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Abstract: The formation of supported lipid bilayers (SLBs) on hydrogels can act as a biocompatible
anti-fouling interface. However, generating continuous and mobile SLBs on materials other than
conventional glass or mica remains a significant challenge. The interaction between lipid membrane
vesicles and a typical hydrogel is usually insufficient to induce membrane vesicle rupture and form
a planar lipid membrane. In this study, we demonstrate that the water absorption ability of a
dried polyacrylamide (PAAm) hydrogel could serve as a driving force to facilitate the formation of
the hydrogel-SLBs. The absorption driving force vanishes after the hydrogels are fully hydrated,
leaving no extra interaction hindering lipid lateral mobility in the formed SLBs. Our fluorescence
recovery after photobleaching (FRAP) results show that SLBs only form on hydrogels with adequate
absorption abilities. Moreover, we discovered that exposure to oxygen during drying could lead
to the formation of an oxidized crust on the PAAm hydrogel surface, impeding SLB formation.
Therefore, minimizing oxygen exposure during drying is crucial to achieving high-quality hydrogel
surfaces for SLB formation. This water absorption method enables the straightforward fabrication
of hydrogel-SLBs without the need for additional substrates or charges, thereby expanding their
potential applications.

Keywords: supported lipid bilayers (SLBs); hydrogel; lipid vesicle deposition

1. Introduction

Supported lipid bilayers (SLBs) are a popular cell membrane-mimicking model which
could be applied in coatings or used as interfaces to investigate membrane-related phe-
nomena [1]. Given that some of the head groups of lipid bilayers are hydrophilic and
zwitterionic, and could strongly bind water molecules to form a hydration layer [2], the
SLBs possess excellent anti-fouling properties. The property can drastically decrease the
nonspecific adsorption of biomolecules and the adhesion of cells and bacteria to the surface.
Therefore, the lipid bilayer has been used as a coating for anti-fouling applications in
protein-rich environments, such as in coatings of microgels for drug delivery [3], coatings
to improve the problem of fouling [4,5] and clogging [6] in microchannels, and coatings to
reduce nonspecific adsorption in immunoassays [7,8].

The antifouling characteristic made SLBs vital in a variety of applications. Most stud-
ies still construct SLBs on conventional solid materials like fused silica, borosilicate glass,
and mica [9,10]. However, the mechanical properties of solid materials make bending
difficult, limiting the possibility of bio-applications. In comparison, hydrogels could be sat-
isfying soft substrates for SLBs. Their biocompatibility has been shown in commercialized
products, including contact lenses, tissue engineering scaffolds, and wound dressings [11].
The tunable mechanical strength of hydrogels also makes it easier to adjust for various
applications [12].

However, it is still difficult to deposit lipid vesicles to form SLBs on substrates other
than mica and glass. Previous studies have employed techniques such as atomic force
microscopy (AFM) [13,14] and quartz crystal microbalance (QCM) [15,16] to demonstrate
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that SLB formation via vesicle fusion involves the adsorption of vesicles on the substrate,
followed by their deformation and rupture. Upon rupture, the lipid vesicles can fuse and
reorganize, resulting in the formation of a continuous SLB on the substrate [17-19]. Crucial
to this process is a sufficient attractive force between the vesicles and the substrate, which
induces vesicle deformation [20-22]. Such deformation leads to the occurrence of some high
curvature regions in the lipid membrane, significantly increasing the likelihood of vesicle
rupture [23,24]. To date, few methods have been reported to construct SLBs on hydrogels,
likely due to the weak interaction between the hydrogels and lipid membrane vesicles.

There have been several attempts to build SLBs on soft materials such as polymers
or hydrogels. Some studies have increased the electrostatic attraction between the lipid
membrane and soft substrates to induce vesicle rupture [25-27]. Although the electrostatic
attraction could facilitate the rupture of lipid vesicles, nevertheless, it also hinders the
lateral mobility of lipids after SLB formation, which could restrict further applications. The
other studies applied thin, soft material cushions on glass and used the attraction from
glass to induce the SLB formation [28]. However, the thickness of the soft material cushion
is limited because lipid vesicles rely on the attraction of glass to deform and rupture and
cannot be far away from the glass substrate.

Herein, we propose that the water absorption ability of hydrogels could act as an
additional and temporary driving force to induce the formation of SLBs on the hydrogels.
The water absorption ability of a dried gel could compress and rupture lipid vesicles to
form SLBs during swelling. The absorption driving force would vanish after the hydrogels
are fully hydrated, leaving no additional attraction to hinder the lateral mobility of the
SLBs. In addition, since the driving force does not come from the glass support below the
hydrogel, the hydrogel thickness is not limited as long as the hydrogel can provide sufficient
absorption ability. In this study, we used polyacrylamide (PAAm) hydrogel to conduct
our experiment because of its ease of fabrication, electroneutrality, and biocompatibility.
To verify the proposed mechanism, we deposited lipid vesicles on PAAm hydrogels with
various absorption abilities and used fluorescence recovery after photobleaching (FRAP) to
examine the integrity of the formed SLBs.

2. Results and Discussion
2.1. Adjusting Water Absorption Ability to Induce Vesicle Rupture

Figure 1a illustrates our hypothesis that the water absorption ability of a dried hydro-
gel could be used as a driving force to induce SLB formation. After the addition of lipid
vesicles to a dried hydrogel, the water absorption could first induce a solution flow to drive
the vesicles to the hydrogel surface. If the water absorption ability is strong enough, the
vesicles on the hydrogel surface could be compressed. With sufficient compression, the
edges with high curvature could become rupture sites for the vesicle to rupture, and the SLB
will then form. On the other hand, if the water absorption ability is insufficient to compress
vesicles, the vesicles would be washed away or remain adsorbed on the hydrogel surface.

