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ABSTRACT: We report a generalized platform for synthesizing a polymer
nanoweb with a high specific surface area via a bicellar template, composed
of 1,2-dipalmitoyl phosphocholine (DPPC), 1,2-dihexanoyl phosphocholine
(DHPC), and 1,2-dipalmitoyl phosphoglycerol (DPPG). The pristine bicelle
(in the absence of monomer or polymer) yields a variety of well-defined
structures, including disc, vesicle, and perforated lamella. The addition of
styrene monomers in the mixture causes bicelles to transform into lamellae.
Monomers are miscible with DPPC and DPPG initially, while polymer-
ization drives polymers to the DHPC-rich domain, resulting in a polymer
nanoweb supported by the outcomes of small angle neutron scattering,
differential scanning calorimetry, and transmission electron microscopy.

Interpenetrating polymer networks (IPNs) have many
applications, such as hydrogels,1,2 drug delivery systems,

etc.3,4 Usually, IPNs are synthesized from two different
polymers that are physically entangled but not chemically
bonded.3,5 The numerous studies, such as silicon-based,
polyisoprene, or copolymer networks, have been published in
several decades.6,7 IPNs are typically classified into simulta-
neous IPN (sim-IPN), sequential IPN (seq-IPN), and semi-
IPN by their synthetic routes or the physical arrangement of
polymers.8,9 The sim-IPN involves polymerization with two
mixing monomers in the presence of appropriate catalysts and
cross-linkers, while seq-IPN is synthesized via a multistage
sequential process. However, phase separation may take place
during the reactions because of low polymer miscibility. IPNs
have several advantages such as a high porosity structure with
interconnected networks, a high permeability, and a large
surface area.10 Lumelsky et. al utilized polymerized HIPEs
(polyHIPEs) to synthesize polycaprolactone diol, producing
voids on the order of hundreds of microns which is appropriate
for tissue engineering.11 Leṕine et. al simultaneously used
radical and step-growth polymerization to synthesize polyur-
ethane-polystyrene network via IPN polyHIPEs.12 Recently,
Israel et. al found that the formation of interconnected
networks from hyper-cross-linking an IPN synthesized with an
aromatic diisocyanate enhanced the microporosity as well as
thermal stability.13 Nevertheless, the emulsions are thermody-
namically unstable14,15 and may undergo phase separation.10 In
addition, high temperatures are usually needed when carrying
out step-growth polymerization in the polyHIPEs ap-
poarch.10,13

Previous reports have shown syntheses of polymer disks,
porous polymer, and polymer nanorings are achievable
through emulsion polymerization via a stable lipid template,

known as bicelles or liposomes.16−18 Such lipid mixtures can
yield well-defined and stable discoidal bicelles,19 unilamellar
vesicles (ULVs),20 multilamellar vesicles (MLVs), perforated
lamellae,21,22 or bilayered ribbons23,24 strongly depending on
lipid concentrations,25 temperature,21,26 charged lipid ratio,25

and molecular archiecture.27 One of the most studied lipid
mixtures contains long-chain zwitterionic dipalmitoylphospha-
tidylcholine (DPPC), anionic dipalmitoylphosphatidylglycerol
(DPPG), and short-chain zwitterionic dihexanoylphosphati-
dylcholine (DHPC), and their chemical structures are shown
in Figure 1. It has been reported that the molar ratio of long-
chain lipids to short-chain lipids between 2 and 5 can generate
a uniform bicelle. A higher charge density, i.e., higher DPPG-
to-total lipid ratio, is also important for enhancing the stability
of discoidal bicelles.19,26 Here, we utilized the same
compositions of DPPC, DHPC, and DPPG as our previous
report, which showed stable bicelles even after styrene- or
polystyrene-encapsulation.16 Their spontaneous morphology is
dictated by hydrophobic interactions, segregation of gel-phase
and fluid-phase lipids, spontaneous molecular curvatures,
mismatch in aqueous solubility between long- and short-
chain lipids, and surface charge density.19 Using this bicellar
template, a well-defined polystyrene nanoring is attainable in
an aqueous solution as (styrene monomer + divinylbenzene
cross-linker)-to-lipid, ([S]+[DVB])/[L], molar ratio ≤ 0.05,
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and this strategy is proven applicable for multiple hydrophobic
vinyl monomers.16

