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Cell and Protein Recognition at a Supported Bilayer Interface via 
In Situ Cavitand-Mediated Functional Polymer Growth

Lizeth Perez, Yoo-Jin Ghang, Preston B. Williams, Yinsheng Wang, Quan Cheng, and 
Richard J. Hooley*

Department of Chemistry, University of California—Riverside, Riverside, California 92521, United 
States

Abstract

Water-soluble deep cavitands embedded in a supported lipid bilayer are capable of anchoring 

ATRP initiator molecules for the in situ synthesis of primary amine-containing polymethacrylate 

patches at the water:membrane interface. These polymers can be derivatized in situ to incorporate 

fluorescent reporters, allow selective protein recognition, and can be applied to the immobilization 

of nonadherent cells at the bilayer interface.

INTRODUCTION

A variety of different species are displayed at the mammalian cell membrane surface, 

ranging from small molecule epitopes to biomacromolecules and glycopolymers.1 These 

species are vital for controlling cellular function and response, and so they provide enticing 

targets for further study.2 The complexity of the cell membrane surface has led to the 

application of supported lipid bilayers as controlled mimics of the interface.3,4 Many 

biorelevant targets such as proteins,5 nucleotides,6 small molecules,7 glycopeptides,8,9 

glycopolymers10–12 or even whole living cells13 can be incorporated into supported lipid 

bilayers, often exploiting covalent modifications such as lipidation for attachment. As the 

targets become larger, the synthetic challenges associated with covalent lipidation increase, 

especially in the solubility and purification of large biomolecules.5 A recognition system 

that can be created in situ at a bilayer interface and be tailored for the immobilization of 

biorelevant targets would solve a number of these problems and allow the simple creation of 
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complex cell surface mimics. Of course, this goal requires reactive functionality to be 

displayed at a bilayer membrane. This requires the use of bioorthogonally reactive species 

that are tolerant to the bilayer environment, and few examples are known.14 In addition to 

the challenges associated with in situ reactivity at bilayer interfaces, macromolecular 

recognition often requires a large surface area for good affinity. Cells employ polymeric 

species such as glycans for target recognition, and there are examples of synthetic polymers 

being applied for this purpose in cellular15–17 or synthetic membrane environments.18–20 

These polymers are preformed before addition, however, and many polymer types are 

limited by their insolubility in aqueous solution.

An alternative to the chemical synthesis and derivatization of functional polymers before 

introduction to a bilayer membrane is to perform the polymerization in situ. The 

polymerization must be compatible with the bilayer environment, allowing successful, 

robust reaction while maintaining the integrity of the membrane. Further derivatization of 

this polymer surface at the bilayer interface also requires the presence of biorthogonal, 

reactive functional groups in the monomer, complicating the polymerization process.

EXPERIMENTAL SECTION

Calcinated Chip Preparation

Gold substrates were fabricated with a 2 nm thick chromium adhesion layer, followed by the 

deposition of a 46 nm thick gold layer via e-beam evaporation on cleaned glass slides. The 

nanoglassified layers were constructed on the surface based on a previous layer-by-layer 

protocol.24

Fabrication of Cavitand: Supported Lipid Bilayer

The calcinated gold substrate was first rinsed with ethanol and nanopure water and after 

drying under gentle stream of nitrogen gas was then clamped down by a flow cell on a high-

refractive index prism for SPR measurement. POPC vesicles (1 mg/mL, see Supporting 

Information for construction method) in 10 mM PBS (150 mM NaCl, pH 7.4) were injected 

through a flow-injection system and incubated for 15 min to allow vesicle fusion on the 

hydrophilic calcinated gold surface, forming a smooth bilayer membrane. After 5 min of 

rinsing to remove excess vesicles from the surface, 0.7 mg/mL cavitand 1 in 10% DMSO 

solution was subsequently injected and incubated for 20 min. The surface was extensively 

rinsed with water, followed by incubation with 10 mg/mL initiator 2 in aqueous solution for 

5 min. After 5 min of rinsing to remove unbound initiator 2 from bilayer lipid membrane, 

atom transfer radical polymerization (ATRP) reaction was initiated by the injection of 

monomer 3–4 (0.7 M HEMA 3, and 0.7 M AEMA 4) and catalyst (15 mM CuBr/30 mM 

2,2′-bipyridine/22 mM L-ascorbic acid or 15 mM FeCl2/ 30 mM 1,10-phenanthroline/22 mM 

L-ascorbic acid in a 1:2:1.5 molar ratio) mixture solution. After 20 min of incubation for 

polymer growth, ATRP reaction was terminated by 5 min rinsing with water.

