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*S Supporting Information

ABSTRACT: Differently shaped polymeric matrices were
efficiently coated with stimuli-responsive hydrogels for a wide
range of applications using a new methodology. By combining
plasma surface activation and polymerization in supercritical
media at mild conditions, we report the direct smart coating of
microcarriers and membranes in gram-scale quantities with a
scalable, green, and low-cost approach.

The ability to prepare “smart” coatings by surface-grafting
polymeric hydrogels is playing an increasingly important

part in a diverse range of applications, such as drug delivery,1

diagnostics,2 and tissue engineering,3 as well as biosensors4 or
microelectromechanical systems.5 There is a need for absolute
control over the hydrogel layer morphology covering a range of
devices, including those with large area sizes, nonplanar
geometries, and porous or nonporous surfaces.6 Herein, we
describe the use of a new green methodology based on the
combination of plasma surface activation and supercritical
carbon dioxide (scCO2) assisted polymerization to prepare
“smart” switchable polymeric microparticles and membranes.
By using this new approach, we show that an effective stimuli
responsive coating of polymeric matrices can be achieved at
mild conditions without using hazardous organic solvents,
stabilizers or radical initiators. The developed procedure
consists in two main steps: (i) the formation of radicals along
the surface of a material by plasma treatment (e.g., argon
plasma treatment) followed by (ii) graft-polymerization of a
stimuli sensitive polymer in supercritical carbon dioxide
(scCO2). Following this procedure, we prepared differently
shaped temperature-responsive devices: (i) active microcarriers
and (ii) hydrogel composite membranes.
Microcarriers are used to expand anchorage dependent cells

in large-scale suspension bioreactors. A common procedure to
detach cultured cells uses proteolytic enzyme treatment, for
example, trypsin or collagenase; harvesting cells from the
carriers is difficult, inevitably damages extracellular proteins,
and can even alter the structure and function of cell surface. To
overcome these drawbacks, coating microcarriers with a
thermoresponsive polymer has been suggested as a suitable
alternative method.7 The strong polymer conformational

changes induced by a decrease of temperature can be used
for cell harvesting without enzymatic or mechanical treatment.
The most studied thermoresponsive polymer is poly(N-
isopropylacrylamide) (PNIPAAm) characterized by the so-
called lower critical solution temperature (LCST). Around 31−
32 °C the microgel undergoes a volume phase transition from a
swollen to a collapsed state in aqueous solution. At temper-
atures above the LCST, intramolecular H-bonding between
amide groups and increasing hydrophobic interactions among
isopropyl groups prevails, leading to a compact conformation of
PNIPAAm.8−10 These structural changes may be used to free
the cell from their carrier for subsequent collection and/or
replating.11 Cytopore 2 (CYT2) and cytodex 3 (CYT3) are
examples of frequently used microbead systems to expand
anchorage-dependent cells in culture;12 hence the effort to
improve coating strategies that allow the regulation of its
hydrophilic/hydrophobic behavior by small temperature
changes is fully justified.
Stimuli-responsive membranes that combine a rigid porous

membrane with a responsive hydrogel layer are of great interest
for mass separation, sensing and analytics, (bio)catalysis,
biomedical engineering, and microsystem technologies.2,13,14

Many of these applications require hydrogels as thin layers at
surfaces. The interplay of the membrane pore structure, its
composition, and the structural diversity of the hydrogels can
lead to different advanced composite membranes. One surface-
selective approach successfully employed for membrane surface
functionalization with hydrogels consists of the “grafting from”
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technique.15 This heterogeneous technique is a surface-initiated
polymerization process whereby polymer chains grow from
initiator sites on the membrane surface by monomer addition
from the solution method. One simple way to introduce the
initiator sites onto the membrane outer surface is to irradiate
the membrane with argon plasma to form initiator radicals. In
conventional “grafting from” techniques the polymerization is
then carried out from these initiator sites by immersing the
treated membranes in monomer solutions. At the end, several
washes with organic solvents are performed to eliminate all of
the possible vestiges of monomer retained in activated
materials. The separation performance of the resulting
membrane is clearly controlled by the hydrogel and the way
it is incorporated into the base membrane. One example is the
different resulting performance of PNIPAAm and poly(N,N′-
diethylacrylamide) (PDEAAm) coatings on polysulfone-based
membranes when using scCO2 technology to perform the in
situ polymerization. The hydrogel coating layers were able to
minimize membranes fouling behavior, but the resulting
performances of both coatings in protein separation processes
were differently dependent on the base membrane blend
composition.16,17 While PNIPAAm coatings on polysulfone
(PS) and polyacrylonitrile (PAN) blended matrices (repre-
sented as PS/PAN membranes hereafter) do not endow a
temperature-responsive behavior to the membrane surface,
PDEAAm coatings on the same membranes were revealed to
confer temperature-dependent permeabilities and showed
selective permeation of proteins with different sizes. In this
previous work the hydrogel synthesis was induced by a radical
initiator, and the polymeric hydrogel network was physically
adsorbed onto the membrane surface with poor control of the
uniformity and thickness of the hydrogel coating layer. Herein
we developed a PS/PAN blended membrane grafted with
PDEAAm using for the first time a nonwet green methodology
by combining plasma surface activation and supercritical fluid
technology. The surface activation by plasma treatment induces
the formation of active sites (radicals) from which DEAAm
polymerization can initiate and uniformly cover the membrane
surface with a continuously synthetic hydrogel layer. The
resulting thermoresponsive membrane is obtained pure, sterile,
and ready-to-use without further purification steps.
Following the suggested new strategy, controlled hydrogel