Here, we report that a model monomer, styrene, and a cross-
linker, divinylbenzene (DVB) can generate polymer nanoweb,
instead of nanorings, when ([S] + [DVB])/[L] ratio is above
0.1 in DPPC/DHPC/DPPG system. Two important findings
include (1) morphological transformation from discoidal
bicelles to lamellae upon the addition of overwhelming styrene
monomers, and (2) formation of polystyrene nanoweb after
removal of the lipid scaffold as confirmed by small angle
neutron scattering (SANS), differential scanning calorimetry
(DSC), transmission electron microscopy (TEM), atomic
force microscopy (AFM), and scanning electron microscopy
(SEM). As compared to conventional methods (IPNs3,5 or
polyHIPEs10,28), this approach is more straightforward and
environmentally friendly to form a highly porous polymer
nanoweb at room temperature (Table 1). This novel strategy
can be further extended to other hydrophobic monomers for
manufacturing functional polymer nanoweb for the applica-

tions of nanomedicine,29−31 protein separation, gas separation,
batteries, or fuel cells in the future.32−35

The small-angle X-ray scattering (SAXS) patterns of
polymerized S/L (PS/L) as 0.10 ≤ ([S] + [DVB])/[L] ≤
0.33 contain two characteristic features: a group of Bragg peaks
(q1*, 2q1*, 3q1*, etc.) representing a lamellar structure and
three broad peaks in the q range from 0.05 to 0.5 Å−1 reflecting
a phospholipid bilayered structure as shown in Figure S1(a).
However, samples of high ([S] + [DVB])/[L] values show
phase separation after preparation, while the ([S] + [DVB])/
[L] = 0.1 sample sits at the boundary between discoidal
bicelles and lamellae [Figure S1(b)]. Our discussion will focus
on PS/L with ([S] + [DVB])/[L] = 0.2. Hereafter, S/L and
PS/L are referred to as before and after polymerization,
respectively, for 0.2. Figure 2a,b shows the negative staining
transmission electron microscopic (ns-TEM) micrographs of
the PS/L mixture with a lipid concentration (Clp) diluted to
0.003 wt %, though being polymerized at Clp = 10 wt %. Note
that the completion of polymerization is confirmed by Figure
S2. Well-defined discoidal bicelles are found confined to each

Figure 1. Chemical structures of (a) DPPC, (b) DHPC, and (c) DPPG.

Table 1. Advantages and Challenges of Interpenetrating Polymer Networks (IPNs), Polymerized High Internal Phase
Emulsions (polyHIPEs), and a Lipid Template

synthetic approaches advantages challenges

interpenetrating polymer
networks (IPNs)

• The polymer networks have strong mechanical properties
and high stability.36

• Phase separation can take place during the polymerization,
leading to a broad spectrum of domain compositions.8

• The strategy is commonly used to generate hydrogel, shape
memory, energy storage, biorelated fields, etc.37,38

polymerized high internal
phase emulsions (polyHIPEs)

• Functionalization of the polyHIPEs surfaces for
postpolymerization reactions is possible.39

• The emulsions are not thermodynamically stable.14,15

• It is commonly used for scaffolds in tissue engineering,
prolong drug release, catalytic reaction, etc.11,39,40