To verify our proposed hypothesis, we first prepared PAAm hydrogels with various
thicknesses and initial water contents (IWCs) to adjust the hydrogel water absorption ability.
Figure 1b shows the absorption amount profiles of PAAm hydrogels with thicknesses of
235 & 7 um, 120 £ 1 pm, and 60 & 3 um. The absorption reached equilibrium about 30 min
after hydrogels were soaked in our buffer solution. The equilibrium buffer uptake levels
of 235 um, 120 um, and 60 um PAAm hydrogels were 109 + 3 mg/cm?, 60 + 3 mg/cm?,
and 28 + 2 mg/cm?, respectively. The water absorption ability of a hydrogel refers to the
absorption flux (absorption amount per unit area per unit time) and can be obtained from
the slopes of the absorption profiles in Figure 1b. The slopes in Figure 1b indicate that the
fluxes of the hydrogel, with three varying thicknesses, were similar during the initial stages.
However, the thinner hydrogel reached the saturation state more rapidly, resulting in a
swift decline in flux.
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Figure 1. (a) A schematic illustration of the proposed situation when lipid vesicles are added to
hydrogels with strong and weak absorption abilities during the swelling process. When lipid vesicles
are added to a hydrogel with strong absorption ability, they are brought down onto the hydrogel
surface, compressed, and ruptured to form SLBs. On the other hand, when lipid vesicles are added to
a hydrogel with weak absorption ability, they cannot rupture to form SLBs. (b) Buffer absorption
profiles of PAAm hydrogels with different thicknesses (235 um in orange, 120 um in yellow, and
60 um in violet). The values were obtained by averaging three sets of data.

2.2. Formation of SLBs on Polyacrylamide Hydrogel with Various Absorption Abilities

To prove that sufficient absorption ability is required to induce the SLB formation,
we deposited lipid vesicles on PAAm hydrogels with various absorption abilities. We
used the fluorescence recovery after photobleaching (FRAP) method to examine whether
an SLB formed. To achieve this, a small fraction of a fluorescent lipid probe, Texas-Red
DHPE, was incorporated into the lipid membrane vesicles. If the vesicles ruptured to form
a continuous SLB, the fluorescently labeled lipids could move laterally and freely within
the planar membrane. During the FRAP experiment, a laser was used to selectively bleach
a region of the fluorescent probes in the SLB. As a result, the probes in neighboring regions
could diffuse and exchange with the bleached probes laterally, leading to the recovery of
fluorescence intensity in the bleached region over time. By analyzing the fluorescence-
intensity-recovery profiles over time, we can obtain the diffusivities and mobile fractions of
the formed SLBs. The magnitude of diffusivities reflects the state of the lipid membrane,
and a mobile fraction close to one indicates the presence of a continuous membrane with
minimal defects or holes.

Figure 2 shows the fluorescence recovery results of the samples after lipid membrane
vesicles were added to the dried hydrogels with various absorption abilities. We prepared



Gels 2023, 9, 751

40f12

hydrogels with thicknesses of 235 um and 120 pum, along with varying levels of IWC (0%,
12.5%, and 25%). The corresponding absorption abilities are experimentally measured and
listed in Table 1. We found that the fluorescence intensities in the bleached spots successfully
recovered on the 235 um hydrogel, with 0% IWC, and on the 235 um hydrogel with 12.5%
IWC (Figure 2a). The measured diffusivities (4.1 £ 0.6 um? /s and 4.0 & 0.3 um?/s) were
comparable to those measured in SLBs on glass [29,30], and the mobile fractions were
close to one, suggesting the formation of continuous SLBs on the hydrogels. On the other
hand, the bleached spots were not recovered on the 235 um hydrogel with 25% IWC.
The observed fluorescence intensity of the sample may be attributed to the presence of
unruptured vesicles adsorbed on the surface. Since the fluorescence probes in one vesicle
could not easily exchange with those in the other vesicles, the fluorescence of bleached
vesicles was unable to recover. This result suggests that the absorption ability of the 235 um
hydrogel with 25% IWC (24 mg/cm?-min) was already too weak for the vesicles to rupture
to form continuous SLBs.

Table 1. Absorption ability of PAAm hydrogels with different thicknesses and initial water contents
(IWCs). The duration refers to the time the absorption flux decays to 24 mg/cm?-min. The values
were obtained by averaging three sets of data.

Thickness (um) IWC (-) 0% 12.5% 25%
initial flux
235 (mg/cmz-min) 58+ 6 41+ 3 24 +5
duration (min) 0.72 £0.15 0.44 +0.14 0.01 +0.19
initial flux
120 (mg/ cm?-min) 43+ 2 36 +1 30+1
duration (min) 0.66 £+ 0.05 0.47 £+ 0.05 0.24 4+ 0.06
initial flux
60 (mg/ cm?-min) 44 +1 39+1 34+1
duration (min) 0.45 £+ 0.01 0.36 &+ 0.01 0.27 +0.01

Figure 2b,c shows the fluorescence images and FRAP results of the 120 um and 60 pm
thick hydrogels after lipid vesicle deposition. The FRAP results indicate that SLBs also
formed on the 120 um hydrogel with 0% IWC, but not on the 60 pum hydrogel with 0% IWC.
Although the initial flux of the 60 pm hydrogel with 0% IWC (44 mg/cm?-min) was similar
to that of the 120 pm (43 mg/cm?-min) hydrogels, the flux dropped quickly with time and
probably could not sustain sufficient fluxes long enough for the vesicles to rupture. This
phenomenon is consistent with previous studies, indicating that it takes some time for the
vesicles to rupture and reorganize, leading to the formation of SLBs [20,22,31]. In addition,
since the 120 um hydrogel with 12.5% IWC (36 mg/cm?-min), the 60 um hydrogel with
12.5% IWC (39 mg/cm?-min), and the 60 um hydrogel with 25% IWC (34 mg/cm?-min)
had even smaller fluxes than the 60 pm hydrogel with 0% IWC (44 mg/cm?-min), it is
reasonable that there was also no fluorescence recovery on these hydrogel surfaces.