coating layers can be designed on top of polymeric devices of
any geometry as demonstrated as a proof of concept for
microcarriers CYT2 and CYT3 and for PS/PAN blended
membranes. The in situ polymerization of NIPAAm over CYT2
and CYT3 and of DEAAm within the PS/PAN membrane
pores was performed by loading the native samples activated by
Ar plasma treatment into the high-pressure cell with weighted
monomers in the bottom of the cell. For easier manipulation of
samples during plasma activation and scCO2 polymerization
steps, CYT2 and CYT3 were processed to form films with
tailored size and shape by compression molding (Figure S1A, in
the Supporting Information). The polymerization followed the
normal general procedures as described in detail in our previous
works, but with the following modifications: (i) the hydrogel
was synthesized at 37 °C and 20 MPa to ensure high scCO2
density, and as surface materials were previously activated by
plasma treatment no radical thermal initiation was needed; (ii)
all of the equipment was manipulated in a fume-board with
controlled inert atmosphere to minimize side reactions with
oxygen and the formation of peroxides, while the activated
devices are transferred from the plasma chamber to the high-

pressure cell (Supporting Information, Figure S1). PNIPAAm
and PDEAAm were synthesized without a cross-linker to
maximize its temperature responsiveness.9 At the end of the
reactions, the resulting thermoresponsive devices were slowly
washed with fresh high-pressure CO2 to clean the remaining
residues of unreacted monomer and render the materials with
high purity. The PS/PAN membranes were prepared using the
scCO2 induced phase inversion method following the
procedure described in detail by Temtem et al.17

Scanning electron microscopy (SEM) revealed the formation
of PNIPAAm coatings completely covering the microcarriers
(Figure 1A−D) as well as the top surface of PS/PAN

membrane samples with a PDEAAm film (Figure 1E,F). We
investigated the microstructure of CYT2, CYT3, and PS/PAN
membrane samples before and after the coating procedure
using the novel methodology to coat the surfaces with two
different hydrogels PNIPAAm that is a more compliant
hydrogel and PDEAAm that is a stiffer one.16

The microcarriers were coated with PNIPAAm as no toxic
effect over fibroblast cell cultures was observed, and this
hydrogel can be manipulated in agreement with the mechanical
behavior of a target tissue to promote a physiological
sustainable interaction between the material and surrounding
cells.10 PDEAAm was the selected hydrogel to confer
temperature responsiveness to PS/PAN blended membranes
as it was previously demonstrated that PNIPAAm coatings on
PS/PAN matrices does not endow a temperature-responsive
behavior to the membrane surface due to the more favorable
interaction between PNIPAAm chains and PS/PAN membrane
surface which hampers the PNIPAAm chains stretching
conformations and the hydrogen-bond interactions of the

Figure 1. Scanning electron micrographs of the microcarriers and the
membrane before and after the hydrogel coating: (A) native CYT2;
(B) PNIPAAm-coated CYT2; (C) native CYT3; (D) PNIPAAm-
coated CYT3; (E) native PS/PAN membrane with a magnified region
showing the micropores on the membrane top surface; (F) coated PS/
PAN membrane showing a dense PDEAAm layer obstructing the
pores on the top surface.
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amide groups.16 The PNIPAAm covering CYT2 and CYT3
appears as a thin and dense layer over the irregular structure of
CYT2 and over the spherical ball of CYT3. Finally, the PS/
PAN coated membrane presents a compact PDEAAm layer
partially obstructing the pores on the top surface (Figure 2F).