• High temperature is needed for step-growth
polymerization.10,13

lipid template • It provides a stable and green process. • The cost of materials for large-scale manufacturing is relatively
high presently.• The synthesis is robust and the morphology can be well

controlled.
• It is a generalized platform for other hydrophobic
monomers.16

Figure 2. (a, b) TEM micrograms of 0.003 wt % PS/L as the polymerization performed at Clp = 10 wt % (negatively stained). (c) The TEM
micrograph of PS after the removal of lipids via methanol washes without being negatively stained.
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other, forming spherical aggregates (Figure 2a) or in stacks
(Figure 2b) through invisible “strings”. This outcome differs
from the previous report, where PS/L with ([S] + [DVB])/[L]
≤ 0.05 showed well-dispersed bicelles.16 The “stringing”
behavior becomes evident after removal of the lipid template
through methanol washing. The TEM micrograph (Figure 2c)
demonstrates interconnected PS nanoweb populated with
“hollow” discs, suggesting that PS connects these discs in an
aqueous solution. The blurry image of Figure 2c comes from
the weak contrast between the PS and the environment.
This observation intrigues us to study deuterated styrene/

lipid (dS/L) and polymerized dS/L (dPS/L) mixtures using
contrast-matched (CM) small-angle neutron scattering
(SANS), where the neutron scattering length density
(NSLD) of solvent (ρsolvent) matches the average NSLD of
lipids and dS (ρdS/L). This approach minimizes the
contribution from “structure factor” (i.e., interparticle inter-
action) and thus enhances the scattering mainly from dS or
dPS, allowing us to envision the detailed structure of the
template. Figure 3a presents the CM-SANS data of dS/L and

dPS/L showing distinct patterns. However, SANS of both
samples in D2O (revealing the global, instead of internal,
structure) instead of CM-water, shown in Figure S3(a), are
similar to high-order Bragg peaks (up to fourth-order or more),
suggesting a lamellar structure, consistent with the SAXS
results [Figure S3(b)]. Evidently, introduction of styrene into
bicelles results in a structural transformation from bicelle to
lamella, which is only observed as temperature (T) is higher
than the melting temperature (Tm) of long-chain lipid (in this
case, DPPC) or insufficient short-chain lipid (in this case,
DHPC) for high-Clp samples in absence of styrene.21,22,26,27 In
fact, the reduced Tm of DPPC in the dS/L mixture [∼26.6 °C;
Figure S3(c)] indicates dS mixes well with DPPC and justifies
the formation of lamellae, while the lamellae expectedly
retained even after polymerization where Tm was restored
(∼41.8 °C), as shown in Figure S3(d). The CM-SANS data
show that dS/L is better contrast-matched than dPS/L (Figure
2a), suggesting that styrene is more miscible with the DPPC,
also consistent with the above-mentioned DSC outcomes of
lower Tm of DPPC for dS/L (∼26.6 °C) compared to that of

dPS/L [∼41.8 °C; Figure S3(d)]. This observation agrees with
the previous report for samples with lower S/L ratios.16

Furthermore, the fact that Bragg peaks appear in the CM-
SANS data of dPS/L, instead of dS/L data (Figure 3a),
indicates breaking of the CM condition due to the demixing of
dPS from DPPC. For the dS/L system, we utilized a recently
developed five-layer core−shell discoidal model (5LCSD,
Figure 3b and Supporting Information),41 which describes
the bilayer neutron scattering density (NSLD) profile as
phosphate-all trans−trans/cis−all trans-phosphate (Figure 3b)
across the bilayer, to best-fit the CM-SANS data (Figure 3a).
The best fitting structural parameters are listed in Table 2. An

intriguing discovery is that the NSLD of the cis/trans
coexisting regime (central layer of the bilayer), ρcis/trans is
−0.03 × 10−6 Å−2 higher than that of the ordered chain, ρall‑trans
(−0.4 × 10−6 Å−2), implying dS monomers may preferably
locate at the center disordered layer, which is similar to the
previous report.42