To further quantify the flux decay, we defined a duration based on the time taken
for the flux to decrease to the initial flux of the 235 pm hydrogel with 25% IWC
(24 mg/cm?-min). Table 1 shows that the absorption durations are shorter in the thin-
ner hydrogels, explaining why no continuous SLB formed on the 60 pm PAAm with 0%
IWC. Without sufficient absorption time, even with an adequate initial absorption flux, the
SLB cannot form.
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Figure 2. Fluorescence images and FRAP recovery profiles of lipid vesicle deposition on PAAm
hydrogels with three different thicknesses: (a) 235 um, (b) 120 um, and (c) 60 pm, respectively.
Diffusivity (D) and mobile fraction (MF) provide integrity information about the deposited lipid
membranes. The values were obtained by averaging five sets of data. The scale bar was 50 um for the
large images and 25 pum for the smaller images with the recovery profiles.

2.3. Exposure to Oxygen during Shrinkage Hinders SLB Formation on the Hydrogel Surface

We found that the handling of the drying process in PAAm hydrogel fabrication affects
the outcome of lipid vesicle deposition on PAAm hydrogels. After the polymerization
process (a free radical chain reaction) of PAAm hydrogel was finished, it had to be dried
before lipid vesicle deposition to provide sufficient absorption ability. The FRAP results
in Figure 3a show that SLBs can form on a vacuum-dried PAAm hydrogel surface, but
not on an evaporation-dried PAAm hydrogel surface with exposure to the air during the
drying. We also found that a vacuum-dried hydrogel surface exhibits a higher degree
of hydrophilicity in comparison to an evaporation-dried hydrogel surface (Figure S1).
Moreover, SLBs could still form on the inner surface cut of an evaporation-dried hydrogel
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(Figure S2). We therefore hypothesized that some reactions associated with oxygen exposure
might occur at the surface of the hydrogel.
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Figure 3. (a) Fluorescence images and FRAP recovery profiles of lipid vesicle deposition on the 235 um
PAAm hydrogels fabricated with vacuum-dried and evaporation-dried processes, respectively. The
diffusivities and mobile fractions were obtained by averaging three sets of data. (b) Raman spectra of
the evaporation-dried and vacuum-dried hydrogels. The Raman spectra of vacuum-dried PAAm are
labeled in black, while the Raman spectra of evaporation-dried PAAm are labeled in orange. The
shaded regions indicate the peaks exclusively observed in the evaporation-dried PAAm hydrogel.
(c) A schematic illustration of the oxidized layer formation. The shrinkage of PAAm hydrogel during
drying could cause mechanical stress to induce radical formation (black dots). An oxidized layer
could occur at the PAAm hydrogel surface, where the radicals can be exposed to oxygen.

We employed Raman spectroscopy to investigate potential alterations in composition
resulting from reactions associated with exposure to oxygen on the surface of evaporation-
dried hydrogels. It is postulated that alkyl radicals present in PAAm may engage in
reactions with oxygen, leading to the formation of peroxy radicals [32,33]. These peroxy
radicals, in turn, have the capacity to abstract hydrogen atoms from alkyl chains or react
with alkyl radicals, resulting in the generation of R-O-O-H and R-O-O-R (dialkyl peroxide)
species [34]. Considering the relatively weak bond energy of O-O, it is plausible for
this bond to be disrupted by light under normal conditions, thereby yielding alkoxy
radicals [35,36]. Alkoxy radicals can subsequently participate in reactions with alkyl or
peroxy radicals, culminating in the formation of ether bonds [32,34,37]. We examined
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whether Raman peaks associated with these oxidized products appeared in the Raman
spectrum of evaporation-dried hydrogels.

In Figure 3b, the Raman spectra of both vacuum-dried and evaporation-dried PAAm
hydrogels are presented. The spectra are similar and both spectra exhibit similarities to
those documented in the literature [38—40]. Given our hypothesis, that oxidation primarily
occurs at the surface, it was anticipated that the peaks corresponding to the oxidized
products might exhibit relatively low intensity. We magnified the spectra and discerned
the presence of several peaks in the evaporation-dried hydrogels, which were absent in
the PAAm spectra previously reported in the literature. The shaded regions in Figure 3b
highlight five distinct peaks at 1185 cm !, 1516 cm !, 2713 cm ™1, 2778 cm !, and 2804 cm !
observed in the evaporation-dried hydrogels. These peaks could be attributed to the bonds
in ethers (deformation of C-H in CH3—O at 1185 cm ™!, deformation of CH, at 1516 cm ™!,
and stretching of CH3-O at 2713 cm~1, 2778 em ™1, and 2804 cm 1), and cannot be found
in pure PAAm [41-45]. The emergence of these additional peaks provides compelling
evidence in support of the occurrence of surface oxidation.

