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ABSTRACT: Thermoresponsive core—shell microgels with degradable core are
synthesized via surfactant based free radical polymerization using N,N’-(1,2-dihydroxy-
ethylene)bis(acrylamide) (DHEA) as a cross-linker for core preparation. The 1,2-
glycol bond present in DHEA is susceptible to NaIO, solution, and thus, the structure
can be cleaved off resulting in hollow microgel. Ultrathin membranes are prepared by
suction filtration of a dilute suspension of core—shell microgels over a sacrificial layer of
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Cd(OH), nanostrand coated on track etched membrane. After removal of the

degraded cores from microgels, the membranes are cross-linked with glutaraldehyde and the nanostrands are removed by passing
a 10 mM HCI solution. The prepared membranes are thoroughly characterized using scanning electron microscopy (SEM),
atomic force microscopy (AFM), dynamic light scattering (DLS), and dynamic contact angle for morphology, thermoresponsive,
and hydrophilic properties, respectively. The prepared membranes showed thermoresponsive permeation behavior and
remarkable separation performance for low molecular weight dyes and lysozyme protein. These membranes are also used to
synthesize gold nanoparticles and immobilize lactate dehydrogenase enzyme for catalytic and biocatalytic application. The results
for water permeation, solute rejection, and ability to immobilize gold nanoparticles and enzymes showed its wide range of
applicability. Furthermore, the synthesis of hollow microgel is simple and environmentally friendly, and the membrane
preparation is easy, scalable, and other microgel systems can also be used. These responsive membranes constitute a significant

contribution to advanced separation technology.
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B INTRODUCTION

Microgels are internally cross-linked micrometer or sub
micrometer sized soft responsive particles made of hydrophilic
cross-linked polymers swollen by solvent.! Being soft in nature,
the microgel particles can be both compressed and deformed to
a large degree based on cross-linking density and polymer—
solvent interaction of their constituent polymer network.”* The
degree of swelling of these microgel particles can be controlled
by changing the cross-linking density, the chemical nature of
the monomer, or by the incorporation of suitable comonomer.
The swelling of these microgels can be tuned by external
stimuli such as pH, temperature, ionic strength, etc.* Microgels
composed of environmentally responsive polymers continue to
attract attention due to their potential applications in numerous
fields, includin% drug delivery, chemical separations, sensors,
and catalysis.* "

PNIPAm is perhaps the most widely studied polymer for the
synthesis of microgels due to its unique thermoresponsive and
hydrophilic nature.”'* In aqueous media, PNIPAm exhibits a
lower critical solution temperature (LCST) at about 32 °C."
Below the LCST, PNIPAm is fully soluble in water due to the
formation of hydrogen bonds between water molecules and the
amide side chains. With the increase in solution temperature,
the polymer undergoes a “coil-to-globule” phase transition due
to disruption of these hydrogen bonds, as well as the release of
structured water around the isopropyl groups.'>'* The release
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of bonded water molecules entropically favored hydrophobic
aggregation of the polymer, which leads to globule formation.'*
In the case of microgels, this transition is called a volume phase
transition (VPT), since the dissociated water molecules are
expelled from the microgel interior, thus causing a decrease in
volume above the LCST of the polymer.>® Above properties of
these materials makes them attractive in diversified applications
ranging from coatings, immobilization, cell adhesion, film
formation, self-healing films, etc.>®1

The hydrophilic nature of these microgels makes them
potential antifouling and protein resistant coatings. Nolan et al.
investigated the performance of PNIPAm microgels cross-
linked by short poly(ethylene glycol) (PEG) chains, as protein
adsorption-resistant films.”” The results indicated that glass
surfaces coated with microgels showed reduced protein
adsorption and cell adhesion in vitro (i.e., nonfouling behavior).
Microgel coatings can also be used to immobilize bactericidal
agents such as nanoparticles to fabricate antibacterial surfaces.
Schwartz et al. reported antimicrobial composite materials
incorporating zinc oxide nanoparticles into the biocompatible
PNIPAm hydrogel layers prepared by mixing of PNIPAm
prepolymer with zinc oxide nanoparticles, followed by spin-
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coating and photo cross-linking."” These materials can be used
for thin membrane fabrication due to their strong cross-linking
ability, film formation, and stable thin coating layer on support.
There are regorts available where microgel films were used as
membranes.'® ! Microgel based membranes have the added
advantage of high water content in their structure, thereby
reducing the adsorption of nonspecific protein binding to the
membrane, and thus reducing the effects of fouling. The major
problem with microgel films is the poor mechanical stability,
and for such membranes to be used in filtration devices, they
can be grafted within the pores of porous membranes,”>*?
physically blended with other polymers (e.g, polysacchar-
ides),*** formed in situ by encapsulating a porous membrane
support’®*” or supported on membranes.'®*® In all above
studies, the membranes were made by either modification of
pores or surfaces with microgels. Thus, the membrane
properties largely depended upon the properties of support
membranes. Modification of the membrane support with
microgels increases the effective thickness and thus the total
resistance to permeation. The permeation theory predicts that
the filtration rate is proportional to the pressure difference
across the filtration membrane and inversely proportional to
the thickness of the membrane.”® Thus, ultrathin and stable
separation layers are required for low pressure and high
permeation rate membranes.

