL), C,
and C, are the initial and equilibrium concentrations of the protein
solution (mg mL™"), and m is the amount of adsorbent (g). According
to the Beer—Lambert law, absorbance at the wavelength of 280 nm
showed a linear response in all of the concentration range used in the
experiments;zo therefore, the C, and C, could be determined based on
the absorbance intensity change. Meanwhile, in order to investigate the
dynamic adsorption performance, 10 layers of CMA membranes with a
diameter of 15 mm and a total thickness of 0.3 mm were sandwiched
into a stainless steel filter holder vertically placed on the horizontal
position. The freshly prepared lysozyme solution (taking the solution
at 1 mg mL™" as an example) was then poured onto the membranes
(flow rate of the 0.2 mL min™"); following interaction with the CMA
fibrous membranes, the passed effluent lysozyme solution was
collected per 2 mL and set aside for repeated membrane—pass
iterations, and then the UV—vis spectra of the collected solution were
detected to calculate the adsorption amount. Notably, in the entire
process, the operation pressure-drops were kept the same (750 Pa) by
controlling the height of the lysozyme solution. Finally, the filter
system was rinsed with NaCl solution, and the membranes were
extracted and conserved in the buffer.

To investigate the reversible adsorption performance of the as-
prepared CMA nanofibrous membranes, the adsorbed fibrous
membranes were incubated in the NaCl solution (0.5 M) for 20
min after each cycle to elute the adsorbed lysozyme and then rinsed
with ultrapure water for five times to remove the NaCl. Subsequently,
the regenerated CMA nanofibrous membranes were immersed into
the lysozyme solution to reuse for another cycle.

2.5. Characterization. Field emission scanning electron micros-
copy (FE-SEM, S-4800, Hitachi Ltd., Tokyo, Japan) was used to
examine the morphologies of the fibrous membranes. Fourier
transform infrared (FT-IR) spectra were recorded with a Nicolet
8700 FT-IR spectrometer in the range of 400—4000 cm™'. The
crystalline structure was characterized by X-ray diffraction (XRD; D/
Max-2550 PC, Rigaku Co., Tokyo, Japan). The mechanical properties
of the membranes were tested on a tensile tester (XQ-1C, Shanghai
New Fiber Instrument Co., Ltd., China) with a crosshead speed of 30
mm min~'. The Brunauer—Emmett—Teller (BET) surface areas of the
membranes were characterized by using N, adsorption—desorption
isotherms with a surface area analyzer (ASAP2020, Micromeritics Co.,
Norcross, GA, USA). The pore sizes of various membranes were tested
by utilizing a capillary flow porometer (CFP-1100AI, Porous Materials
Inc., Ithaca, NY, USA). The water contact angle (3 uL) of the
nanofibrous membranes was measured by using a contact angle
goniometer Kino SL200B. The pH values of the lysozyme solution
were measured by using a pH meter (pHs-3c, Shanghai Inesa Scientific
Instrument Co., China). The UV—vis spectra were recorded by an

Idea optics PG 2000pro fiber-optic spectrometer (Idea Optics
Technology Ltd., Yancheng, China) scanning from 180 to 1180 nm
at room temperature.

3. RESULTS AND DISCUSSION

3.1. Morphologies and Structure of Nanofibrous
Membranes. The aim of this work is to develop a carboxylic
group functionalized nanofibrous membrane for positively
charged protein adsorption. Bearing this in mind, we designed
the nanofibrous membrane-based protein adsorbents on the
basis of three criteria: (1) the absorbents should have large
specific surface area and high porosity; (2) they should have a
fully carboxylation functionalized surface to interface with
biological systems, and the structure of the nanofibrous
membranes should be maintained without obvious change
during carboxylation and adsorption process; (3) the nano-
fibrous membranes should be carboxylated under mild
conditions. The first two criteria were satisfied by selecting
the electrospun cellulose nanofibrous membranes as platform,
because of the large surface area and excellent stability of
cellulose nanofibers. It is worth noting that another interesting
feature of cellulose—relatively low nonspecific binding—would
dramatically enhance the accuracy of the analysis of adsorption
performance.”" The third criterion was satisfied by combining
the cellulose nanofibers with suitable anhydrides (such as MA),
which could react at relatively milder conditions compared with
carboxylic acid or concentrated mineral acid (such as HNO;
and H,S0O,), to yield carboxylic groups functionalized nano-
fibrous membranes.*”