We washed the hydrogels after the polymerization step to remove residue initiators,
and it remains unclear what can reinitiate the potential oxidation reaction or the formation
of alkyl radicals in the PAAm matrix during the subsequent drying process. Previous
studies have suggested that mechanical stress can induce the homolytic cleavage of the
polymer C-C backbones, generating alkyl radicals at the scission ends [32,46,47]. During
the drying process, PAAm hydrogels undergo shrinkage, which can be considered a form
of mechanical stress. When newly formed alkyl radicals come into contact with oxygen,
the reaction mentioned above can occur, leading to the formation of an oxidized surface
layer with ether groups.

2.4. Severe Expansion in the Horizontal Plane of the Evaporation-Dried Hydrogel Produces a
Crack Structure

In our standard procedure, we applied weight on top of the hydrogel during the drying
process. This ensured minimal changes in the horizontal dimensions of the hydrogel and
prevented the excessive expansion of the hydrogel’s lateral area during water absorption,
which could potentially lead to the disruption of the formed SLB above the hydrogel.

To further demonstrate that the oxidation process we discussed earlier only occurs at
the surface of the hydrogel, we prepared an evaporation-dried PAAm hydrogel without
placing any weight on top during the drying process. The resulting lateral area of the
hydrogel decreased to 49% of its original size after drying and expanded to 172% of the
dried hydrogel’s dimensions upon full hydration (Figure S3). As discussed in the previous
subsection, the shrinkage process of the evaporation-dried hydrogel could lead to the
formation of an oxidized layer. It is important to note that this oxidized layer may have a
smaller swelling extent compared to the inner part of the hydrogel. Consequently, cracks
can develop on the surface layer during the hydration process, potentially exposing parts
of the inner hydrogel. The exposure of lipid vesicles to different surfaces can give rise to
varied deposition patterns, as depicted in Figure 4a.

The fluorescence image in Figure 4b reveals a crack-like structure after the deposition
of lipid vesicles. Figure 4c displays the FRAP results obtained from lipid membranes on the
crust surface and the inner part of the hydrogel. The fluorescence recovery was observed
on the surface of the inner part of the hydrogel, while no recovery was observed on the
crust surface. This outcome supports the previously mentioned mechanism of oxidized
crust formation, indicating that the oxidized outer layer is relatively thin compared to the
overall thickness, rendering it unsuitable for SLB formation.
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(2)

lipid vesicle crust of hydrogel

I SLB

% inner part of hydrogel

Figure 4. (a) A schematic illustration of the swelling process of the hydrogel surface with severe
expansion in the horizontal plane. When the hydrogel starts to swell, the crust splits, and the inner
part of the hydrogel becomes exposed to the lipid vesicle solution. The lipid vesicles ruptured to
form SLBs on the inner part of the hydrogel, but not on the crust. The red arrows indicate that the
different swelling extents of the oxidized surface layer and the inner part of hydrogel may cause the
crack of the surface layer. (b) Fluorescence image of lipid vesicle deposition on a 235 pm thick PAAm
hydrogel fabricated using the evaporation-dried process without applying any weight during the
drying stage. FRAP recovery profiles of lipid vesicle deposition on the (c) crust and (d) inner part,
respectively. The FRAP images in (c,d) were obtained from locations marked by blue and pink boxes,
respectively, in (b). The dots at the center of each box indicate the positions where the lasers were
applied during the experiment.

3. Conclusions

Our findings demonstrate that SLBs can form on PAAm hydrogels with a sufficient
water absorption capacity. This suggests that the ability of the hydrogel to absorb water
can serve as a driving force for inducing SLB formation. When it comes to fabricating
dried hydrogels, we discovered that it is crucial to maintain an oxygen-deprived envi-
ronment during the drying process to prevent oxidation. Our Raman spectra analysis
suggests that the exposure of PAAm hydrogel to oxygen in the air during shrinkage may
trigger an oxidation reaction, resulting in the formation of an oxidized surface crust. This
crust could impede SLB formation, as evidenced by the FRAP results. Some previous
studies have increased electrostatic attraction between lipid vesicles and soft substrates
for hydrogel-SLB formation. However, this attraction limits lipid mobility after the SLB
formation. Other studies used thin hydrogel cushions on silica substrates, but thickness
is limited due to the reliance on glass attraction for vesicle deformation and rupture. In
this study, the absorption-driven force diminishes once the hydrogel is fully hydrated,
thereby eliminating any additional factors that could hinder the lateral mobility of the SLBs.
The hydrogel-SLB interaction is independent of the underlying solid support, allowing
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for greater flexibility in hydrogel thickness. This water absorption method enables the
straightforward fabrication of hydrogel-SLBs without additional solid supports or charges,
expanding their potential applications.

4. Materials and Methods
4.1. Materials

The 30% acrylamide/bis-acrylamide (with an acrylamide/bis-acrylamide ratio of
37.5:1) was purchased from Bio-Rad (Hercules, CA, USA). Ammonium persulfate, N,N,N "
N’-tetramethyl ethylenediamine (TEMED), tris(hydroxymethyl)aminomethane hydrochlo-
ride (Tris-Cl), and potassium chloride (KCl) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti
(Alabaster, AL, USA). 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylam-
monium salt (Texas-Red DHPE) was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). All chemicals were of analytical grade and used without further purification.