Here, we report on a new type of ultrathin filtration
membranes made of cross-linked hollow microgels. The hollow
microgels were obtained by removal of the core from microgels
with core—shell structure. These hollow microgels were suction
filtered on polyethylene terephthalate track etched membranes
over Cd(OH), nanostrands. Removal of sacrificial layer and
cross-linking of the microgels led to the formation of ultrathin
porous membranes. The prepared membranes were well
characterized for their structure, morphology, and physical
properties. These membranes were then tested for water
permeation, dye and protein rejection, gold nanoparticle
synthesis, catalytic behavior, and enzyme immobilization for
biochemical reactions. The results indicate that these types of
membranes can be used for many applications.

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Aldrich unless
otherwise stated. N-isopropylacrylamide (97%, NIPAm) was purified
by recrystallization in n-hexane before use. N,N’-(1,2-dihydroxy-
ethylene)bis(acrylamide) (DHEA), N,N’-methylene bis(acrylamide)
(>99.5%) (BIS), sodium dodecyl sulfate (SDS), cadmium chloride,
and ethanolamine were used as received. The polyethylene
terephthalate track etched microporous membranes (diameter = 47
mm, pore size = 0.3—0.4 um, pore density = 1.5 X 10° pores/cm®)
were obtained from it4ip, Belgium. Deionized (DI) water and water
purified with a Milli-Q system (Millipore) were used in this study.

Synthesis of Core—Shell Microgel. The core and core—shell
microgel particles were synthesized by surfactant assisted free radical
precipitation polymerization under Argon atmosphere. The PNIPAm-
DHEA microgel cores were prepared by the methodology described
elsewhere.*® Briefly, the monomers (NIPAm = 711 mg, DHEA = 140
mg) and surfactant SDS (44 mg) were introduced to deoxygenated
water (100 mL). The mixture was then stirred and bubbled with
Argon at 70 °C for 2 h. The polymerization was initiated with the
addition of initiator ammonium per sulfate (APS) and reaction was
allowed to continue under similar conditions for 4 h. The PNIPAm-
DHEA microgel particles were further used as seed for the synthesis of
core—shell microgel. The seed solution (20 mL) in the presence of
SDS surfactant (20 mg) was degassed. whereas solution of NIPAm
(400 mg), BIS (13.6 mg), and APMA (10 mg) were prepared

separately and degassed with Argon at room temperature and finally
added to the heated seed solution. The initiator APS (34 mg)
dissolved separately was added to initiate the polymerization and
formation of the shell. After completion of the reaction, the solution
was cooled and filtered to remove any aggregate formed. Finally, the
synthesized core—shell microgel particles were dialyzed for a week
using 14 kDa MWCO dialysis tube (Sigma-Aldrich) against daily
change of water to remove unreacted monomers and oligomers.

The core of the core—shell microgels was degraded with sodium
periodate solution. A molar NalO, solution was added in the microgel
solution under stirring and allowed to react for overnight. The amount
of NalO, required was calculated based on the amount of DHEA
present in microgel.

Microgel Characterizations. Dynamic light scattering (DLS)
measurements of the prepared core, core—shell, and microgel with
degraded core was performed under varying temperature to investigate
the particle size and their thermoresponsive characteristics. DLS was
carried out using Zeta sizer Nano 3000HS (Malvern Instruments,
U.K.), equipped with a 633 nm He/Ne laser and a noninvasive back
scatter (NIBS) technology. All samples were thermally equilibrated for
S min and data were acquired by averaging 30 measurements, with a
10 s integrating time for each measurement. Volume phase transition
temperature was determined with respect to temperature (24 to 40
°C).

Microgels morphology in dry state was investigated by scanning
electron microscopy (SEM) and atomic force microscopy (AFM)
characterization. The imaging was performed using a NEON 40 FIB-
SEM workstation (Carl Zeiss AG, Germany) operated at 3 kV, after 3
nm thick sputter coating of platinum. The AFM imaging was
performed by a Dimension 3100 (Nanoscope IV Controller; Veeco/
Digital Instruments, Santa Barbara, CA) scanning force microscope in
the tapping mode. The tip characteristics are as follows: spring
constant 1.5—3.7 N m™/, resonant frequency 45—65 kHg, tip radius
about 10 nm. The dilute microgel suspensions were spin coated on a
silicon wafer and dried with N, gas at room temperature.

Membrane Fabrication. Preparation of Cadmium Hydroxide
Nanostrands. The cadmium hydroxide nanostrand were prepared by
the procedure described elsewhere.*' Briefly, an aqueous solution of 4
mM cadmium nitrate was mixed with an equal volume of 0.3 mM 2-
aminoethanol under vigorous stirring, followed by aging for 30 min.
The nanostrands spontaneously formed in the solution were used
without any further treatment.

Fabrication Process of Ultrathin Microgel Membrane. The hollow
microgel based membranes were fabricated on polyethylene
terephthalate track etched membrane support. The membrane
fabrication was carried out in a suction filtration setup. To avoid the
clogging of track etched pores, 10 mL nanostrands solution was
suction filtered on PET membrane placed on glass filter holder.
Subsequently, a given volume (1 mL, 2 mL, and 3 mL) of core—shell
microgel solution (2 mg/mL) was suction filtered. The microgels were
then cross-linked by filtering 5 wt % aqueous glutaraldehyde solution
for 10 min. To degrade the core, molar solution of sodium periodate
was added to the filtration funnel and left for overnight under low
suction pressure. The suction pressure was applied so that the sodium
periodate solution can penetrate into the film. After degradation of
core, large amount of water was filtered through the film to remove the
degraded core. Finally, 10 mL of 10 mM HCI solution was passed to
remove sacrificial nanostrand layers. Thus, obtained thin microgel film
was used for all practical purposes.