The representative FE-SEM image of CA nanofibrous
membranes shown in Figure la illustrated that the fibrous
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Figure 1. FE-SEM images of (a) CA, (b) cellulose, and (c) CMA
nanofibrous membranes. (d) FT-IR spectra of various nanfibrous
membranes. The insets are the water contact angles of the
corresponding nanofibrous membranes.

membranes were randomly oriented three-dimensional non-
woven membranes with an average diameter of 248 nm.>>**
Zooming in the FE-SEM image of cellulose nanofibrous
membranes, obvious adhesion could be observed and the
diameter increased to 267 nm, indicating the accomplishment
of the hydrolysis of CA nanofibers.”> XRD analysis (Supporting
Information Figure S2) also confirmed that the amorphous CA
nanofibers were transferred to cellulose nanofibers with a
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crystal form of cellulose II with relevant peaks at 26 values of
12.4° (110), 20.5° (110), 22.0° (020), which are consistent
with the XRD data.®® After heating at 80 °C for 1 h, the
adhesion structure was significantly enhanced while the
diameter (272 nm) negligibly changed, revealing that the MA
has firmly adsorbed on the surface of the cellulose nanofibers
and the reaction between the -OH groups in cellulose
molecules and anhydrides groups in MA have successfully
taken place with the help of PPA as a catalyst. Evidence for the
hydrolysis of CA nanofibers and the formation of ester on
cellulose nanofibers also came from FT-IR spectral analysis
(Figure 1d); the characteristic peaks around 3409 cm™'
belonged to the stretching vibration of -OH, the peaks around
1731 and 1340 cm™' assigned to C=0 and C—O-C
stretching vibration of the ester, respectively.”’ It is clear that
the OH peak appeared after hydrolysis and peak intensity
decreased upon reaction with MA, which was in good
agreement with the chemical structures of CA, cellulose, and
CMA presented in Supporting Information Figure S3. Notably,
the hydrophobic CA nanofibrous membranes with a water
contact angle of 124° transferred to superhydrophilic cellulose
nanofibrous membranes after hydrolysis, and remained super-
hydrophilic upon reaction with MA, which was consistent with
the aforementioned results. Furthermore, the tensile strength of
the nanofibrous membranes (Supporting Information Figure
S$4) enhanced from 1.75 to 10.3 MPa after the hydrolysis and
graft polymerization, which could provide benefits for the
follow-up dynamic and reversible adsorption process.

The fascinating hierarchical fiber morphologies enabled us to
intensively investigate the porous structure of nanofibrous
membranes. The relevant N, adsorption—desorption isotherm
curves displayed in Figure 2a exhibited isotherms of type IV
with a H3 hysteresis loop, demonstrating the typical character-
istics of mesopores within the as-prepared membranes.”®*’
Brunauer—Emmett—Teller (BET) surface area analysis showed
that CA, cellulose, and CMA nanofibrous membranes
possessed similar surface areas of 3.67, 3.49, and 3.28 g m?,
respectively, which were significantly superior to those of
commercial fibrous substrates.”> The pore size of the relevant
CA nanofibrous membranes (Figure 2b) revealed that the pore-
size distribution in the range of 12-2.5 um with a well-
developed peak centered at 1.67 pm. After hydrolysis, the
average pore size decreased to 0.93 ym ascribed to the adhesion
structure, and subsequently decreased to 0.65 ym due to the
enhanced adhesion structure in nanofibrous membranes. The
tortuous porous structure in nanofibrous membranes could
provide numerous microporous channels that could signifi-
cantly lead to the increments of the active sites for ligands and
protein adsorption. The aforementioned results also revealed
that the structure of the fibrous membranes was maintained
without dramatic change, and the large surface area and the
porous structure could provide a large quantity of active sites
available for ligand and protein binding. Therefore, the
resultant nanofibrous membranes may be suitable for
applications in practical proteins purification.

