Published on 24 September 2024. Downloaded on 30/10/2025 03:09:25.

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2024,
11, 6098

Received 11th July 2024, and Meilan Pan (2 *@

Accepted 11th September 2024
DOI: 10.1039/d4mh00895b

rsc.li/materials-horizons

The application of membrane technology for separating chiral
compounds is hindered due to the restricted availability of chiral
recognition sites on the membrane surface. In this study, we
propose a novel approach for chiral separation through a selector
(bovine serum albumin, BSA) mediated thermo-sensitive membrane
system. A thermo-sensitive hydrogel-coated membrane (termed
PDTAN) was developed by anchoring poly(N-isopropylacrylamide)
(PNIPAm) onto a polyethersulfone (PES) membrane through an
adhesive and hydrophilic dopamine hydrochloride (PDA)/tannic
acid (TA)/chitosan (Chi) intermediate layer. The results demonstrate
outstanding chiral separation efficiency, achieving « ,p = 3.30 for
p-phenylalanine (p-Phe) rejection at 40 °C on a BSA-mediated
PDTAN membrane system, with significant stability and minimal
fouling, surpassing previous findings. Moreover, the PDTAN
membrane altered the selective properties of recognition sites in
BSA, transitioning from rejecting L-Phe to rejecting p-Phe. Analysis
using fourth-order derivative UV-vis, circular dichroism (CD), and
in situ Fourier transform infrared spectroscopy (FTIR) techniques
revealed a transition in the secondary structure of BSA from a-helix
to B-sheet as the temperature increased. This transition, facilitated
by hydrogen bonding between BSA and PNIPAm, enabled selective
recognition of p-Phe, demonstrating a distinct shift in chiral recog-
nition properties. Importantly, with p-Phe adsorbed onto p-sheet
structures of BSA, hydrogen-bond interactions between BSA and
the PDTAN membrane were significantly reduced, thereby minimiz-
ing membrane fouling and achieving the durability of membrane-
based chiral separation.
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A novel approach to chiral separation: thermo-
sensitive hydrogel membranest

*b

New concepts

A new concept is proposed using thermo-sensitive hydrogel membranes
(TSHMSs) to construct a selector-mediated membrane system for chiral
separation. TSHMs incorporate poly(N-isopropylacrylamide) (PNIPAm)
onto polyethersulfone (PES) substrates through an innovative
intermediate layer made of dopamine hydrochloride (PDA), tannic acid
(TA), and chitosan (Chi). Unlike conventional membranes, TSHMs feature
a temperature-dependent transition surface that alters the chiral
recognition sites of the freedom selector-bovine serum albumin (BSA),
causing a structural shift from o-helix to B-sheet in its secondary
conformation. This thermally-induced transition enhances the
selectivity of BSA for chiral compounds in separation processes. TSHMs
not only expand the responsiveness of modified membrane systems to
stimuli beyond pH and ion concentration but also address the limitations
of traditional membrane technologies in chiral separation applications.

Introduction

Ensuring the separation of particular chiral compounds is critical to
achieve desirable therapeutic effects and mitigate potential side
effects or toxicity." Phenylalanine, an aromatic s-amino acid, exists
in two isomeric forms: p-phenylalanine (p-Phe) and 1-phenylalanine
(t-Phe). 1-Phe is an essential amino acid crucial for protein synthesis
and neurotransmitter production, often used in dietary supplements
for mood enhancement, while p-Phe is studied for its potential
analgesic properties. Due to the distinct biological properties and
pharmacological activities of p-Phe and 1-Phe, it is crucial to utilize
them in their pure forms for specific therapeutic applications.
Various methods have been employed to obtain enantiopure species,
including column chromatography,” crystallization,® stereo-selective
enzyme catalysis,” biosynthesis,” and membrane separation.’
Membrane-based chiral separation has garnered significant atten-
tion in research due to its advantages such as high energy efficiency,
small footprint, easy preparation, and continuous operability.'**>
However, despite these benefits, membrane-based chiral separation
encounters challenges such as instability, film formation issues, and
the need to balance permeability and selectivity.