Membrane Characterizations. Surface and cross-section morphol-
ogy of the membranes were investigated by SEM. Hydrophilic
property was characterized in terms of water absorption and contact
angle measurements. For water absorption study, membrane samples
with known dry weight were immersed in deionized water for 6 h at
room temperature and at 45 °C. The wet sample weight was recorded,
and the water absorption capacity was calculated.*

Application of Prepared Ultrathin Microgel Membranes. The
prepared membranes were used for different applications due to their
diverse characteristics. The detail experimental conditions are listed
below.
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Figure 1. Reaction schemes for stepwise synthesis of core (I), core—shell (II), and dissolved core—shell (III) microgels. The schematic pictures show

the different state of microgels.

Water Purification Applications. A dead-end stirred cell filtration
device (Amicon 8010) connected with a nitrogen gas cylinder and
solution reservoir was designed to characterize for pure water flux,
solute rejection, fouling, and flux recovery ability of the membranes.
Measurement of water flux was carried out at different pressures
ranging from 1 to 3 bar. Each membrane was initially pressurized at 4
bar for 15 min; then, the pressure was set to the certain operating
pressure from 1 to 3 bar. The water flux (J,, (L m™h™!)) was defined
as

J, = V/AAt 1)

where V (L) was the volume of permeated water, A (m?*) was the
effective membrane area, and At (h) was the permeation time. The
actual filtration area of our filtration setup is 3.8687 cm? and the
effective filtration area of the membranes were calculated based on the
porosity data obtained by counting of pores in SEM image and
measuring the radius of pore. We calculated 1.5 X 10° pores cm™ and
300 nm radius of PET track etched membranes. Thus, the effective
membrane area was found to be 1.6399 cm? This area value was used
in all flux related calculations.

Dye and Protein Rejection Application. The rejection performance
of developed membranes was assessed for different molecular weight
charged dyes. A 5 mg L™" dye solution (methylene blue, methyl red,
and congo red) was filtered at 3 bar trans-membrane pressure and the
percent rejection was calculated according to the following equation:

G
Rejection (%) = |1 — — [100
Ce

)

where C, and C; are permeate and feed concentrations of dyes,
respectively. Vigorous stirring of the solution (>300 rpm) minimized
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the concentration polarization at the membrane surface. The
experiment was repeated three times and permeates was collected.
The concentration of dye in solution was obtained by recording UV—
vis spectra. Similarly, the rejection of a model protein (lysozyme; 1
mg/mL) was also studied and concentration was recorded with the
help of UV—vis spectra.

Water flux recovery after the filtration of dye and protein solutions
was recorded to assess the antifouling ability of the prepared
membranes. The flux recovery was calculated using the following
equation:

Flux recovery (FR, %) = L100

Jo 3)

where ], is the pure water flux of sample membrane before fouling and
J, is the pure water flux after fouling. The higher value of FR is an
indicator of the better antifouling property of the membranes.
Catalytic Application. Gold nanoparticles were synthesized inside
the shell of hollow microgels for catalytic applications according to the
procedure published elsewhere.®® In brief, 1 mL of 6.5 mM aqueous
solution of HAuCl, was mixed with 2.5 mL of 1 mg/mL microgel
dispersion at pH 6. The HAuCl, in the mixture was reduced by 10 mL
of 88 mM NaBH, to yield a ruby-red dispersion. The gold
nanoparticles/microgel complex was purified by a centrifugation-
redispersion process three times to remove unreacted substances.
Similarly, the gold nanoparticles were also synthesized in the
membrane. After the formation of a thin hollow microgel layer
desired amount of HAuCl, solution was slowly filtered through the
film to allow the uptake of gold inside the microgels. Aqueous NaBH,
solution was then passed to form the gold nanoparticle. The reduction
of p-nitrophenol was carried out in UV cuvette in the presence of gold
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nanoparticles loaded microgels. The reaction mixture was made by
mixing of 0.1 mL of 2 mM p-nitrophenol with 1 mL of 0.03 M NaBH,
solution and 1.9-x mL of water (where x is the volume of aqueous
MG-GNP solution; 25, 50, 75, and 100 L) in a 3 mL standard quartz
cuvette (path length 1 cm). To this reaction mixture, different amount
of gold nanoparticle loaded microgels (diluted to 0.025 mg/mL from
initial 1 mg/mL core—shell microgel) was added. The reduction was
monitored by UV—vis spectroscopy (Specord 40, Jena, Germany) after
every 60 s. The conversion was also studied in stirred cell under 3 bar
applied pressure in the presence of NaBH, with relatively high
concentration of p-nitrophenol. The feed solution (1.7 mL of water/
0.3 mL of 2 mM solution of p-nitrophenol/1 mL of 0.03 M NaBH,)
was fed into the Millipore stirred cell with gold nanoparticle-microgel
membrane and reduction was monitored under different applied
pressure to control the permeate flux. Permeate was collected at
different fluxes (or applied pressure) to allow the different residence
time of reactants in the membrane. The decay in absorbance for p-
nitrophenol was recorded by UV—vis absorbance spectroscopy. To
evaluate the long-term stability and reusability of the membrane, the
catalytic reduction was also performed for 10 consecutive cycles with
proper washing after each cycle.