The thickness of membranes was estimated from full cross
section SEM micrographs. The membrane thickness increased
from 1.13 ± 0.02 mm (native membrane) to 1.17 ± 0.02 mm
for coated membranes. The extent of surface coating was also
evaluated through swelling measurements at 25 and 37 °C
(below and above the LCST of PNIPAAm and PDEAAm).
Optical micrographs of the CYT2 and CYT3 dispersed in 10
mM phosphate buffer solutions are shown in Figure 2A−D for
25 and 37 °C, revealing a slight decrease in average size
diameter with increasing temperature (further experimental
details in Supporting Information). The swelling experiments
also demonstrate that the coated membrane change reversibly
its water uptake capacity, 50 to 20%, when the environmental
temperature is altered from 25 to 37 °C, while the native
membrane presents a constant swelling degree (Figure 2E).
Recognizing the importance of screening hydrophilicity

behavior as a function of temperature, we measured water
contact angles on PS/PAN membranes and on films made from
coated and native CYT2 and CYT3. Water contact angles for
coated CYT3 clearly revealed the change from an hydrophilic
surface with a contact angle of 43° at 25 °C to an hydrophobic
surface with a contact angle of 104° at 37 °C. As CYT2
presents a superporous structure, it was not possible to measure
the contact angles using the drop shape method. The native
membrane showed a rather constant water contact angle

around 80°, while the PDEAAm coated membrane changed the
water contact angle from 41° to 74° by increasing the
temperature from 25 to 37 °C. These temperature-dependent
contact angle values ensure the efficiency of the methodology
followed on grafting PDEAAm onto the membrane surface.
Next, we employed X-ray photoelectron spectroscopy (XPS)

to examine the elemental compositions of the outer surfaces of
CYT2, CYT3, and PS/PAN membrane samples before and
after coating with PNIPAAm and PDEAAm, respectively
(Figure 3). XPS was previously used to show that PS/PAN

membrane could be successfully coated with PNIPAAm and
PDEAAm by scCO2-assisted polymerization using azobisisobu-
tyronitrile (AIBN) as the inititiator,16 but in this study we have
proven that the grafting-from using scCO2 media after matrix
Ar plasma treatment can lead to the formation of a continuous
coverage of the surface with the in situ synthesized polymer. C
1s, O 1s, and N 1s regions were studied for all of the samples,
and the S 2p region study stands only for the membrane. The
global atomic % is gathered in Figure 3H. The ratio N/S is a
good parameter to assess the effectiveness of the coating, as
only the membrane contains sulfur, while nitrogen is present in
both the membrane and the coating. In fact, the N/S atomic
ratio increases from 5.9 to 8 which means that the signal of S 2p
photoelectrons was attenuated after coating.
A large increase of oxygen was also observed for PS/PAN

coated membranes, and this fact may be due to some CO2

occlusion inside the coating itself. Already in the uncoated
membrane, an amount of oxygen larger than expected was
found (experimentally, O/S∼10 whereas O/S = 4 was
stoichiometrically expected) which may have the same cause.
The presence of water, as a possible cause for the excess of
oxygen, was discarded since the O 1s region does not present

Figure 2. Optical micrographs for hydrated PNIPAAm-coated CYT2
at 25 °C (A) and 37 °C (B) and for coated CYT3 at 25 °C (C) and at
37 °C (D), in phosphate buffer solution at pH 7.4. The small
dimensional change of microcarrier average diameter is due to the
collapse of the thin PNIPAAm outer layer upon temperature increase.
(E) Reversible swelling behavior of PS/PAN membrane at 25 and 37
°C: (□) coated with PDEAAm and (■) native.

Figure 3. Chemical compositions of different materials: (A) CYT2;
(B) CYT3; (C) polymers blended in the membrane; (D) PNIPAAm;
and (E) PDEAAm. XPS spectrum of native and coated microcarriers:
carbon (C 1s) peak for CYT2 (F) and CYT3 (G). (H) Elemental
surface composition of native and coated CYT2, CYT3, and PS/PAN
membranes.
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any components for BE > 533.5 eV. Quantitative data also
attests that the coating of the microcarriers was achieved since:
(i) CYT2 sample, under the native form, has a large content of
oxygen (C/O = 1.2 for cellulose) except in the extreme surface
where a branched chain containing six carbons and an ionized
nitrogen is grafted. Since PNIPAAm has atomic ratios of C/O
= C/N = 6 and a large proportion of aliphatic carbon (sp3