Enantioselective membranes feature chiral recognition sites
designed to selectively bind one of the two enantiomers."*"'*

This journal is © The Royal Society of Chemistry 2024
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These chiral recognition sites are incorporated into bulk struc-
tures such as chiral polymers,''® polysaccharides like chitosan
and sodium alginate, and polyamine acid derivatives. Chiral
selectors include proteins such as bovine serum albumin (BSA),
amino acids, deoxyribonucleic acid (DNA), polypeptides, and
crown ether derivatives.'”'® These recognition sites engage in
specific interactions with chiral molecules, including hydrogen
bonding, van der Waals forces, and electrostatic interactions."
This enables the selective adsorption of one enantiomer while
allowing the other to permeate, thus achieving chiral
separation.”’’* Despite these mechanisms, large-scale applica-
tions face challenges due to relatively low binding capacities and
limited preferential binding affinities, which impede the mem-
brane’s permeability and selectivity.***

Poly(N-isopropylacrylamide) (PNIPAm) is a thermosensitive
polymer that has garnered significant attention due to its
lower critical solution temperature (LCST) of approximately
32 °C.>>*® This polymer features hydrophilic amino and hydro-
phobic isopropyl groups along its macromolecular chain,
enabling rapid swelling and contraction of the PNIPAm hydro-
gel through a hydrophilic-hydrophobic transition at the
LCST.>*° When integrated into a membrane matrix, the
hydrophobicity of PNIPAm can be manipulated to control
effective pore size and transmembrane permeability. Upon
heating above the LCST, dehydration occurs around the hydro-
phobic isopropyl groups, triggering a structural change in the
polymer backbone.’®?" This transition alters the environment
surrounding the chiral recognition sites, thus allowing for the
adjustment of the selectivity and binding affinity of these sites.
Although the promising potential of temperature-responsive
control for enhancing membrane-based chiral separation
remains underexplored, it provides the impetus for the
current study.

In this work, hydrogel-like membranes (denoted as PDTAN)
were successfully fabricated by anchoring poly(N-isopropyl-
acrylamide) (PNIPAm) onto polyethersulfone (PES) membranes
using an adhesive and hydrophilic intermediate layer
composed of dopamine hydrochloride (PDA), tannic acid (TA),
and chitosan (Chi). The chemical properties, biocompatibility,
and temperature-responsive characteristics of these thermo-
sensitive membranes were investigated. The chiral separation
performance for p,.-Phe was systematically examined. The
study focused on the integration of PNIPAm within chiral
membranes and assessed the impact of temperature-induced
structural changes on chiral separation efficiency. Combining
experimental characterization and theoretical modeling, the
mechanisms underlying thermo-sensitive chiral separation
were elucidated, and the feasibility for large-scale applications
was evaluated. The findings suggest that thermo-sensitive
chiral membranes offer enhanced selectivity and permeability,
potentially overcoming existing limitations in conventional
chiral separation techniques. By providing insights into the
temperature-dependent chiral separation process, this research
paves the way for the development of advanced membrane-
based technologies for enantioseparation in various industrial
applications.

This journal is © The Royal Society of Chemistry 2024
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Experimental
Reagents and materials

p,.-Phenylalanine (p,.-Phe, 99%) and dopamine hydrochloride
(PDA, 99%), tannic acid (TA, 99%), tris(hydroxymethyl) amino-
methane hydrochloride (Tris-HCl, 99%), and sodium hydroxide
(NaOH, 99.0%) were purchased from Shanghai Damas-beta Co.,
Ltd. Chitosan (Chi, degree of deacetylation > 95.0%), ammo-
nium formate (>99.0% HPLC), formic acid (>99.0%, HPLC),
and poly(N-isopropylacrylamide) (PNIPAm) were obtained from
Shanghai Macklin. Biochemical Co., Ltd provided the bovine
serum albumin (BSA), while Shanghai Yuan Ye Bio-Technology
Co., Ltd supplied the polyethersulfone membrane (PES) with
a 50 kDa molecular weight cutoff (MWCO) from RisingSun
Membrane Technology (Beijing) Co., Ltd. Unless otherwise
indicated, all chemicals were purchased from commercial
sources in analytically pure form and used as-is.