Biocatalytic Application. Responsive microgels are believed to be a
good enzyme immobilizing substrate. In the present study, we
investigated the covalent immobilization of lactate dehydrogenase
enzyme (LDH) and its biocatlytic efficiency and reusability. A
relatively thin membrane than MG-3 with 0.5 mg/mL microgel
solution was fabricated for enzyme immobilization study. After
microgel film formation and cross-linking with glutaraldehyde, LDH
solution (0.5 mg/mL) was poured on to the surface of membrane and
allowed for the covalent attachment with free aldehyde groups. After a
certain time interval, the solution was filtered and the surface was
washed to remove uncross linked LDH from the membrane. The
immobilization of enzyme was calculated by recording the
concentrations of LDH in permeate and wash using the following
equation:

E . bilizati ( / 2) Ef - Ew

nzyme immobilization (pg/cm n 4)

where E; and E,, are the amount of LDH in feed and in wash,
respectively. A is the area of membrane used for immobilization.

The conversion of pyruvate to lactate was indirectly monitored by
recording the disappearance of NADH absorbance peak at 340 nm in
spectrophotometer. In this case, the rate of the enzymatic reaction
converting pyruvate into lactate will be equal to the rate of conversion
of NADH into NAD". The reaction assay was composed of 1 mM
pyruvate and 1 mM NADH in 100 mM TrisCl buffer pH (pH 8). The
reusability test was performed on the same membrane for three
consecutive cycles of operation.

B RESULTS AND DISCUSSION

Soft hollow microgel based nanostructured membranes with
easy and straightforward fabrication strategy were prepared
over track etched support. First, the hollow microgel particles
were synthesized by removing degradable core from core—shell
microgels. The hollow microgels were suction filtered and
cross-linked with glutaraldehyde to obtain a thin layer upon
PET track etched membrane. The prepared membranes were
used for water filtration, rejection of dye and proteins, in situ
gold nanoparticle synthesis for chemical catalysis, and enzyme
immobilization for biocatalytic applications.

Microgel Synthesis. The core—shell microgels were
prepared by two stage free radical precipitation polymerization
and the scheme for the reaction is presented in Figure 1. In the
first step, degradable PNIPAm core was synthesized using
N,N’-(1,2-dihydroxyethylene)bis(acrylamide) (DHEA) as a
cross-linker. In the second step, the shell was synthesized
using PNIPAm-DHEA microgel as the seed and polymerization

were carried in the presence of cross-linker bis-acrylamide and
functional comonomer APMA. The APMA was used in the
shell synthesis to include free amine groups for covalent cross-
linking with glutaraldehyde and further particle immobilization.
After the formation of core—shell structure, the degradation of
the core was performed using NalO, and the photographs of
core—shell and core dissolved microgel solutions are given in
Figure S1 (Supporting Information). The core dissolved
microgel suspension showed a more clear solution than the
core—shell microgel. The DHEA monomer contains a vicinal
diol functionality, which can be easily cleaved by the
stoichiometric amount of NalO,. The clear solution after
NalO, addition and washing under centrifugation showed that,
1,2-glycol bond was successfully cleaved, which resulted in the
formation of smaller polymer segments. These polymer
segments were removed by proper washing by centrifugation-
redispersion process.

PNIPAm exhibits a reversible phase transition from a
solvated random coil to a desolvated globular state at around
32 °C, this is due to the disruption of hydrogen bonds and the
dominance of hydrophobic part of PNIPAm at high temper-
ature, causing entropically favored removal of water.”'* The
microgels possess a volume phase transition (VPT) from a
swollen state to a collapsed state at or near this temperature.
Furthermore, this transition temperature is also affected by the
presence of functional comonomer in the structure.***> The
change in hydrodynamic diameter of the core, core—shell, and
core dissolved microgel particles with respect to temperature
was studied by DLS. From Figure S2 (Supporting Informa-
tion), it was observed that the synthesized microgels exhibit
phase transition at around 32 °C, which is near to the LCST of
PNIPAm. The size of core, core—shell, and core dissolved
microgels in water at 24 °C was found to be 431, 586, and 765
nm, while at 40 °C, the size reduced to 148, 365, and 327 nm,
respectively. Below the LCST of PNIPAm, the hydrodynamic
diameter of the core dissolved microgels was found to be
higher, whereas above the LCST, the size was smaller
compared to the core—shell microgel. The macromolecules
(PNIPAm) and their concentration play crucial role in
hydration of gel and diffusion of water molecule during the
phase transition.'* In the microgels with dissolved core the
reduced number of PNIPAm chains allows more hydration of
shell compared to the core—shell microgels. In addition to this,
during the synthesis of core—shell particles, interpenetrating
network is formed at the interface of the core and the shell, and
thus, the core has a significant effect on the swelling behavior of
the shell. Following the dissolution of the core, the shell is freed
from the constraint of dense core, leading to a higher intrinsic
swelling capacity of hollow microgel compare to that of core—
shell microgel. Due to this, microgels with dissolved core also
possess sharper phase transition and smaller swelling volume at
high temperatures than the core—shell particles. This result
indicates that the number of cross-linking sites was reduced in
core dissolved sample, which allows the microgel shell to swell
and shrink to a greater extent.>® The morphology of core—shell
and core dissolved microgels deposited on silicon wafer was
observed with the help of SEM and AFM imaging. The images
are depicted in Figure S3 (Supporting Information). Both SEM
and AFM images clearly revealed that the microgels were of
nearly uniform size and their morphology was retained after
core degradation. The core degradation and their removal are
clearly visible in the AFM image. The size of the hollow
microgels in the AFM image was larger than in the SEM image.
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Figure 2. Fabrication process of ultrathin cross-linked hollow microgel membrane.