4.2. Preparation of Dried PAAm Hydrogels

The solution consisted of 30% acrylamide (with an acrylamide/bis-acrylamide ratio of
37.5:1), 0.01% w/v ammonium persulfate, and 0.075% v/v TEMED which was prepared and
mixed in a polystyrene conical centrifuge tube. For each experiment, a specified amount
of the prepared solution was added onto a clean glass coverslip (2.4 x 3.0 cm?) according
to the quantities outlined in Table 2. The added solution was allowed to spread across
the entire coverslip, while being confined to the coverslip region due to surface tension.
Subsequently, a second clean glass coverslip was gently placed on the spread solution,
effectively creating a sandwich structure. The various amounts of solution mentioned in
Table 1 could have uniform confinement in the gap between the two coverslips, resulting
in the preparation of PAAm hydrogels with three different thicknesses. The wet hydrogel
thicknesses were later measured, and the results are also provided in Table 2. To prepare
vacuum-dried hydrogels, the wet gels were pressed with iron weights (1.1 x 10* Pa) and
subjected to a vacuum environment for 2.5 h. For the evaporation-dried PAAm hydrogels,
the wet gels were also pressed with iron weights (1.1 x 10* Pa) but were instead left exposed
to the atmosphere for 96 h.

Table 2. Volumes of the used solution and the corresponding hydrogel thicknesses.

Solution volume (mL) 0.135 0.270 0.540
Thickness (um) 60+ 3 120+ 1 235+ 7

PAAm hydrogels with different initial water contents (IWCs) were made by adding
different weights of buffer solution to the fully dried hydrogels. The dried hydrogels
were considered to be fully dried if the weight loss after an additional 30 min of vacuum
treatment was less than 2% w/w. The IWC is calculated by the ratio of the added buffer
weight to the buffer absorption weight at the saturation state.

IWC = x 100%

Wsat

where
W: weight of the added solution per unit area (mg/ cm?);
Wit weight of the absorbed solution at the saturation state per unit area (mg/ cm?).

4.3. Calculation of the Absorption Flux of Dried Hydrogels

The calculation of the absorption flux and duration of dried hydrogels was carried out
using the following process. The values of absorption flux were first calculated using three-
point differential formulas with absorption amount data points. To reduce fluctuations, the
flux values were then fitted using an exponential function with least square regression. The
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exponential functions of absorption flux were then used to calculate fluxes and durations
of dried hydrogels.

4.4. Formation of Supported Lipid Membranes on PAAm

Briefly, 99.5 mol% DOPC and 0.5 mol% Texas-Red DHPE, mixed in chloroform, were
subjected to vacuum treatment to eliminate the solvent. Subsequently, the vial containing
the dried lipid film was reconstituted in Tris buffer (10 mM Tris-Cl, 150 mM KCI, pH 7.6) to
achieve a concentration of 2 mg/mL. Large unilamellar vesicles (LUVs) were generated
using the extrusion method, passing the lipid suspension through a 50 nm polycarbonate
filter 21 times. The dried PAAm hydrogel pieces, as described in Section 4.2, were soaked
in 0.5 mL of the LUV suspension for 30 min. Subsequently, 10 mL of Tris buffer was added
to the container containing the soaked hydrogel pieces, effectively replacing any remaining
LUV solution with the buffer.

4.5. Fluorescence Microscopy and FRAP

Fluorescence and bright-field images were captured using an inverted microscope,
IX83, from Olympus (Tokyo, Japan), equipped with a CCD camera, ORCA-R2, from Hama-
matsu (Shizuoka, Japan), and an illumination system, pE-300, from CoolLED (Andover,
UK) connected to the microscope. A DPSS laser diode module with a wavelength of 532 nm
from Unice (Taoyuan, Taiwan) was used to bleach Texas-Red DHPE fluorescence dye.
Images were processed using ImageJ by National Institutes of Health (NIH). The FRAP
images were analyzed with MATLAB R2020a software by MathWorks (Natick, MA, USA)
using an algorithm we developed previously [48].

4.6. Raman Measurement

The hydrogel samples were measured using an inVia™ confocal Raman microscope
from Renishaw (Gloucestershire, UK) with a 633 nm helium-neon laser. The laser power
was controlled at 7.1 mW, and each measurement was conducted with three accumulations.
Raman spectra were evaluated using WiRE 5.0 software by Renishaw (Gloucestershire, UK).
All spectra were filtered using a Savitzky—Golay polynomial with an order of three and
frame length of 31, background subtracted with a polynomial with an order of five, and
normalized via total scanning areas from 100 cm ™! to 3600 cm ™!, followed by smoothing
using a moving mean with a window of 17.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/gels9090751/s1, Figure S1: Sessile drop measurement
to show the hydrophilicity of the vacuum-dried and evaporation-dried PAAm hydrogel surfaces;
Figure S2: Formation of SLBs on the dry-cut face of evaporation-dried PAAm hydrogels; Figure S3:
Impact of weight application during the drying process on the hydrogel shrinkage ratio.

Author Contributions: Conceptualization, L.-].H., Z.-X.L. and L.C.; methodology, C.-L.C., L.-]. H.
and Z.-X.L.; formal analysis and investigation, C.-L.C., W.-C.W. and L.C.; data curation, C.-L.C. and
W.-C.W.; writing—original draft preparation, C.-L.C., L.-].H., Z.-X.L. and L.C.; writing—review and
editing, L.C.; supervision, L.C.; funding acquisition, L.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Science and Technology Council (NSTC), Taiwan,
grant number NSTC 112-2636-E-002-011 and the National Taiwan University (NTU), Taiwan, grant
number 1121.894804.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.


https://www.mdpi.com/article/10.3390/gels9090751/s1

Gels 2023, 9, 751 11 of 12

Acknowledgments: The authors gratefully acknowledge financial support for this work from the
grant NSTC 112-2636-E-002-011 from the National Science and Technology Council (NSTC), Taiwan,
and the grant 1121.894804 from the National Taiwan University (NTU), Taiwan. The authors acknowl-
edge Yi-Kuan Meng from the Department of Chemical Engineering at NTU for his support with
Raman measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Richter, R.P,; Bérat, R.; Brisson, A.R. Formation of Solid-Supported Lipid Bilayers: An Integrated View. Langmuir 2006, 22,
3497-3505. [CrossRef] [PubMed]