Preparation of modified membranes

The synthesis of the various modified PES membranes begins
with soaking the PES membrane in deionized water for 40 min to
remove the protective layer, followed by drying for subsequent
use. For the PDTA membrane, 150 mL of 0.5 mM Tris buffer is
prepared, and the pH is adjusted to 8.5 using 0.1 mol L' NaOH.
Subsequently, 0.2 g of PDA and 0.8 g of TA are added and mixed
thoroughly using ultrasound. The membrane is then immersed in
the solution, rinsed to remove unreacted materials, and dried in
an oven at 50 °C. For the PDTN membrane, a similar initial
process is followed, but after preparing the Tris buffer and adding
PDA and TA, 0.1 g of PNIPAm is also added. The membrane is
placed in the Tris solution and stirred on a shaking table at 45 °C
and 120 rpm for 1 h, followed by rinsing and oven drying at 50 °C.
In the synthesis of the PDCN membrane, the Tris buffer is
prepared, and the pH is adjusted as before, with 0.2 g of PDA
added and mixed using ultrasound. The membrane is immersed
in this solution with an additional 0.1 g of chitosan and 0.1 g of
PNIPAm, then stirred on a shaking table at 45 °C and 120 rpm for
1 h, before rinsing and drying in an oven at 50 °C. For the PDTAN
membrane fabrication, after soaking and drying the PES
membrane, 150 mL of 0.5 mM Tris buffer is prepared, and the
pH is adjusted to 8.5 with 0.1 mol L " NaOH. Then, 0.2 g of PDA
and 0.8 g of TA are added and mixed using ultrasound. The
membrane is placed in this solution with 0.1 g of chitosan and
0.1 g of PNIPAm, stirred on a shaking table at 45 °C and 120 rpm
for 1 h, followed by rinsing and drying in an oven at 50 °C.
The detailed steps for the fabrication of PDTAN are illustrated in
Fig. S1 (ESIT).

Membrane characterization

The freeze-dried samples were quenched by freeze-drying, and
their surfaces and sections were gold-sprayed in a vacuum
environment. The surface and section morphologies of different
membranes were characterized using scanning electron micro-
scopy (SEM; JEOL JEM-IT800). The chemical compositions of the
membranes were verified by X-ray diffraction pattern (XRD;
Rigaku Ultima IV, Japan) and X-ray photoelectron spectroscopy
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(XPS; Thermo Scientific K-Alpha, America). Contact angles at
different temperatures on the surfaces of various modified mem-
branes were measured using a contact angle goniometer
(JC2000C, China). Fourier transform infrared spectroscopy (FTIR;
Thermo Scientific Nicolet i520) was employed to analyze the total
reflection spectra of membrane surfaces to identify changes in
surface functional groups with temperature. The wave number
range of the test was 600-4000 cm ™. Protein concentrations were
determined using a UV spectrophotometer (T6, PWESEE, China),
and p,-Phe concentrations were determined by high performance
liquid chromatography (HPLC; 1260 Infinity II, Agilent).

Ultrafiltration experimental setup and method

All experiments were carried out using a crossflow cell (CF042A,
Sterlitech corporation, USA) with an effective membrane area of
42.3 cm” (9.2 cm x 4.6 cm), and a hold-up volume of 17 mL.
The schematic of the ultrafiltration setup is shown in Fig. S2
(ESIt). Specifically, the feed side of the cell was connected to the
feed tank (2 L), whose temperature was controlled by a chiller
(THD-0506, Shimai electronic, China) at 20-50 £ 0.5 °C. The feed
was pumped (BT100-2] + 2*YZ1515, Rongbai pump, China) at a
rate of 100 mL min~" (measured by a flowmeter LZB-3WB6, Dahua
corporation, China), which was controlled by a variable speed drive
(Q91SA-PN6, Dahua corporation, China). A back-pressure regulator
was employed to set the transmembrane pressure (TMP) to 50 kPa.
The permeate was collected in the permeate tank and the mass
increase was continuously monitored using a digital balance
(YP20002B, Lichen corporation, China) to quantify permeate flux.
Permeate was recycled back to the feed tank every 5 minutes to
maintain an approximately constant feed concentration.

BSA and bp,.-Phe were dissolved in water to obtain feed
concentrations of 0.1 mM and 0.5 mM, respectively. The
obtained solutions were stirred at 400 rpm (SN-MS-3D, SUNNE,
China) with a magnetic stirring bar for 2 h before use. A new
membrane was used each time. Prior to (filtration, each
membrane was flushed with water to remove any contaminants,
and then filtered with water for 2 h to obtain a stable initial flux
(Jo, L m~> h™" bar™ ") before introducing the targeted feed.