Figure 3. Scanning electron microscopy images of different membranes: (A) PET; (B) Cd(OH), nanostrand coated PET; (C) microgel film on
PET; (D) cross-section of microgel deposited PET (the inset image is showing high resolution of microgel layer); (E) microgel deposited PET
before nanostrand removal; and (F) microgel deposited PET after nanostrand removal.

This can be explained due to the presence of water in samples
used for AFM imaging, whereas for SEM imaging, the samples
were completely dry. The AFM images also indicate that the
size of the core dissolved microgel particles size was larger than
the size of core—shell microgel particles. This can be attributed
to the loss of inter cross-linked nature between core and shell as
well as due to the high water absorption. Similar trends were
also obtained in DLS characterizations.

Membrane Fabrication and Characterization. Packing
of soft deformable microgel colloids by external compression
transforms a suspension of loose microgel particles into an
arrested state with properties similar to that of a macroscopic

gel® In this study also, the loose hollow microgel suspension
was transformed into ultrathin cross-linked film under suction
filtration condition. The stepwise membrane fabrication process
is given in Figure 2. The membranes were prepared by a simple
suction filtration process on Cd(OH), nanostrand covered
PET track etched membranes. The sacrificial nanostrand layer
prevents the intrusion of microgels into the pores of track
etched membranes. After suction filtration of microgel
solutions, cross-linking was carried out by slowly passing the
glutaraldehyde solution. Amino groups of APMA moieties
allow the covalent cross-linking of microgel particles together.
After cross-linking of microgels, NalO, solution was poured on

dx.doi.org/10.1021/am504120c | ACS Appl. Mater. Interfaces 2014, 6, 17702—17712
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membranes fitted into the suction filtration assembly under low
suction pressure. After certain time interval, the NalO, solution
was filtered out and membranes were washed with copious
amount of water until constant water permeation was reached
for a given volume of water. The membrane fabrication strategy
is simple and straightforward which can be easily scaled up
depending upon the porous support, suction filtration
assembly, as well as the direct control over thickness by
varying the volume and concentration of microgel solution.

Morphology of the thin microgel film was characterized by
SEM microscopy, and the images are presented in Figure 3.
The porous structure of the PET membrane and finely covered
pores are clearly visible in Figure 3(A and B). The image also
indicates that the nanostrand layer was quite thin and uniformly
covered the PET membrane. Figure 3(C and D) shows the
surface and cross-section images of microgel layers deposited
on sacrificial nanostrand layer. The smoothly deposited thin
layer of microgels reflects the formation of homogeneous and
uniform membrane. After cross-linking, degradation, and
removal of nanostrand layer, the microgel thin film was slightly
dented and curved grooves were formed. However, this
deformation was less observed in thicker films. Also, the
pores of PET membrane were intact and no clogging was
observed in the cross-section image. The cross-section images
(Figure 3D and high resolution inset image) clearly indicate
that the pores of the PET membrane were intact and no
blockage was observed. Also, the effective thickness of
deposited and cross-linked microgel layer was ~450 nm,
which indicate that the microgel film constitute an ultrathin
membrane over PET support. Moreover, no cracks, holes, and
deformations were observed on the membrane surface.

The hydrophilic properties of microgel membranes were
characterized by recording the water absorption behavior and
dynamic contact angle values on surfaces. The components of
microgel (PNIPAm and APMA) are hydrophilic in nature and
tend to absorb large amounts of water at room temperature.
Upon immersing the membranes in water, the PNIPAm chains
are expected to swell at temperatures below its coil—globule
transition temperature. However, the glutaraldehyde cross-
linking of APMA block could dampen the extent of water
absorption. At the temperature beyond transition temperature,
the PNIPAm chains are expected to become hydrophobic due
to conformational collapse and reduce the absorption of water.
The water uptake for the membranes at room temperature
(RT) and 45 °C are given in Table S1 (Supporting
Information). The water content at RT was found to increase
with the microgel content in the membrane. At 45 °C, the
water absorption was quite low as compared to RT, and also,
very small changes were observed with increasing amount of
microgel in the membrane. The contact angle values recorded
at RT, for all membranes, are also included in Table S1. The
data reveal that the membranes were hydrophilic in nature and
a decrease in contact angles was observed with increasing
thickness of the membrane. This phenomenon can be explained
due to the availability of a high number of polar and hydrophilic
groups on the surface and fast absorption of water. The solid—
liquid interaction free energy resulting from interactions
between the solid surface and the applied water molecules
was derived from contact angle values and is depicted in Table
S1. Kinetic effects taking place on the wetted surfaces, such as
swelling and the reorganization of polymer chains increase the
work of adhesion.

Water Flux and Thermoresponsive Behavior. Microgel
membranes were subjected to water permeation studies and
thermoresponsive behavior to assess their water filtration
performance. The data are presented in Figure 4(A and B).
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Figure 4. (A) Water flux and (B) thermoresponsive behavior of
microgel based cross-linked ultrathin membranes.