2. Chen, S.; Zheng, J.; Li, L.; Jiang, S. Strong Resistance of Phosphorylcholine Self-Assembled Monolayers to Protein Adsorption:
Insights into Nonfouling Properties of Zwitterionic Materials. J. Am. Chem. Soc. 2005, 127, 14473-14478. [CrossRef] [PubMed]

3.  Kiser, PF,; Wilson, G.; Needham, D. Lipid-coated microgels for the triggered release of doxorubicin. J. Control. Release 2000, 68,
9-22. [CrossRef] [PubMed]

4. Mukhopadhyay, R. When Microfluidic Devices Go Bad. Anal. Chem. 2005, 77, 429A—432A. [CrossRef]

5. Belling, ].N.; Heidenreich, L.K,; Park, ] H.; Kawakami, L.M.; Takahashi, J.; Frost, LM.; Gong, Y.; Young, T.D.; Jackman, J.A.; Jonas,
S.J.; et al. Lipid-Bicelle-Coated Microfluidics for Intracellular Delivery with Reduced Fouling. ACS Appl. Mater. Interfaces 2020, 12,
45744-45752. [CrossRef]

6.  Dressaire, E.; Sauret, A. Clogging of microfluidic systems. Soft Matter 2017, 13, 37—48. [CrossRef]

7. Yang, T;Jung, S.-Y.; Mao, H.; Cremer, P.S. Fabrication of Phospholipid Bilayer-Coated Microchannels for On-Chip Immunoassays.
Anal. Chem. 2001, 73, 165-169. [CrossRef]

8.  McKeating, K.S.; Hinman, S.S.; Rais, N.A.; Zhou, Z.; Cheng, Q. Antifouling Lipid Membranes over Protein A for Orientation-
Controlled Immunosensing in Undiluted Serum and Plasma. ACS Sens. 2019, 4, 1774-1782. [CrossRef]

9.  Castellana, E.T.; Cremer, P.S. Solid supported lipid bilayers: From biophysical studies to sensor design. Surf. Sci. Rep. 2006, 61,
429-444. [CrossRef]

10. Hardy, G.J.; Nayak, R.; Zauscher, S. Model cell membranes: Techniques to form complex biomimetic supported lipid bilayers via
vesicle fusion. Curr. Opin. Colloid Interface Sci. 2013, 18, 448-458. [CrossRef]

11. Cascone, S.; Lamberti, G. Hydrogel-based commercial products for biomedical applications: A review. Int. |. Pharm. 2020, 573,
118803. [CrossRef] [PubMed]

12.  Vedadghavami, A.; Minooei, F.; Mohammadi, M.H.; Khetani, S.; Rezaei Kolahchi, A.; Mashayekhan, S.; Sanati-Nezhad, A.
Manufacturing of hydrogel biomaterials with controlled mechanical properties for tissue engineering applications. Acta Biomater.
2017, 62, 42-63. [CrossRef] [PubMed]

13.  Schoénherr, H.; Johnson, ]. M.; Lenz, P.; Frank, C.W.; Boxer, S.G. Vesicle Adsorption and Lipid Bilayer Formation on Glass Studied
by Atomic Force Microscopy. Langmuir 2004, 20, 11600-11606. [CrossRef] [PubMed]

14. Jass,].; Tjarnhage, T.; Puu, G. From Liposomes to Supported, Planar Bilayer Structures on Hydrophilic and Hydrophobic Surfaces:
An Atomic Force Microscopy Study. Biophys. J. 2000, 79, 3153-3163. [CrossRef] [PubMed]

15.  Reimhult, E.; Ho6k, F.; Kasemo, B. Intact Vesicle Adsorption and Supported Biomembrane Formation from Vesicles in Solution:
Influence of Surface Chemistry, Vesicle Size, Temperature, and Osmotic Pressure. Langmuir 2003, 19, 1681-1691. [CrossRef]

16. Reimhult, E.; H66k, E; Kasemo, B. Vesicle adsorption on SiO2 and TiO2: Dependence on vesicle size. |. Chem. Phys. 2002, 117,
7401-7404. [CrossRef]

17.  Oleson, T.A.; Sahai, N. Interaction energies between oxide surfaces and multiple phosphatidylcholine bilayers from extended-
DLVO theory. J. Colloid Interface Sci. 2010, 352, 316-326. [CrossRef]

18. Anderson, T.H.; Min, Y.; Weirich, K.L.; Zeng, H.; Fygenson, D.; Israelachvili, ].N. Formation of Supported Bilayers on Silica
Substrates. Langmuir 2009, 25, 6997-7005. [CrossRef]

19. Cremer, PS.; Boxer, S.G. Formation and Spreading of Lipid Bilayers on Planar Glass Supports. J. Phys. Chem. B 1999, 103,
2554-2559. [CrossRef]

20. Keller, C.A.; Kasemo, B. Surface Specific Kinetics of Lipid Vesicle Adsorption Measured with a Quartz Crystal Microbalance.
Biophys. . 1998, 75, 1397-1402. [CrossRef]

21. Keller, C.A.; Glasméstar, K.; Zhdanov, V.P.; Kasemo, B. Formation of Supported Membranes from Vesicles. Phys. Rev. Lett. 2000,
84,5443-5446. [CrossRef] [PubMed]

22. Leonenko, Z.V.; Carnini, A.; Cramb, D.T. Supported planar bilayer formation by vesicle fusion: The interaction of phospholipid
vesicles with surfaces and the effect of gramicidin on bilayer properties using atomic force microscopy. Biochim. Biophys. Acta
(BBA) Biomembr. 2000, 1509, 131-147. [CrossRef]