14

Jo=———
0 AXxtx P

1)

where V represents the permeate volume collected during the
sampling interval ¢, A represents the effective area of the
membrane, ¢ represents the measurement time, and P represents
the transmembrane pressure.

During the 2 h of ultrafiltration, 1 mL of feed and 2 mL
permeate were collected every 10 min for analyses. The feed was
diluted 10 times for UV-vis analysis and the permeate was
analysed using HPLC.

Characterization of chiral separation performance

The concentrations of BSA in the feed and permeate were
determined by a UV-vis spectrometer at the wavelength of
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277.0 nm. BSA rejection was calculated by:*”

Rpsa =1 — % 2)
f,BSA

where Rggsa stands for the retention rate, Cpgsa stands for the
concentration of BSA in the permeate solution, and Cggsa
stands for the concentration of BSA in the feed solution. While
the 50 kDa PES membrane was expected to completely retain
the 66.4 kDa BSA, the retention rate of BSA was approximately
98%, which is likely due to the range of membrane pore sizes
(Fig. S3, ESIT).

The p-Phe and r-Phe concentrations in the feed and perme-
ate were determined by HPLC at the wavelength of 220.0 nm
with an InfinityLab Poroshell chiral-T column (Agilent). The
mobile phase was 30 mL of methanol and 70 mL of 50 mM
ammonium formate (pH = 3.6) at a flow rate of 0.5 mL min " at
25 °C.

The separation factor, «, was used to characterize the chiral
separation performance:*?

Cp,L-Phe
Cpp-
5 — CpD-Phe 3)
Cr,L-Phe
Cr D-Phe

where C is the concentration, while the subscript P stands
for permeate and f for feed. The peak area in HPLC was used to
quantify concentration.

The water permeance (J,,, L m > h™" bar ') was calculated
by:

AV

Jw:AxAzxAP )

where AV represents the permeate volume collected, A represents
the effective area of the membrane, A¢ represents the measure-
ment time, and AP represents the transmembrane pressure.

Results and discussion
Preparation and characterizations of modified membranes

BSA, the chiral selector with a molecular weight of approxi-
mately 66.4 kDa, exceeds the molecular weight cutoff of 50 kDa.
BSA preferentially binds with r-phenylalanine (1-Phe) to form a
larger complex retained by the membrane, while free b-
phenylalanine (p-Phe) permeates through,®* facilitating the
separation of the p,.-Phe mixture (Fig. 1a). The interaction
between BSA and i-Phe is significantly influenced by the
chemical properties of the membrane surface.” Specifically,
stronger binding interactions between p,.-Phe and the pristine
membrane surface compared to those between r-Phe and BSA
impede the separation process. To mitigate this, the pristine
membrane surface can be modified to reduce its binding
affinity for p,i.-Phe. The schematic diagram of the cross-
linking reaction of the hydrogel-like materials (PDTCN) on
PES membranes is shown in Fig. 1b. For the fabrication of
the PDTCN membrane, an adhesive and hydrophilic PDA/TA
intermediate layer was first introduced to obtain the PDTA

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic illustration of the process of chiral separation in hydrogel-coated membranes. (b) SEM images and molecular structures of
PES, PDTA and PDTAN membranes. Characterization of PES and PDTAN membranes: (c) FTIR spectra, (d) N 1s and (e) O 1s of XPS analysis of PES, PDTA

and PDTAN.

membrane. After PDA/TA deposition, the micropores on the
membrane surface were covered by a cross-linked PDA/TA
network based on the Michael addition and/or Schiff base
reactions.*®?” Furthermore, the PNIPAm was anchored onto
the PDTA membrane through chitosan (Chi), yielding the
PDTAN membrane. The surface of the PDTAN membrane had
a much more rough and compact morphology than PDTA and
PES membranes. A significant color change was observed post-
modification, as illustrated in Fig. S4 (ESIt). Furthermore, the
formation of a distinct surface layer was evident, and the pore
size was found to be larger than that of the pristine PES
membrane. The abundant hydrophilic -OH groups within the
polymer matrix enhanced water/polymer hydrogen bonding
while weakening water/water interactions.*® This effect is evi-
dent in the hydrophilic Chi/PNIPAm layer, which increased the
hydrophilicity of the PDTAN membrane, resulting in a decrease
in the contact angle (CA) from 69° to 48° (Fig. S5, ESIt).
ATR-FTIR spectroscopy was employed to confirm the
chemical composition of the PDTAN membrane (Fig. 1c and
Fig. S6, ESIT). In the PES membrane, the distinctive peak at
1035.2 ecm™ ' is attributed to the stretching vibrations of the
S—O0 bond.*® Following PNIPAm modification, a noticeable
peak at 3163.5 cm ™ *, corresponding to the surface N-H stretch-
ing mode,"® indicates the successful incorporation of PNIPAm.
Additional characteristic peaks at 1667.3 cm ™" (C=O stretch-
ing, amide I) and 1596.0 cm~ ' (N-H bending, amide II) further
confirm the presence of PNIPAm.*** The copolymerization
process was validated by the emergence of new peaks at
1717.3 em™ ' (C=0O stretching) and 1253.7 cm ™" (C-O stretch-
ing), which are associated with the integration of monomers
into the polymer matrix. XPS analysis of N 1s and O 1s was