In Situ Reactions of Poly(AEMA)

After poly(AEMA) formation on the lipid membrane surface, NHS-biotin was injected into 

the SPR flow cell (1 mg/mL in 10% DMSO aqueous solution) and incubated for 20 min 
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followed by 5 min rinsing. Avidin (1 mg/mL in 10 mM PBS) was then injected, incubated 

for 20 min, and washed for 5 min. The reaction with NBD-Cl followed the same procedure.

Cell Sample Preparation

Human monocytic THP-1 cells (ATCC TIB-202) were cultured at 37 °C and 5% CO2 in 

RPMI 1640 media supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/mL 

streptomycin, and 50 µM 2-mercaptoethanol. Cells were harvested by centrifugation and 

washed three times with ice cold deionized H2O. Immediately after washing, cells were 

resuspended in ice cold deionized H2O to a final concentration of 7.5 × 106 cells/mL.

Cellular Adhesion Studies

After poly(AEMA) formation, human monocytic THP-1 cells were injected into the SPR 

flow cell and incubated for 20 min, then rinsed for 5 min with nanopure water. The gold 

chip was then removed from the SPR system and covered with a microscope coverslip and 

visualized under an optical microscope.

RESULTS AND DISCUSSION

We have previously described a synthetic molecular recognition based system that allows 

controlled polymer growth at a supported bilayer interface by noncovalent recognition and 

display of a suitable atom transfer radical polymerization (ATRP)21,22 initiator by a water-

soluble host molecule embedded in the membrane.23 Deep cavitands such as 1 (Figure 1) are 

lipophilic, and can incorporate in lipid bilayers while retaining their host abilities.24–27 The 

most strongly binding guests for cavitands such as 1 are trimethylammonium species such as 

acetylcholine.28 These targets are bound in competitive environments by exploiting cation–π 

interactions between the faces of the aromatic cavitand walls and the soft cationic guest.29 

Choline-derived ATRP initiator 2 is a strongly binding guest for cavitand 1, and can be 

presented to the bilayer surface by simple injection. Subsequent injection of a suitable 

monomer (e.g., hydroxyethyl methacrylate HEMA 3) and CuBr•bipy as catalyst allowed the 

growth of a polymeric surface at the bilayer interface, held in place by multiple noncovalent 

contacts between the initiator termini and cavitands embedded in the bilayer.23 The ATRP 

process is tolerant to aqueous media and can be performed under very mild conditions that 

maintain the fluid membrane below the polymer patches.

Our initial efforts to grow polymers at the bilayer interface established the feasibility of the 

process, but polymerization of functionalized monomers was generally unsuccessful.23 

Whereas simple unfunctionalized monomers such as HEMA and methyl methacrylate 

(MMA) gave controllable polymer growth at the interface, larger monomers suffered from 

insolubility problems in buffered aqueous solution. Highly water-soluble saccharide-linked 

methacrylates showed weaker affinity for the cavitands in the bilayer and are easily washed 

from the surface. The obvious solution would be to perform a second reaction on the freshly 

formed polymer, as there are myriad ways to postsynthetically derivatize poly(HEMA).21 

Unfortunately, none of those methods work in aqueous solution, so we sought to introduce 

an orthogonal reactive functional group to the polymer surface. The simplest group is a 

primary amine, the central functionality used in surface and biomolecule derivatization. 
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Amines are capable of nucleophilic reactivity in water, and a wide variety of reactions are 

possible.14 The challenge, however, is that primary amines are uniquely unsuited to ATRP, 

as they show strong coordination to metal ions, leaching the catalyst from the reaction 

mixture and causing low turnovers, poor polydispersities, and the formation of somewhat 

random polymer sizes.21,22 Fortunately, narrow polydispersities are unimportant for our 

goals. A small, reactive polymer patch is perfectly sufficient to allow in situ reactivity at the 

bilayer, and so we investigated the polymerization of AEMA 4 at a bilayer interface.

The supported lipid bilayer was generated by established methods, and the experimental 

setup is illustrated in Figure 2.24

The surface was prepared by a layer-by-layer calcination procedure involving the formation 

of a mercaptopropionic acid (MPA) self-assembled monolayer on a clean gold surface 

followed by six layers of sodium silicate (22 mg/mL, pH 9.5) and polyallylamine HCl (avg. 

MW 17,500, pH 8). Calcination at 450 °C forms a silica nanolayer at the interface, enabling 

lipid adhesion. The gold chips were attached to a flow cell setup with a dual channel 

injection capability, allowing real time, noninvasive monitoring of adhesion processes by 

Surface Plasmon Resonance (SPR) spectroscopy.30 Preformed POPC (palmitoyl-oleyl 

phosphocholine) bilayer vesicles were injected into the flow cell and exposed to the surface, 

forming a fluid supported lipid bilayer. Water-soluble tetracarboxylate cavitand 1 can be 

injected to this bilayer and self-incorporate into the upper leaflet.24 This exposes its open 

cavity to the exterior milieu, and an SPR sensorgram of the process is shown in Figure 3b. 