23. Hamai, C.; Yang, T.; Kataoka, S.; Cremer, P.S.; Musser, S.M. Effect of Average Phospholipid Curvature on Supported Bilayer
Formation on Glass by Vesicle Fusion. Biophys. J. 2006, 90, 1241-1248. [CrossRef] [PubMed]

24. Chiang, P-C; Tanady, K.; Huang, L.-T.; Chao, L. Rupturing giant plasma membrane vesicles to form micron-sized supported cell

plasma membranes with native transmembrane proteins. Sci. Rep. 2017, 7, 15139. [CrossRef] [PubMed]


https://doi.org/10.1021/la052687c
https://www.ncbi.nlm.nih.gov/pubmed/16584220
https://doi.org/10.1021/ja054169u
https://www.ncbi.nlm.nih.gov/pubmed/16218643
https://doi.org/10.1016/S0168-3659(00)00236-4
https://www.ncbi.nlm.nih.gov/pubmed/10884575
https://doi.org/10.1021/ac053496h
https://doi.org/10.1021/acsami.0c11485
https://doi.org/10.1039/C6SM01879C
https://doi.org/10.1021/ac000997o
https://doi.org/10.1021/acssensors.9b00257
https://doi.org/10.1016/j.surfrep.2006.06.001
https://doi.org/10.1016/j.cocis.2013.06.004
https://doi.org/10.1016/j.ijpharm.2019.118803
https://www.ncbi.nlm.nih.gov/pubmed/31682963
https://doi.org/10.1016/j.actbio.2017.07.028
https://www.ncbi.nlm.nih.gov/pubmed/28736220
https://doi.org/10.1021/la049302v
https://www.ncbi.nlm.nih.gov/pubmed/15595789
https://doi.org/10.1016/S0006-3495(00)76549-0
https://www.ncbi.nlm.nih.gov/pubmed/11106620
https://doi.org/10.1021/la0263920
https://doi.org/10.1063/1.1515320
https://doi.org/10.1016/j.jcis.2010.08.056
https://doi.org/10.1021/la900181c
https://doi.org/10.1021/jp983996x
https://doi.org/10.1016/S0006-3495(98)74057-3
https://doi.org/10.1103/PhysRevLett.84.5443
https://www.ncbi.nlm.nih.gov/pubmed/10990964
https://doi.org/10.1016/S0005-2736(00)00288-1
https://doi.org/10.1529/biophysj.105.069435
https://www.ncbi.nlm.nih.gov/pubmed/16299084
https://doi.org/10.1038/s41598-017-15103-3
https://www.ncbi.nlm.nih.gov/pubmed/29123132

Gels 2023, 9,751 12 0of 12

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Liu, H.-Y,; Chen, W.-L.; Ober, C.K; Daniel, S. Biologically Complex Planar Cell Plasma Membranes Supported on Polyelectrolyte
Cushions Enhance Transmembrane Protein Mobility and Retain Native Orientation. Langmuir 2018, 34, 1061-1072. [CrossRef]
Smith, E.A.; Coym, ].W.; Cowell, S.M.; Tokimoto, T.; Hruby, V.J.; Yamamura, H.L.; Wirth, M.]. Lipid Bilayers on Polyacrylamide
Brushes for Inclusion of Membrane Proteins. Langmuir 2005, 21, 9644-9650. [CrossRef]

Tang, Y.; Wang, Z; Xiao, J.; Yang, S.; Wang, Y.J.; Tong, P. Studies of Phospholipid Vesicle Deposition/Transformation on a Polymer
Surface by Dissipative Quartz Crystal Microbalance and Atomic Force Microscopy. J. Phys. Chem. B 2009, 113, 14925-14933.
[CrossRef]

Shoaib, T.; Nalam, P.C.; He, Y.; Chen, Y.; Espinosa-Marzal, R.M. Assembly, Morphology, Diffusivity, and Indentation of Hydrogel-
Supported Lipid Bilayers. Langmuir 2017, 33, 7105-7117. [CrossRef]

Pincet, F.,; Adrien, V,; Yang, R.; Delacotte, J.; Rothman, J.E.; Urbach, W.; Tareste, D. FRAP to Characterize Molecular Diffusion and
Interaction in Various Membrane Environments. PLoS ONE 2016, 11, e0158457. [CrossRef]

Hovis, ].S.; Boxer, S.G. Patterning and Composition Arrays of Supported Lipid Bilayers by Microcontact Printing. Langmuir 2001,
17, 3400-3405. [CrossRef]

Attwood, S.J.; Choi, Y.; Leonenko, Z. Preparation of DOPC and DPPC Supported Planar Lipid Bilayers for Atomic Force
Microscopy and Atomic Force Spectroscopy. Int. . Mol. Sci. 2013, 14, 3514-3539. [CrossRef] [PubMed]

Singh, B.; Sharma, N. Mechanistic implications of plastic degradation. Polym. Degrad. Stab. 2008, 93, 561-584. [CrossRef]
Platzer, N. Encyclopedia of Polymer Science and Engineering, H.F. Mark, N.M.; Bikales, C.G. Overberger, and G. Menges,
Wiley-Interscience, New York, 1985, 720 pp. J. Polym. Sci. Part C Polym. Lett. 1986, 4, 630—-696. [CrossRef]

Ceretti, D.V.A.; Edeleva, M.; Cardon, L.; D’hooge, D.R. Molecular Pathways for Polymer Degradation during Conventional
Processing, Additive Manufacturing, and Mechanical Recycling. Molecules 2023, 28, 2344. [CrossRef]