After polymerization, the ns-TEM suggests that the low-
ClpdPS/L sample contains both discoidal bicelles and vesicles
(Figure 2); a proper scattering model should combine
discoidal and vesicular scattering functions for data fitting. It
should be noted that the attempt of using a unilamellar vesicle
(ULV) model alone to fit the scattering patterns was not
successful, as the best fit completely misses the mid- and high-q
data (the orange dashed line in Figure 3a). The oscillation at
the low-q represents ULVs, yielding an average best-fit radius
(R) of 730 (±13) Å and bilayer thickness (tb) of 35(±2) Å
(Table 2). The scattering data at q > 0.007 Å−1 can be best
described as the core−shell discoidal (CSD) model43 (the
green dashed line in Figure 3a) with a core radius (Rc) of
180(±3) Å, rim thickness (tr) of 65(±1), and hydrophobic
thickness (L) of 27(±1) Å (Table 2). The best fitting volume
fraction ratio of discoidal bicelles to vesicles is around 1:3.7.
Note that the SANS of dPS/L was best fitted by the CSD
model because the cis/trans and all-trans regimes are
indistinguishable after polymerization. Three quasi-Bragg
peaks located at q = 0.0188 Å−1, 0.0374 Å−1, and 0.0565 Å−1

correspond to the first-, second-, and third-order harmonics,
[q1*, q2* (=2q1*), and q3* (=3q1*), respectively] from
stacking lamellar structures. Therefore, we incorporated three
Gaussian peaks at q1*, 2q1*, and 3q1* (the gray dashed line in
Figure 3a) in the best-fitting model to describe the repeat
spacing of the lamellae. It is noteworthy that the best fitting
NSLD at rim, ρrim, increases from 0.4 (±0.1) × 10−6 Å−2 in
dS/L to 1.3(±0.02) × 10−6 Å−2 in dPS/L, suggesting that dPS

Figure 3. (a) CM SANS patterns of dS/L and dPS/L, as
polymerization performed at Clp of 10.0 wt %. (b) The scheme of
the 5LCSD model. The R, ts, tr, Lall‑trans, and Lcis/trans are core radius,
shell thickness, rim thickness, thicknesses of all-trans and cis/trans
coexisting layers, respectively. (c) The scheme of the CSD model.
The R, ts, tr, and L are core radius, shell thickness, rim thickness and
hydrophobic thickness, respectively. Note that schemes in (b) and (c)
do not reflect the dimensional ratios of the nanodiscs.

Table 2. Best Fitting Results of dS/L and dPS/L

dS/L dPS/L

5LCSD model CSD model

R (Å) >2000 R (Å) 180 ± 3
tr (Å) 100 ± 80 tr (Å) 65 ± 1
ts (Å) 10 ± 2 ts (Å) 12 ± 1
Lall‑trans (Å) 8 ± 1 L (Å) 27 ± 1
Lcis/trans (Å) 5 ± 1 ρcore (×10−6 Å−2) −0.74 ± 0.03
ρall‑trans (×10−6 Å−2) −0.4 ± 0.1 ρrim (×10−6 Å−2) 1.3 ± 0.02
ρcis/trans (×10−6 Å−2) −0.03 ± 0.1
ρrim (×10−6 Å−2) 0.4 ± 0.1

ULV model
R (Å) 730 ± 13
tb (Å) 35 ± 2
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preferably locates at the DHPC-rich fluid rim. In other words,
polystyrene extends and connects along DHPC defects in
discoidal bicelles or lamellae and thus forms the polymer
nanoweb. The TEM of lipid-removed PS/L showing many
“empty” circles agrees with such a proposed structure. Figure
S3(d) provides further evidence of the immiscibility between
PS and DPPC as the Tm of the PS/L reverted to that in the
pristine bicelles (PB). The formation mechanism will be
further discussed in the following section.
In addition, we observed a distinct difference in the property

of S/L lamellae in comparison with the perforated lamellae of
the pristine bicellar mixture at high T, where dilution of the
system results in 1 − D swelling, i.e., D ∼ Clp

−1.21,22,25,27 The
swelling of S/L lamellae is, however, highly constrained with a
scaling of D ∼ Clp