3.2. Effect of MA Contents on Adsorption Perform-
ance. Ascribing to the adsorption driven force the electrostatic
attraction between the negatively charged group on CMA and
protein molecules, the carbonyl group contents of CMA
nanofibrous membranes were of great importance to protein
adsorption performance; therefore, the effect of MA contents
on adsorption capacity was intensively investigated. FT-IR
spectra (Supporting Information Figure SS) revealed that the
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Figure 2. (a) The N, adsorption—desorption isotherms of CA,
cellulose, and CMA nanofibrous membranes. (b) Pore-size distribu-
tion of the various nanofibrous membranes.

peak intensity at 1730 cm™' obviously increased with the

increment of the MA contents in solution. Notably, we
observed that adding 3 wt % MA could guarantee the carbonyl
group on cellulose membranes saturation since further
increasing the MA contents could not lead to dramatically
intensity change. Fantastically, the maximum adsorption
amount of CMA nanofibrous membranes (3 wt % MA) toward
lysozyme reached 160 mg g™, which was obvious higher
compared with the MA-functionalized commercial regenerated
cellulose filter paper (with a adsorption capacity of 17 mg g™,
shown in Supporting Information Figure S6) and previously
reported nanofibrous membranes treated by other methods.*
This is ascribed to the fact that the large surface area of the
cellulose nanofibrous membranes provide numerous external
binding sites for MA molecules to immobilization; thus, the
resultant functionalized nanofibrous membranes possessed
numerous active sites for lysozyme adsorption. Additionally,
the numerous tortuous microchannels in nanofibrous mem-
branes would provide extra chances for lysozyme adsorption,>"
thus resulting in the high adsorption capacity toward lysozyme.
Furthermore, we used the coomassie brilliant blue G-250 (with
brown color) to dye the protein in solution to straightforward
display the concentration change of lysozyme solution before
and after adsorption using CMA nanofibrous membranes.>” It
can be clearly seen that the lysozyme solution initially
presented brilliant blue and the color changed to cyan after
adsorption by CMA nanofibrous membranes due to the
decrease of lysozyme concentration, further demonstrating
the conspicuous decrease of lysozyme concentration in
solution, as visually shown in the inset of Figure 3.
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Figure 3. Adsorption performance of CMA nanofibrous membranes
with MA at various concentrations. The insets are the optical images of
coomassie brilliant blue, solution before and after adsorbing lysozyme
using CMA nanofibrous membranes.

3.3. Optimization of Adsorption Conditions. In order
to achieve the optimistic protein adsorption performance, the
effect of adsorption conditions such as adsorption time, pH
values, and initial concentration of lysozyme on adsorption
performance have been intensively examined.

The kinetic adsorption performance was first studied by
detecting the adsorption amount of CMA nanofibrous
membranes at certain time intervals, as shown in Figure 4. It
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Figure 4. Kinetic adsorption performance of CMA nanofibrous
membranes with 3 wt % MA as a function of time.

can be seen that the adsorption capacity increased rapidly with
prolonging the adsorption time and reached equilibrium within
8 h, whereas over 12 h of contacting time was required for the
adsorption amount value to reach the plateau, indicating the
high adsorbing efficiency of lysozyme molecules on CMA
nanofibrous membranes. Significantly, the pseudo-first-order
and pseudo-second-order models were then used to analyze the
adsorption kinetics:>***

pseudo-first-order kinetics:

C= Coe_klt, g = qe(l _ e—klt)

pseudo-second-order kinetics:

1/C—1/Co=kt, q,=q kt/(1+qkyt), ky=(m/V)k

where C is the concentration of lysozyme at equilibrium, Cj is
the initial concentration of lysozyme, k; and k, are the rate
constants, t is the adsorption time, g, is the amounts of
lysozyme adsorbed at a given time, g, is the amount of protein

adsorbed at equilibrium, m is the amount of the CMA
nanofibrous membranes, and V is the volume of the lysozyme
solution. The calculated results (Table 1) confirmed that the

Table 1. Estimated Kinetic Parameters of the Adsorption
Isotherm

kinetic models 9. (mg g™) k R?
pseudo-first-order kinetics 200 0.194 0.950
pseudo-second-order kinetics 200 1.548 0.975

pseudo-second-order model was more suitable for describing
the adsorption data as attested by the higher correlation
coefficient (R*) compared to the first-order kinetics, implying
that the rate-limiting step might be chemisorption.33 Overall,
taking advantage of the numerous external active binding sites
which are available for protein immobilization, the as-prepared
CMA nanofibrous membranes achieved a much faster
adsorption kinetic compared with the adsorptive nanofibrous
membranes reported in the literature.'”*>*¢ Conspicuously, the
fast adsorption equilibrium endows the CMA nanofibrous
membranes with great potential to constitute a membrane
adsorption/chromatography for practical purification of
proteins in the future.