This journal is © The Royal Society of Chemistry 2024

conducted to investigate the surface elemental composition of
the membranes (Fig. S7, ESIt). The increased N-H peak at
400.0 eV further confirmed the successful integration of PNI-
PAm on the membrane surface (Fig. 1d). The presence of a peak
at 401.4 eV in the N 1s analysis, corresponding to -NHO,
indicates effective hydrogen bond formation between -NH
and -C=O0, substantiating the construction of the thermally
responsive network in PDTAN. Moreover, the absence of the
S=—O peak at 530.2 eV suggests uniform hydrogel incorporation
on the PES membrane. The presence of C-OH (532.2 eV) and
C=0 (533.2 eV) bonds in the hydrogel-coated membrane
indicates that cross-linking reactions have occurred (Fig. 1e).

Chiral separation performance

In order to examine the chiral separation efficiency of the
modified membranes, chiral separation experiments were per-
formed using a cross-flow cell (Fig. S2, ESIt). The mixture of p,L-
Phe (ratio of 1:1) and BSA was used as the feed. Fig. 2a illustrates
the exceptional performance of the PDTAN membrane, achieving
an opp value of 3.3 (Fig. 2b). In contrast, the unmodified PES
membrane has an og,p value of 0.74, indicating no significant
separation capability. The presence of the PNIPAm layer is crucial
for the membrane’s ability to separate p-Phe and 1-Phe, as shown
by the reduced chiral performance of PDTA (o, = 1.7) without the
PNIPAm layer. Additionally, the marked decrease in chiral separa-
tion efficiency in PDIN (o4, = 0.9) and PDCN (app = 1.1)
membranes, which lack the intermediate Chi and TA layer,
underscores the vital role of this adhesive and hydrophilic inter-
mediate layer. BSA acted as the chiral selector, providing the
primary chiral recognition sites that preferentially bind with p-Phe
or 1-Phe to form larger complexes retained by the membrane.

Mater. Horiz., 2024, 11, 6098-6106 | 6101
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Fig. 2

(a) o,L.-Phe concentration of PDTAN membrane in feed and permeate at 40 °C. (b) Chiral separation efficiency of the different membranes at a

feed temperature of 40 °C and absolute pressure of 50 kPa. The effects of various parameters on the chiral separation efficiency of PDTAN membranes:
(c) feed type, and (d) Phe/BSA ratio. (e) Chiral separation performance of PES and PDTAN membranes over more than 60 h. (f) Chiral separation efficiency
comparison of PDTAN membranes with commercial and reported membranes (detailed conditions are listed in Table S1, ESI{).

The hydrogel-coated membrane is crucial for mitigating interfa-
cial interactions with the membrane, thus enabling chiral separa-
tion. Given the positive effects of PNIPAm and Chi on chiral
separation, the roles of these components as chiral selectors were
evaluated. Fig. 2c demonstrates that PNIPAm and Chi do not serve
as chiral selectors; instead, their presence inhibited the chiral
activity of BSA. With the Phe concentration held constant at
0.5 mM, varying BSA concentrations yielded ratios of BSA to Phe
concentrations spanning from 0.02 to 0.5. Fig. 2d demonstrates
peak separation efficiency at a ratio of 0.2 (o, = 3.30).