−0.56 (Figure S4 and Table S1). This can be
attributed to the following possible reasons: (1) lamellae are
not homogeneously dispersed in the solution, (2) the lateral
lipid density on the lamellae decreases upon dilution, and (3)
the number of lamellae increases upon dilution (Figures S4−
S6 and Tables S1 and S2).
Upon polymerization, styrene and DVB are continuously

drawn to the DHPC-rich domain, forming cross-linked PS, as
illustrated in Figure 4. The high-Clp system is presumably a
morphological mixture of bicellar discs and perforated lamellae
(some of them possibly constituting the shell of the vesicles),
with PS shielded by DHPC, as previously reported in similar
systems at lower S/L ratios.16 However, the large-quantity PS
in the current PS/L system further extends and connects
(either in the bilayer to minimize the hydrophobic mismatch
between DHPC and DPPC or through the aqueous phase) to
the nearby PS residing in the DHPC-rich defects, eventually
forming interconnected three-dimensional “webs”, as con-
firmed by TEM (Figure 2), AFM (Figure S7), and SEM
(Figure S8) after removing lipids.
We are able to use the Gibbs free energy of mixing, ΔG̅m, to

explain the formation mechanism of nanoweb.

G kT
N N

ln
1

ln(1 ) (1 )m
P S

= + +
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ
(1)

where k, ϕ, NP, NS, and χ are Boltzmann constant, volume
fraction of the polymer, the degree of polymerization, the
repeat unit of solvent molecules, and the Flory−Huggins

interaction parameter, respectively. The first two terms are
entropic terms, while the last term represents the energetic
term of mixing. After polymerization, NP increases, causing
decreased entropy of mixing. As the NS of DPPC is larger than
that of DHPC, it is expected that PS would prefer to reside in
the DHPC-rich disordered phase (increased entropy). The
depletion of polymers effectively promotes the formation of
DPPC liquid ordered phase, which has a lower χ than the
disordered DPPC containing PS does. The higher melting
enthalpy of DPPC for PS/L than that for S/L [Figure S3(d)]
further supports our hypothesis. The polymerization induced
segregation between PS and DPPC was previously reported in
the lower S-to-L ratios.16 The fact that the discs are not
dissociated from each other after dilution into Clp = 0.003 wt
%, but form aggregates as shown in Figure 2a,b, also suggests
that PS “strings” discs together possibly through the PS at the
rim. The observed empty circles in the TEM (Figure 2c) agree
with such a presumption.
The current platform can be generalized for synthesis of

cross-linked polymer nanoweb using other hydrophobic
monomers. It should be noted that the mesh size, in principle,
is expectedly adjustable by the following controlling parame-
ters: ([S] + [DVB])/[L], the ratio of long-chain to short-chain
lipids and Clp. The polymer network has the advantages of
robustness and potential generalization for various polymers
compared to those achieved through IPNs and IPN
polyHIPE.3,5,28 Here, the approach is a facile and ecofriendly
synthesis to generate a polymer nanoweb following the
sequence of well-defined self-assembly platform→ polymer-
ization → removal of the lipid template.
This approach enriches the strategies of polymer synthesis in

a more controlled manner by green chemistry.44 Furthermore,
functional and highly cross-linked polymer network is
attainable through the thiol−ene “click chemistry”32 (e.g.,
using equimolar −SH and C�C groups) under an ambient
environment.45 The interface area can be greatly enhanced for
catalytic reactions,39 shape-memory materials,46 tissue-engi-
neering scaffolds,11,47 studies of the drug release mechanism,40

and adsorption and absorption applications48,49 for future
applications.

Figure 4. Schematic representation of the styrene monomers and DVB cross-linkers in the lipid templates (S/L) and its polymerization (PS/L). At
the beginning, monomers and cross-linkers homogeneously distribute in the lamellae and discoidal bicelles. After polymerization, the PS populate
in the fluid phase, which further extends and connects along the DHPC defects, forming the PS nanoweb, as confirmed by SANS and microscopy
results.
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