Lysozyme is positively charged below their isoelectric points
(10.8); because the carbonyl groups on CMA fibrous
membranes are negatively charged, therefore the as-prepared
membranes could adsorb lysozyme relying on their mutual
electrostatic attraction.’® Considering that the electrostatic
attraction is related to the intensity of the positive charge, the
pH value of the lysozyme is crucial for testing the lysozyme
adsorption capacity. It could be seen from Figure Sa that the
resultant CMA nanofibrous membranes possessed similar
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Figure S. Effect of (a) pH value and (b) initial concentration of
lysozyme on the adsorption performance.
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adsorption capacities (157—171 mg g~') when the pH value
was lower than 6, while significantly lower adsorption capacities
were obtained when the pH value was higher than 6 (0—59 mg
g™'). Somewhat unexpectedly, these results are incompatible
with previous studies that reported that the optimized pH value
for protein adsorption is near to the isoelectric points.®” This
phenomenon can be understood considering the fact that the
electrostatic attraction between lysozyme and CMA nano-
fibrous membranes enhanced with the pH value decreased
since the proton density increased; consequently, the
adsorption rate and capacity increased.’® However, the
adsorption capacity would be negligibly changed until the
carbonyl groups on CMA nanfibrous membranes have captured
a certain amount of proteins and reached the adsorption
equilibrium. Consideration of the protein solution with pH
value close to neutral is safer and more suitable for practical
use; thus the pH value of 6 was selected to perform the follow-
up experiments.

Meanwhile, the initial concentration of lysozyme was another
important factor dramatically affecting the adsorption
capacity;>”* thus the static adsorption isotherms toward
lysozyme at different concentration varying from 0.2 to 1.5
mg mL™' were tested. Figure Sb showed that the adsorption
capacity was approximately linear with the lysozyme concen-
tration when the initial concentration was lower than 1 mg
mL™" and then gradually reached the plateau, suggesting the
high adsorption efficiency toward lysozyme and the concen-
tration of lysozyme solution should be selected in the range of
0—1 mg mL™' to guarantee the accuracy of the adsorption
experiment. Notably, there was almost no lysozyme adsorption
on the cellulose nanofibrous membranes;>" thus, the adsorption
of CMA fibrous membranes toward lysozyme is further proven
to the specific interaction of the carbonyl groups residues with
lysozyme.

To quantitatively analyze the adsorption isotherm, Langmuir
and Freundlich models were both used that are expressed as
follows, respectively:*>*"

Langmuir models:
1/9,=1/q__+ 1/(q_ K,C)
Freundlich models:
logq, = (log C)/n + log Ky

where ¢,,,, is the maximum adsorption amount at saturation
state, K, is the association saturation constant, and n and K are
equilibrium constants. The adsorption isotherm of lysozyme on
CMA nanofibrous membranes was constructed by plotting the
inverse equilibrium lysozyme adsorption capacity against the
inverse equilibrium lysozyme concentration and plotting base
10 logarithm equilibrium lysozyme adsorption capacity against
base 10 logarithm equilibrium lysozyme concentration, as
shown in Supporting Information Figure S7. From the high
correlation coefficient (R* = 0.999) shown in Table 2, it seems

Table 2. Langmuir and Freundlich Constants and
Correlation Coefficients for Lysozyme Adsorption on CMA
Nanofibrous Membranes

Langmuir constants Freundlich constants

G (mg g7) K, (mLmg™") R Ke n R
186.164 0.0892 0999 153517  1.029 0996

that Langmuir adsorption model is more suitable to describe
the adsorption process, demonstrating the adsorption of
lysozyme molecules was monolayer adsorption and the
interactions between lysozyme molecules were extremely
weak. In addition, K, was calculated to be 0.089 mL mg™'
based on the curve, confirming the existence of strong
electrostatic attractions between carbonyl groups and lysozyme.

3.4. Dynamic Adsorption. The ultimate practical evalua-
tion for the adsorption system is the dynamic breakthrough
analysis, which is a combination of the equilibrium binding
capacity and adsorption kinetics;** thus the CMA nanofibrous
membranes were subjected to a dynamic lysozyme adsorption
performance test, as illustrated in Figure 6. In a typical
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Figure 6. Break-through curve of lysozyme through the CMA
nanofibrous membranes (10 layers with a total thickness of 0.3 mm).

adsorption breakthrough curve, the outlet concentration
increased slowly and reached the feed concentration until the
elution volume accumulated to 12 mL; finally, the saturation
dynamic adsorption capacity reached 118 mg mL™". Consid-
ering that the dynamic adsorption was performed under
relatively low pressure-drops (750 Pa), such adsorption
performance is very promising from the point of view of
energy conservation, in contrast to the commercially available
regenerated cellulose adsorptive membranes where a driven
pressure of more than 10° Pa is usually applied to accomplish
the protein purification.”** Furthermore, it could also be
found from the curve that the amount of the desorbed
lysozyme was identical with the binding capacity, which means
the CMA nanofibrous membranes could also be fully
regenerated in the dynamic filter system and is of great
importance for real applications