However, elevated BSA concentrations above this optimal ratio
hindered chiral separation by promoting aggregation through
thiol-disulfide interchange, thereby reducing the accessibility of
the o-helix involved in binding with 1-Phe.*>** While increasing

pressure leads to higher flux (Fig. S8, ESIY), it has been reported to
affect chiral separation efficiency negatively.*> Fig. S9 (ESIY)
illustrates approximately similar chiral separation efficiencies
for pressures of 10-60 kPa, suggesting the structural stability of
the modified membranes in this pressure range. Additionally,
comparing the PDTAN membrane with other reported mem-
branes, Fig. 2f shows that the PDTAN membrane offered better
chiral separation of p,.-Phe.

Role of PNIPAm as a thermo-sensitive polymer in chiral
separation

PNIPAm is a temperature-responsive polymer with a lower
critical solution temperature (LCST) around 32 °C,*® at which
it undergoes reversible swelling/contraction phase transitions,
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Fig. 3 Effect of temperature on the PDTAN membrane: (a) HPLC results, (b) UV-vis spectra, (c) contact angles, (d) chiral separation efficiency, and (e) flux
vs. time. (f) Schematic illustration of thermoresponse properties of the PNIPAmM molecular chain.
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offering the capability to modulate BSA adsorption through
temperature adjustments.”” However, it has been noted that
the solubility, thermal stability, and diffusion rates of Phe/BSA,
as well as membrane selectivity, vary with feed temperature.*®
To mitigate the impact of BSA or Phe conformational changes at
higher temperatures, the influence of temperatures ranging from
20-50 °C was evaluated. Fig. 3a and Fig. 3b indicate minimal
changes in the intensities of characteristic peaks of Phe in HPLC
and BSA in UV-vis, suggesting the chemical stability of Phe and
BSA within this temperature range. Characterizing contact angles
proves instrumental in discerning the thermally sensitive proper-
ties of surfaces or materials. The assessment of contact angle
serves as a valuable tool for elucidating the thermosensitive
properties exhibited by surfaces or materials.”® Fig. 3c presents
the evolution of water contact angles over 2 seconds at different
temperatures. Initially, the contact angles decrease sharply before
reaching a plateau at each temperature. Furthermore, contact
angles increase with temperature, reaching 77.2° at 40 °C, indicat-
ing increased hydrophobicity of the PDTAN membrane surface.
Below 40 °C, the PDTAN membrane exhibits higher hydrophili-
city, transitioning towards hydrophobicity above 40 °C, resulting
in phase separation from the aqueous medium. These observa-
tions highlight the role of thermally-responsive PNIPAm chains in
governing the membrane selectivity of PDTAN membranes.
Fig. 3d illustrates the temperature-dependent sensitivity of the
chiral separation efficiency of the PDTAN membrane, notably
achieving a peak separation factor oy, of 3.30 at 40 °C, with a
subsequent decline in oy, observed beyond this temperature.
Fig. 3e demonstrates the temperature sensitivity of flux, high-
lighting increased diffusion rates. Membranes that exhibit higher
selectivity for chiral compounds often show improved chiral
separation efficiency; however, this is typically accompanied by
a trade-off with permeate flux, as membranes with greater selec-
tivity tend to have reduced flux.”® Hence, it can be deduced that

a pes

before
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membrane selectivity is notably affected by the feed temperature.
PNIPAm within the PDTAN membrane is recognized as a
temperature-responsive polymer capable of undergoing reversible
phase transitions in response to temperature variations (Fig. 3f).>*

Antifouling performance

BSA is well-known for its fouling propensity, which can impair
chiral separation performance.”® The pristine PES membrane
exhibited significant fouling, as evident from the noticeable color
change in Fig. 4a, compromising its ability for chiral separation.
In contrast, the PDTAN membrane appeared similar after filtra-
tion, indicating its superior fouling resistance. The pristine PES
membrane exhibited a high susceptibility to BSA fouling, as
evidenced by its initial permeate flux of 20.02 L m~> h™" bar ™},
which rapidly declined to 7.93 m~> h™" bar™* (Fig. 4c), reflecting a
significant 60.4% decline over 65 h (Fig. 4d). In contrast,
the PDTAN membrane sustained a stable permeate flux of
10.34 L m > h™" bar ' and demonstrated near-perfect p-Phe
rejection over 80 h (Fig. 4d), indicating its superior fouling
resistance. After the fouling test, the PDTAN membrane remained
clean, without BSA-foulant, unlike the BSA-adsorbed PES
membrane. In comparison, the permeate flux of PDTA (68.41%),
PDTN (59.63%), and PDCN (35.33%) membranes decreased
markedly, which correlates with their chiral separation efficiency
results (Fig. S10, ESIt). Compared to reported chiral separation
techniques (Table S1, ESIY), the developed PDTAN membrane via
a facile and environment-friendly strategy, showcased durable
and comparable chiral separation performance, particularly in
its resistance to fouling.