Caulfield, M.J.; Qiao, G.G.; Solomon, D.H. Some Aspects of the Properties and Degradation of Polyacrylamides. Chem. Rev. 2002,
102, 3067-3084. [CrossRef]

Turra, N.; Neuenschwander, U.; Hermans, I. Molecule-Induced Peroxide Homolysis. ChemPhysChem 2013, 14, 1666—-1669.
[CrossRef]

Holmstrom, A.; Sorvik, E. Thermal degradation of polyethylene in a nitrogen atmosphere of low oxygen content: I. Changes in
molecular weight distribution. J. Chromatogr. A 1970, 53, 95-108. [CrossRef]

Gupta, M.K,; Bansil, R. Laser Raman spectroscopy of polyacrylamide. J. Polym. Sci. Polym. Phys. Ed. 1981, 19, 353-360. [CrossRef]
Murugan, R.; Mohan, S.; Bigotto, A. FTIR and Polarised Raman Spectra of Acrylamide and Polyacrylamide. J. Korean Phys. Soc.
1998, 32, 505-512.

Baldock, C.; Rintoul, L.; Keevil, S.E.; Pope, ] M.; George, G.A. Fourier transform Raman spectroscopy of polyacrylamide gels
(PAGs) for radiation dosimetry. Phys. Med. Biol. 1998, 43, 3617. [CrossRef]

Kanazawa, Y.; Nukada, K. Vibrational Spectra of Methyl Ether. I. Assignment of the Spectra. Bull. Chem. Soc. Jpn. 1962, 35,
612-618. [CrossRef]

Bowen, R.D.; Edwards, H.G.M.; Varnali, T. Influence of a methyl substituent on the Raman spectrum of but-3-enyl methyl ether.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 93, 26-32. [CrossRef] [PubMed]

Bowen, R.D.; Edwards, H.G.M.; Farwell, D.W.; Morgan, S.E. Raman spectroscopy of n-pentyl methyl ether and deuterium labelled
analogues. J. Raman Spectrosc. 2010, 41, 1725-1734. [CrossRef]

John Wiley & Sons, Inc. SpectraBase; SpectraBase Compound ID=8GdSZXpNlSa SpectraBase Spectrum ID=JKKdhN5Cimb.
Available online: https:/ /spectrabase.com/spectrum /JKKdhN5Cimb (accessed on 18 August 2023).

John Wiley & Sons, Inc. SpectraBase; SpectraBase Compound ID=D7XSL85]NeN SpectraBase Spectrum ID=Ed]JmIwFAdEt.
Available online: https:/ /spectrabase.com/spectrum/EdJmIwFAdEt (accessed on 18 August 2023).

Al Hashmi, A.R.; Al Maamari, R.S.; Al Shabibi, LS.; Mansoor, A.M.; Zaitoun, A.; Al Sharji, H.H. Rheology and mechanical
degradation of high-molecular-weight partially hydrolyzed polyacrylamide during flow through capillaries. J. Pet. Sci. Eng. 2013,
105, 100-106. [CrossRef]

Buchholz, B.A.; Zahn, ].M.; Kenward, M.; Slater, G.W.; Barron, A.E. Flow-induced chain scission as a physical route to narrowly
distributed, high molar mass polymers. Polymer 2004, 45, 1223-1234. [CrossRef]

Lin, C.-Y.; Chao, L. Tunable Nucleation Time of Functional Sphingomyelinase-Lipid Features Studied by Membrane Array
Statistic Tool. Langmuir 2013, 29, 13008-13017. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.langmuir.7b02945
https://doi.org/10.1021/la051116h
https://doi.org/10.1021/jp9068224
https://doi.org/10.1021/acs.langmuir.7b01062
https://doi.org/10.1371/journal.pone.0158457
https://doi.org/10.1021/la0017577
https://doi.org/10.3390/ijms14023514
https://www.ncbi.nlm.nih.gov/pubmed/23389046
https://doi.org/10.1016/j.polymdegradstab.2007.11.008
https://doi.org/10.1002/pol.1986.140240720
https://doi.org/10.3390/molecules28052344
https://doi.org/10.1021/cr010439p
https://doi.org/10.1002/cphc.201300130
https://doi.org/10.1016/S0021-9673(00)86708-4
https://doi.org/10.1002/pol.1981.180190214
https://doi.org/10.1088/0031-9155/43/12/017
https://doi.org/10.1246/bcsj.35.612
https://doi.org/10.1016/j.saa.2012.02.059
https://www.ncbi.nlm.nih.gov/pubmed/22465764
https://doi.org/10.1002/jrs.2595
https://spectrabase.com/spectrum/JKKdhN5Cimb
https://spectrabase.com/spectrum/EdJmIwFAdEt
https://doi.org/10.1016/j.petrol.2013.03.021
https://doi.org/10.1016/j.polymer.2003.11.051
https://doi.org/10.1021/la401826b

	Introduction 
	Results and Discussion 
	Adjusting Water Absorption Ability to Induce Vesicle Rupture 
	Formation of SLBs on Polyacrylamide Hydrogel with Various Absorption Abilities 
	Exposure to Oxygen during Shrinkage Hinders SLB Formation on the Hydrogel Surface 
	Severe Expansion in the Horizontal Plane of the Evaporation-Dried Hydrogel Produces a Crack Structure 

	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of Dried PAAm Hydrogels 
	Calculation of the Absorption Flux of Dried Hydrogels 
	Formation of Supported Lipid Membranes on PAAm 
	Fluorescence Microscopy and FRAP 
	Raman Measurement 

	References