The prepared membranes were ultrathin, hydrophilic, and
temperature responsive in nature, which facilitates the high
water transport under low pressure due to less resistance. The
water permeation of membranes was inversely proportional to
the thickness of microgel layer. The porosity of the microgel
layer on PET membrane was estimated by using Hagen—
Poiseuille equation:
2

87Z'VP

= A
I, 8udt b ()

where J,, is the volume flux (L m™ s™'), € is the surface
porosity, 7, is the average pore radius (m), y is the viscosity (Pa
s), & is the thickness (m), 7 is the tortuosity, and Ap is the
pressure drop across the membrane (Pa).*® The pore size ()
of microgel membranes was calculated, presuming the
hexagonal packing of the corresponding microgels using the
relationship 7, = 0.07735 X D, where D is the diameter of
microgel particles obtained by SEM imaging of microgel
particles. The average pore radius of microgel membranes was
calculated as 6.2 nm. Based on water flux of microgel
membranes, we estimated the surface porosity of the membrane
to be in the range 5.1, 4.5, and 3.4% at 20 °C and 8.05, 7.5, and
6.7% at 45 °C for MG-1, MG-2, and MG-3 membranes,
respectively. The surface porosity should be no larger than the
one obtained from the water content of the hydrated
membrane.>” The surface porosity from water absorption (at
RT) was estimated to be 22, 40, and 44% for MG-1, -2, and -3
respectively. The high porosity by water absorption can be
described due to the hydrophilic nature of the microgels and
association of water molecules with PNIPAm and other
constituents. Thus, most of the water molecules were
associated with the transition and swelling of PNIPAm chains.
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The thermoresponsive nature of the membranes was
evaluated by recording the water flux at different temperatures
ranging from 20 to 45 °C. A gradual increase in flux was
observed at lower temperatures, but a jump can be seen above
32 °C in Figure 4 B. It is clear that the water flux through the
temperature-sensitive membrane depends little on the temper-
ature when the temperature is lower than 30 °C. However,
when the temperature was higher than 32 °C, the LCST of
PNIPAm, water flux increases significantly with the rise of
temperature. The pure water flux was increased by a factor of
1.5—2 at 45 °C as compared to 20 °C for all membranes. The
collapse of PNIPAm chains and shrinking of microgel particle
size (as observed in DLS study) led to the enlargement of voids
in microgel packing. This enlargement of voids reduces the
resistance for water flow and thus a higher flux was observed at
temperatures above 32 °C. To examine reversibility, the
repeatability of thermoresponsive “open-close” gating valve of
microgel membranes (MG-3) was investigated and the results
are shown in Figure S4 (Supporting Information). The water
flux was measured at 20 and 45 °C alternatively for repeated
five cycles. Almost similar values were obtained for each
consecutive cycle which shows good stability and tenability of
microgel membrane. Overall, the membrane showed good
thermo-response repeatability and can be well regarded as
membrane with thermo-switching gates.

Application of Microgel Based Membranes in Differ-
ent Processes. Dye Rejection Performance. The rejection of
low molecular weight organic compounds is one of the
promising applications of membranes that can be used in many
industrial processes and water purification applications. We
used the prepared microgel membranes to study the rejection
behavior of three selected small molecular weight dyes (the
characteristics are given in Table S2, Supporting Information),
namely, methylene blue, methyl red, and congo red through
MG-3 membrane. The concentration of dye species in feed,
permeate, and retentate are estimated with UV—vis spectros-
copy and the respective spectra are presented in Figures SS, S6,
and S7 (Supporting Information). The rejection and membrane
performance data are presented in Figure 5.
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804 { 800 f
E \i — E
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o8 —e— Dye solution flux =
& 604 Leoo =
—u— Flux recovery
40 l ! ;
T T T 400
Methyl red Methylene blue Congo red
Dye solution

Figure S. Dye rejection performance with MG-3 microgel membrane.

We estimated the solution flux, rejection efficiency, and flux
recovery after thorough cleaning of the membrane. Methyl red
and methylene blue rejection was almost similar, and about
46% rejection was observed, while more than 90% rejection was
observed in case of congo red. This rejection behavior can be
explained by the combined effect of molecular weight, volume,
charge nature of dyes, and pore size of the membranes. The low

rejection for methyl red and methylene blue was due to the
small size and volume of both dye molecules. Almost complete
rejection of congo red through MG-3 membrane showed that
the cutoff value was below the molecular weight of congo red.
The negatively charged nature of the congo red may also play
an important role in a high rejection due to donnan exclusion.
Congo red also associates and form colloids in water, which led
to high rejection during filtration.®® The flux during dye
filtration was also considerably reduced due to adsorption of
dye molecules on the membrane surface leading to the
reduction in pore size. The maximum reduction in flux was
observed during congo red filtration. Congo red adsorption was
visually observed on the membrane surface, which can be
explained due to the charged nature of congo red. Congo red is
an anionic dye and can associate with the PNIPAm moiety of
microgel. After dye filtration, membrane was thoroughly
washed to remove the adsorbed dye species and water flux
was rerecorded. The recovery data are presented in Figure 5
and indicate that about 92, 88, and 74% flux recovery was
observed for methyl red, methylene blue, and congo red,
respectively. These data indicate that microgel based ultrathin
nanostructured membranes can be good candidates for dye
removal, separation, and water purification applications.