Chiral recognition transitions in thermosensitive networks

As previously mentioned, the recognition site on BSA plays a
pivotal role in the selective chiral separation of p-Phe and t-Phe.
To delve deeper into the chiral recognition mechanism of BSA,

9 PES
9 PDTAN

20 4'0 6.0 80
Time (h)

| o PEs
o PDTAN

15 30 45 60
Time (h)

Fig. 4 Photographs and SEM images of PES (a) and PDTAN (c) membranes before and after separation. J,, (c) and Ju/Jo (c) of PES and PDTAN
membranes. The feeds were 0.1 mM BSA and 0.5 mM p,L-Phe, with a constant temperature of 40 °C and a pressure of 50 kPa.
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UV-vis and circular dichroism (CD) analysis were employed to
elucidate the changes in its secondary structure. Fig. 5a illus-
trates the correlation between BSA and Phe/PNIPAm as
depicted by the fourth derivative derived from UV-vis spectra
(Fig. S11, ESI}).>® The fourth-order derivative of the BSA UV
spectrum exhibits seven distinct absorption peaks. Specifically,
the peaks centred around 253, 258, 264, and 268 nm corre-
spond to the characteristic peaks associated with Phe residues,
while the peak at 278 nm represents the characteristic peak of
the Tyr residue. Additionally, the peak at 284 nm is an over-
lapping characteristic peak of Tyr/Trp, and the peak at
290.5 nm corresponds to the characteristic peak of the Trp
residue. Upon the addition of p,.-Phe or PNIPAm, the changes
in the wavelengths of characteristic absorption peaks of differ-
ent types of aromatic amino acid residues were observed,
indicating alterations in their respective microenvironments.

CD spectroscopy is a robust and highly sensitive technique
employed for discerning the conformational intricacies of
proteins.>® In this study, far-UV and CD were employed to
investigate the secondary structural alterations of BSA induced
by the presence of D/i-Phe and PNIPAm (Fig. 5b). Notably, the
CD spectra of BSA exhibit prominent bands at 208 and 222 nm,
which are the characteristic peaks indicative of the o-helical
structure.” These signals arise from the peptide’s n-n* and n—
n* transitions. The precise position of these peaks is contingent
upon the transition energies between the ground and electronic
excited states of polarizable electrons within the protein. It is
generally observed that the permanent or induced dipoles of
solvent molecules interact with the electrons within the pep-
tides, thereby potentially stabilizing or destabilizing the energy
levels of these electronic states. Consequently, alterations in
the solvent environment led to perturbations in transition
energy, thereby resulting in shifts in the absorption band peaks
of the peptides.

The analysis of Fig. 5c reveals a significant alteration in the
shape and positioning of the peaks in the presence of p,i-Phe,
implying a modification in the secondary structures of BSA
following its interaction with p,i-Phe. The transition from
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Fig. 5 Fourth derivative of UV-vis (a) and CD (b) spectra of the BSA
structure under different conditions. (c) CD spectra of BSA with different
concentrations of b/L-Phe. (d) Schematic of the keratin protein secondary
structure rearrangement from a-helix to B sheet. (e) Schematic showing
the hydrogen bond network that is responsible for the formation of the
keratin secondary structures. The inset figure is the change in the bond
orientation within the Phe and PNIPAm as keratin rearranges from the o
structure to the B structure, as depicted in Fig. 5b.
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a-helix to B-sheet conformation is prominently observed.
Increasing concentrations of p,.-Phe show a gradual decrease
in o-helix structures (Fig. S12, ESIf), indicative of effective
binding to essential BSA polypeptide residues crucial for chiral
separation. Notably, PNIPAm also interacts with BSA, leading to
a similar decline in o-helix structures (Fig. S13, ESIf). The
combined influence of p,.-Phe and PNIPAm results in an
obvious transformation of ao-helix structures into B-sheet for-
mations (Fig. 5d), likely mediated by alterations in hydrogen
bonding interactions (Fig. 5e). Therefore, PNIPAm provides
additional hydrogen bonding sites that facilitate greater
adsorption of BSA, resulting in the formation of B-sheet struc-
tures. The proportion of B-sheet structures is higher in the
presence of Phe and PNIPAm compared to either Phe or
PNIPAm alone. This suggests that PNIPAm facilitates the
formation of B-sheet structures on BSA and can provide more
effective recognition sites for Phe, which is adsorbed onto BSA
and subsequently rejected, supporting the results of chiral
separation performance. This may facilitate minimization of
membrane fouling and ultimately achieve greater durability in
membrane-based chiral separation.