On the other hand, it is known that an ideal adsorptive
membrane should possess such effective adsorption perform-
ance that the membranes should reach 90% of its saturated
adsorption capacity when the outlet concentration reach 10% of
the feed concentration.*> Nevertheless, the resultant mem-
branes only adsorbed 952 mg g~' protein (80% of the
saturation lysozyme adsorption capacity) when the outlet
concentration reached 0.5 mg mL™!, which was still less than
90% of the saturation adsorption capacity. Such a broadened
breakthrough curve may be ascribed to the fact that the pore
size inside the membrane is not uniformly distributed,
consequently leading to a broadened mass transfer rate inside
the membranes.** In addition, the small membrane total
thickness (0.3 mm) of the CMA nanofibrous membranes is
another vital factor that significantly decreased the separation
efficiency. However, this nonideal separation efficiency of the
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CMA nanofibrous membranes does not affect its practical
application served as a tool for fast purification of positively
charged proteins. To make the as-prepared fibrous membranes
suitable for purification process, the structures of the
membranes and the process parameters should be further
optimized to improve the purification efficiency in future work,
involving regulating the porous structure of the membranes by
introduction of nanoparticles or a change in the conditions of
heat treatment, the total thickness of the nanofibrous
membranes, the driven-pressure, and the flow rate of the
feeding solution.

3.5. Reversibility of CMA Nanofibrous Membranes.
Generally, it remains an enormous challenge to reserve high
adsorption capacity in such adsorption systems after a number
of adsorption and regeneration cycles. To achieve a good
reversibility, NaCl treatment procedures were introduced to
facilitate the regeneration of the CMA fibrous membranes, as
shown in Figure 7a. The adsorption capacity of the regenerated

(a)

NaCl

Lysozyme solution
—_— —_— —_—
CMA Adsorption Desorption  Regeneration
(b) 180
]
160 # L B i "
140

120 +

Adsorption capacity (mg g”)

100 T T T T T

Cycles

Figure 7. (a) Schematic illustration of the adsorption and regeneration
procedures of the as-prepared CMA nanofibrous membranes. (b)
Change in the adsorption capacity with increasing cycle number using
CMA membranes. The insets are the FE-SEM images of membranes
after the first and 10th adsorption/regeneration cycles.

CMA fibrous membranes showed very little difference with that
of initial fabricated CMA nanofibrous membranes (Figure 7b),
indicating the significant chemical removal of binding proteins
and the formation of activated CMA membranes. After 10
regeneration/reuse cycles, the fibrous membranes still exhibited
good adsorption performance toward lysozyme and no
noticeable difference in structure (insets in Figure 7b) and
adsorption capacity could be observed between each of the two
cycles. The good reversibility of CMA nanofibrous membranes
for lysozyme adsorption mainly ascribes to two contributors:
the effective MA surface-functionalized cellulose nanofibrous
membranes with no shedding upon regeneration and the robust
stability of the unique tortuous interconnected fibrous structure

that prevents the CMA nanofibrous membranes from breaking
up after repeated use.

4. CONCLUSION

In summary, we have demonstrated a novel strategy for the
fabrication of carbonyl group functionalized nanofibrous
membranes under mild conditions for lysozyme adsorption.
Benefiting from the large surface area to volume ratio, high
tortuous porous structure, and the effective carboxylation of the
cellulose nanofibrous membranes, the as-prepared CMA
nanofibrous membranes possessed high adsorption capacity of
160 mg g_1 within 12 h. Moreover, the dynamic adsorption
could be performed under low pressure-drops (750 Pa) and the
saturation adsorption capacity of the CMA nanofibrous
membranes reached 118 mg g_l. Furthermore, the CMA
nanofibrous membranes exhibited good reversibility after
extended regeneration cycles. Considering the simplicity and
cost-effectiveness of the fabrication process, and the excellent
adsorption performance including high adsorption capacity, fast
adsorption equilibrium, and good reversibility, the CMA
nanofibrous membranes provide not only a promising method
for purification of lysozyme but also a versatile platform for
further development of CMA nanofibrous membrane-based
purification systems toward various proteins.
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