Protein Separation Performance. The protein rejection
performance was studied using lysozyme as a model protein.
The lysozyme separation performance data for MG-3
membrane is given in Figure S8 (Supporting Information).
The narrow pore size distribution in thin microgel films leads to
the almost complete rejection of lysozyme protein with higher
fluxes. About 99% rejection and ~695 L m™ h™' flux was
observed for MG-3 membrane at 3 bar pressure. After lysozyme
filtration, 72% flux recovery was achieved by thorough cleaning
of the membrane. A lysozyme molecule in solution has an
almost ellipsoidal shape with dimensions of 2.8 X 3.2 X 3.0 nm
and a volume of 2.7 X 107 cm>** A large amount of water is
also associated with each lysozyme molecule due to hydrogen
bonding. PNIPAm surfaces are reported for their protein
resistive nature due to the presence of large amounts of water
molecules in the vicinity of the hydrophilic part below LCST.*
Thus, the water molecules on lysozyme and PNIPAm make a
resistive layer that hinders the penetration of lysozyme in
microgel membranes and their passage through it. The high
rejection with good flux and recovery makes these membranes
attractive for separation and isolation of proteins and
biomolecules.

Synthesis and Immobilization of Gold Nanoparticles for
Catalytic Applications. We explored the strategy to grow gold
nanoparticles (GNP) into the synthesized microgels because
we believed that these microgels, might serve as host to
template the growth of gold nanoparticles. The presence of the
large number of nitrogen containing groups (amide and amino)
in the synthesized microgel enables the complexation of
[AuCl,]” ions and subsequently the formation of GNP by in
situ reduction with NaBH,. Also, the core dissolved microgel
may be advantageous in terms of diffusion of [AuCl,]” ions
into the prepared microgel system. It is reported that in
PNIPAm based microgels, the gold nanoparticles formation
occur preferentially on the surface due to the disruption of the
large number of inter chain hydrogen bonds during the
diffusion process.*" In the present study, the diffusion of ions in
hollow microgel may be comparatively easier due to the greater
swelling and less cross-linked nature. The synthetic approach of
gold nanoparticles in free microgel solution is presented in
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Figure S9 (Supporting Information). A similar approach was
followed for GNPs synthesis in microgel thin membranes.
However, the diffusion of HAuCl, was carried out under mild
applied pressure in the filtration assembly. The diffusion and
retention of [AuCl,]” ions in PNIPAm-APMA shell is caused
by complexation of [AuCl,]” ions with nitrogen atoms of
PNIPAm, APMA, and BIS. The reduction in both free
microgels and in the membrane was done with NaBH,,
which could be seen by the darkening color of microgel
suspension and the membrane (Figure S10, Supporting
Information). The UV absorption spectra of GNP-microgel
complex and centrifuged supernatant (Figure S11, Supporting
Information) revealed that a small red shift was observed for
the gold nanoparticles—microgel (GNP-MG) complex. This
red shift can be due to the chemical interactions between GNP
and microgel and due to plasmon effect. The supernatant gold
nanoparticles showed absorption maxima at 532 while for
GNP-MG complex, the maximum was observed at 540 nm.
Thus, the nanoparticles in microgels were larger than in the
supernatant. Since similar conditions were used to synthesize
the gold nanoparticle in the membrane, we assume similar
characteristics for gold nanoparticles in the membrane. The
morphology of GNP loaded microgels was also characterized
by AFM, and the images are presented in Figure S12
(Supporting Information). The images clearly indicate that
Au particles were formed on the microgel particles. The
microgel particles were covered with small GNPs, and the
hollow core was not visible. This may indicate that a large
number of GNPs was embedded in microgel particles.

Both, the GNP-MG complex and the membrane were
subjected to catalytic reduction of p-nitrophenol into p-
aminophenol in the presence of NaBH, The reduction
reaction with different amounts of GNP-MG complex was
performed and monitored in UV cuvette at regular interval.
The representative time dependent UV—vis spectra are
presented in Figure S13 (Supporting Information). The rapid
decrease of the absorption peak at 400 nm and an increase at
around 300 nm, showed the conversion of p-nitrophenol to p-
aminophenol, respectively. The data in Figure S13 indicate that
the reaction terminates within a time frame of 5—10 min
depending upon the amount of GNP-MG. The degree of
conversion can be directly read off these spectra, since c, the
concentration of p-nitrophenol at time ¢, can be calculated
based on absorbance at 400 nm, and the ratio of ¢, to its value
at t = 0 can be directly given by the relative intensity of the
respective absorbances A,/A,.** The high excess of NaBH,
ensures that its concentration remains essentially constant
during the reaction. Thus, the catalytic rate constant (K) for the
reaction can be evaluated by considering pseudo first order
kinetics with respect to p-nitrophenol concentration.*** The
rate constant of the reduction reaction was calculated from the
slope of the linear region of natural logarithmic of absorbance
data at 400 nm. The data are presented in Figure 6. Rate
constants (K) were found to be 0.29 X 107> s™%, 0.56 X 107>
s}, and 0.97 X 1072 s7! and 1.18 X 1072 s for reactions with
25, 50, 75, and 100 L. MG-GNP solutions, respectively. The
rate constants are proportional to the amount of GNP-microgel
solution taken for the reduction reaction. The high rate
constant with high catalytic dose can be explained due to
increased number of reaction sites. PNIPAm has been widely
used to construct thermo responsive support for immobiliza-
tion of different catalytic nanoparticles such as Pt, Pd, Ag, Au,
etc.**™* 1t is reported that these catalytic systems exhibit
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Figure 6. Change in absorbance (A) and their logarithmic plot (B) of
the decrease of absorption at 400 nm with time for p-nitrophenol
reduction reaction with different GNP—microgel concentration.

normal Arrhenius-like behavior and the rate constant increases
with temperature.*’ In this study, the presence of PNIPAm and
APMA provides both thermo responsive behavior and free
amine group for coordination with gold ions/nanoparticles.
Thus, a similar behavior can be postulated for the present
catalytic system. Also, the hollow nature of the microgels
provides additional benefits to accommodate more nano-
particles and diffusion of reactants due to greater swelling.