Chirality transitions in thermosensitive networks

According to the above analysis, the -NH, groups present in
Chi segments play a crucial role in forming physically cross-
linked networks within PNIPAm. These -NH, groups not only
facilitate the construction of crosslinked networks through
hydrogen bonding and ionic interactions, but also significantly
influence the thermal responsiveness of the PNIPAm networks,
resulting in alterations in swelling and deswelling dynamics.
It is observed that the crosslinked nanogel network, resembling
a hydrogel, undergoes continuous shrinkage beyond LCST. For
the fabrication of a thermo-responsive membrane, a monomer
with strong water absorbing properties (-OH) and a phenyl
group with large steric hindrance are copolymerized with
PNIPAm and Chi to form a terpolymer (PDTAN) (Fig. 6a). The
resulting PDTAN membrane exhibited exceptional efficiency in
chiral separation at the LCST (40 °C). Remarkably, the intro-
duction of a PNIPAm active layer to undergo a temperature-
triggered sol-gel transition retained good structural stability
even at temperatures above the LCST (Fig. 6b). As the tempera-
ture increased, there was a continuous transformation of
secondary structures within BSA, transitioning from o-helix to
B-sheet, with the proportion of the B-sheet structure per 100
residues increasing from 4.20 (20 °C) to 5.39 (40 °C) (Fig. S13,
ESIt). This transformation can be attributed to the presence of
-C=0 and -N-H groups in PNIPAm, which effectively main-
tains the p-sheet structure of BSA, thereby preventing its return
to the original o-helix structure. Notably, the B-sheet structure
of BSA demonstrates efficient recognition of p-Phe molecules,
facilitating their binding and selective rejection (Fig. 6c). The
recognition properties of the B-sheet structures are distinctly
different from those of a-helix structures, leading to a trans-
formation in chiral recognition capacities. Additionally, the
interaction between [-sheet structures and the PNIPAm
membrane is minimal, thereby inhibiting the formation of

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Temperature-dependent FTIR spectrum of the PDTAN membrane during heating from 20 °C to 50 °C. (b) Schematic illustration of the
thermo-sensitive properties of the PDTAN membrane. (c) Changes of a-helix and B sheet segments at different temperatures via analysis of the CD
spectra in Fig. S14 (ESIT); schematic illustrating the mechanism of the chirality transition of BSA coupling with thermosensitive networks.

foulants on the membrane surface and consequently enhancing
the chiral separation capacity. However, as the temperature
approaches and exceeds the LCST, the polymer chains undergo a
collapse, leading to a reduction in the membrane’s overall swelling
capacity. This collapse results in a diminished effective surface area
available for interactions with chiral molecules, ultimately contri-
buting to a decline in chiral separation performance.

Conclusions

In conclusion, we synthesized a thermally responsive PDTAN
hydrogel-coated membrane by anchoring PNIPAm onto a PES
membrane through a PDA/TA/Chi intermediate layer. The resulting
membrane exhibited outstanding efficiency in chiral separation,
achieving a peak oy, value of 3.30 for rejecting p-Phe at 40 °C.
Importantly, this modification shifted the specificity of the
membrane from rejecting 1-Phe to rejecting p-Phe. Through
fourth-order derivative UV-vis spectroscopy, circular dichroism
(CD), and in situ FTIR analysis, we observed a temperature-
induced transition in BSA secondary structure from o-helix to -
sheet. Hydrogen bonding interactions between BSA and PNIPAm
stabilized the B-sheet structure, facilitating selective recognition of p-
Phe. Additionally, adsorption of p-Phe onto the B-sheet structures of
BSA, reduced membrane fouling, thereby enhancing chiral separa-
tion efficiency. This study represents a significant advancement in
chiral membrane separation by exploiting structural transitions in
chiral selectors to improve selective recognition capabilities.
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