carbons bound to C and/or H) is typically found at a binding
energy of 285 eV, both the atomic ratio C/O and the relative
magnitude of the aliphatic peak in the C 1s region are expected
to increase upon the successful coating with PNIPAAm, as
confirmed by data shown in Figure 3H. Also the relative
amount of nitrogen, specially in the nonionized form (N from
PNIPAAm) should increase since the PNIPAAm puts one
additional N for each additional six carbons but covers the
ionized nitrogens of the external layer. Values from XPS
analysis confirm both hypotheses; (ii) CYT3, in its native form,
besides the polysaccharide in the nucleus, exhibits a shell
composed of a complex mixture of amino-acids having a large
relative amount of nitrogen (with C/N ≪ 6), much larger than
in CYT2, whereas the relative amount of oxygen is a bit smaller
than for CYT2 since the outer shell is certainly thick enough to
attenuate the contribution of the polysaccharide. Here the
coating with PNIPAAm is also attested by the relative amount
of aliphatic carbon (Figure 3G), an increase of atomic C/O
(more modest than in CYT2), and contrarily to the CYT2 case,
a decrease of the relative amount of nitrogen. This is due to the
fact that the atomic ratio C/N is larger in PNIPAAm than in
collagen. The intriguing value is the ratio N+/N which increases
with the coating. Since in this sample the ionized nitrogen must
originate from zwitterionic forms of the aminoacids (like
glycine, for instance), it may happen that the bead activation by
the plasma and/or the interaction with the PNIPAAm favors
the zwitterionic formation. No further XPS data exploration is
possible, namely, angular studies, given the large surface
roughness which avoids any quantitative estimation of coating
thickness and/or substrate coverage degree.
Finally, to evaluate the thermoresponsive efficacy of the

grafted-PDEAAm coating on controlling permeability and
interactions with biomolecules, we permeated pure water and
buffered solutions of bovine serum albumin (BSA), a model
protein, at different temperatures. As expected, the water
permeability of these membranes showed temperature
sensitivity, showing a 2-fold increase when temperature
changed from 25 to 37 °C, but the permeability for the
unmodified membranes did not significantly change (data in
Figure 4A).
For the standard filtration assays, coated PS/PAN membrane

was equilibrated by eluting 10 mL of phosphate buffer solution
(PBS); then feed BSA solution (3 mg mL−1) was filtrated at pH
7.4 (loading step), and finally a last PBS wash was performed,
to recover the BSA retained (washing step). The different BSA
filtration profiles, obtained at 25 and 37 °C, are plotted in
Figure 4B. At 37 °C higher BSA permeation occurs (90%) than
at 25 °C (43%) due to the more hydrophobic character of
PDEAAm chains at 37 °C. At 25 °C, the membrane surface is
more hydrophilic; the expanded PDEAAm chains block the
pores and consequently hinder the permeation. It is clear that
the washing step efficiently eluted out the adsorbed BSA from
the grafted membrane as no irreversible fouling was observed.
This thermodynamically driven hydrophilic−hydrophobic
behavior of PDEAAm coating near the LCST (∼33 °C) can

be explored to generate one-step bioseparation processes based
on a cyclical operation of heating and cooling.
We have demonstrated an effective nonwet grafting polymer-

ization route for forming polymeric coatings on porous and
nonporous materials with different shapes. Moreover the
process could be applied for coating surfaces made from
synthetic and natural polymers. We envisage that a change in
the conditions, during the plasma treatment and the polymer-
ization reactions in supercritical media, will easily improve the
performance of the coating procedure. Also, further studies are
required to assess the dependence of polymeric coating
thickness and graft density with the chemistry of the base
matrices and the monomer equilibrium solubility in scCO2.
Depending on the stimuli-sensitive polymer nature, different
coverage morphological characteristics can be obtained in terms
of the coat thickness and uniformity. It can be anticipated that
this green and straightforward coating process can be extended
for different base materials as well as diverse polymeric coatings
and will find many applications in areas such as stimuli-sensitive
microfluidic devices, programmed drug delivery platforms,
regenerative medicine, and biotechnology.
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Figure 4. (A) Porosity and the Young modulus of native and coated
dry PS/PAN membranes, which are similar. The water permeability
coefficient of the PDEAAm-coated membrane doubled at 37 °C
compared to that of 25 °C. (B) BSA permeation profiles through
PDEAAm coated PS/PAN membrane at 37 °C (■) and 25 °C (□).
An inset scheme shows the PDEAAm-grafted temperature-responsive
behavior: at 25 °C, PDEAAm brushes are extended and create a
hydrophilic physical barrier preventing the BSA permeation; contrarily,
at 37 °C, PDEAAm brushes switch to a collapsed structure, and the
membrane pores enlarge, facilitating protein permeation.
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