We also studied the catalytic performance of GNP—microgel
composite membrane in stirred cell reactor under different
applied pressure or flux condition. The data presented in Figure
7(A-D), indicate that the reduction of p-nitrophenol in the
membrane reactor largely depends upon the residence time.
Low reduction was observed at high filtration pressure (3 bar)
or flux condition, whereas almost 100% conversion can be seen
at low pressure (1 bar). The photograph of the membrane
reactor setup and reaction is depicted in Figure S14
(Supporting Information). The data in Figure 7C also indicate
a linear relation between conversion of p-nitrophenol to
aminophenol and flux value. Almost 100% conversion at
sufficient high fluxes indicates that the prepared membrane can
be used for such chemical conversion reactions. We also studied
the long-term stability and performance of GNP-microgel
composite membrane by performing the catalytic conversion
for 10 continuous cycles. After each cycle, the membrane was
properly cleaned with water. The data presented in Figure 7D
indicates that the activity of prepared membrane was almost
unchanged. This indicates that the prepared membrane can be
used for long-term application without compromising the
catalytic performance. A possible application of these
membranes can be in azo dye reduction/degradation for
water treatment applications.

Immobilization of Enzyme for Biocatalytic Applications.
Microgels are believed to be suitable support material for
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Figure 7. Catalytic performance of gold nanoparticle—microgel
composite membrane: (A) UV absorbance of permeate under different
applied pressure; (B) flux vs pressure of composite membrane; (C) %
conversion of p-nitrophenol to aminophenol at different pressure/flux,
and (D) % conversion of p-nitrophenol to aminophenol at 400 L m™>
h™! for consecutive 10 cycles.

immobilization and anchoring of biomolecules for various
biochemical processes due to the flexibility in tuning the
structure and charge properties.*””® Since the present
membrane was formed with an ultrathin layer of microgel, we
studied the immobilization of lactate dehydrogenase (LDH)
enzyme and its use to catalyze pyruvate to lactate reaction.
LDH was covalently cross-linked on the microgel membrane
surface via glutaraldehyde, and 101.8 yg cm™ immobilization
was calculated. The enzyme immobilization conditions are
given in Table S3 (Supporting Information). The immobiliza-
tion of LDH was quite firm and stable under continuous
repeated washing. The UV absorbance spectra of original and
repeated wash solution are depicted in Figure S15 (Supporting
Information). In the third wash cycle, almost no LDH was
observed in the permeate, which confirmed that the bonding
was stable. The membrane showed a flux loss after the
immobilization of LDH on the membrane, which is within
expected lines (Figure S16, Supporting Information). The
conversion rate was determined by monitoring the NADH
concentration in permeate. The high value of conversion rate
reflects that the time required to travel through the membrane
was sufficient for the reaction to happen. This conversion rate
also indicates that the enzyme molecules maintained their
activity after the immobilization on the membrane surface. The
reaction of pyruvate to lactate formation is given below in
Scheme 1.

The linear rate of conversion of NADH showed the stable
and active nature of immobilized enzyme on the membrane
surface. Figure 8 revealed that more than 65% conversion was
observed in the first 1 h of reaction. Also, the membrane

Scheme 1. Reaction Scheme of Pyruvate to Lactate
Conversion
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Figure 8. Conversion of NADH into NAD" showing the formation of
lactate from pyruvate in catalytic membrane reactor under flow
through condition with time: (A) UV—vis spectra of permeate at
different time interval, and (B) percent conversion of NADH.

retained its catalytic activity after the first cycle and no
prominent change was observed for three consecutive cycles of
operation. The above observations confirmed that the prepared
ultrathin microgel based membranes can be used to immobilize
biomolecules for biochemical conversions and reactions.

B CONCLUSIONS

We report the use of microgel-based soft, thin films to
construct ultrathin responsive membranes in an easy and
straightforward way for separation, and catalytic applications.
The microgels were synthesized in core—shell manner, and the
core was removed by selective degradation of its constituent.
These hollow microgels were transformed into an ultrathin film
by suction filtration and cross-linking over Cd(OH), nano-
strand sacrificial layer. The prepared membranes were
characterized for structure, morphology, hydrophilic property,
and membrane performance. The prepared membranes were
tested for water purification, dye rejection, protein separation,
and gold nanoparticle and enzyme immobilization for catalytic
application. High water flux and rejection of small molecular
weight dyes with thermoresponsive character indicates that
these ultrathin membranes can be used for water purification
applications. High rejection of protein and flux recovery
showed their separation and antifouling abilities for biosepara-
tion and isolations. The in situ synthesis and stability of gold
nanoparticles in membranes as well as in free microgels lead to
the formation of catalytically active membranes, which can be
used in many chemical transformation processes. The covalent
immobilization and the retained activity of lactate dehydrogen-
ase indicate its suitability for biochemical processes. Thus, the
prepared microgel membrane performed very well in all these
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applications and the idea can be extrapolated to other soft
matter and microgels as well. The possibility to immobilize
metal nanoparticles, biocatalysts, etc. indicates the applicability
in a wide range of applications.
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