After insertion of cavitand (0.7 mg/mL, 10% DMSO:H2O) into the supported lipid bilayer, a 

robust 0.20° change in resonance angle θ is observed after washing away the injection 

solvent (and any unincorporated 1). The SPR response is qualitatively related to the amount 

of incorporated cavitand, and a 0.20 ± 0.04° response change can be consistently achieved. 

Increased [1] (up to 2 mg/mL) does not change the response, indicating saturation in the 

incorporation of 1. The cavitand remains in the bilayer during the washing phase, and no 

cavitand can be detected by MS analysis of the washings.26 The ATRP initiator molecule 2 
can be bound via shape-fitting noncovalent interactions with the membrane-bound cavities 

upon simple injection into the flow cell. This small guest causes only a slight change in 

resonance angle, consistent with that of other similarly sized guests.23,24 The initiator is 

mildly reactive to water, so polymerization is performed within 5 min of injection.

As primary amines are poor substrates for ATRP, we initially optimized the catalyst system 

(Figure 3 and Supporting Information). Combinations of three ligands (2,2 bipyridyl (bipy), 

9,10-phenanthroline (phen) and tris(benzimidazole)-triethyleneamine (tbte)) and two metal 

salts (FeCl2 and CuBr) in the presence of ascorbic acid as reductant were tested for ATRP 

effectiveness.21 Phen and bipy are bidentate and more weakly coordinating, whereas tbte 

can occupy up to 4 sites on the metal center, potentially limiting AEMA coordination and 

catalyst inactivation. The polymerization was performed by simple injection of a 0.7 M 

solution of monomer AEMA 4 and 15 mM catalyst complex (1:2 ligand: metal ratio) in 10 

mM phosphate buffered saline (PBS), and the relative amount of polymerization monitored 

by resonance angle change after washing by SPR. Interestingly, the more tightly coordinated 

CuBr•phen and CuBr•tbte complexes gave less effective polymer formation (Δθ = 0.09° 

(Figure 3b) and 0.14° (see Supporting Information), respectively) than CuBr·bipy (Δθ = 
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0.20° (Figure 3c)). FeCl2 was equally effective as catalyst metal (see Supporting 

Information), which can be beneficial for any application of this method in biological 

systems due to the lower toxicity of Fe (II). The FeCl2·phen catalyst was most effective, 

providing consistent responses of Δθ = 0.20°, although there was a smaller variation 

between different ligands in this case.

Further variables were tested in the optimization process. As might be expected, variation of 

monomer concentration does not greatly affect the size of poly(AEMA) formed. A 0.7 M 

solution contains a large excess of monomer with respect to bound initiator, and the 0.20° 

resonance angle change indicates a polymer size similar to that of the POPC bilayer itself. 

The AEMA concentration was varied in increments from 0.7 M to 1.4M, but no appreciable 

difference in resonance angle was observed upon polymerization. The standard incubation 

time was 20 min. Incubation times longer than this (60 or 90 min) did not show any 

appreciable increase in polymerization at the surface. This suggests relatively rapid catalyst 

inactivation, as is to be expected from the coordinating and reducing nature of AEMA. In 

addition, increasing the initiator 2 concentration did not increase the polymer size. While 

determining the exact concentration of cavitand 1 absorbed in the membrane is challenging, 

studies with vesicles preloaded with cavitand suggest that a 2% cavitand loading gives a 

similar amount of guest recognition.27 The dissociation constant of R-NMe3
+-based guests 

for cavitand 1 in a POPC bilayer is on the order of micromolar,26 indicating that the host is 

most likely saturated with initiator before ATRP. Finally, the living nature of the 

polymerization was tested. ATRP is a living polymerization process, allowing further 

polymerization upon injection of additional monomer and catalyst to the reaction. We 

previously showed that the ATRP of HEMA 3 displayed living characteristics at the bilayer 

interface,23 and polymer growth could be extended multiple times by monomer injections. 

This is not the case for AEMA 4: after initial polymerization, subsequent injections of 4 and 

catalyst mixture gave no observable increase in resonance angle upon SPR analysis (see 

Supporting Information for sensorgrams). Not only do the amine groups inactivate the 

catalyst mixture after reaction, they evidently also terminate the process, limiting further 

reaction at the interface.

This inactivation process limits the polymerization to the formation of small microscale 

polymer patches. The polymerization occurs consistently, but there is variation in SPR 

response (δ (Δθ) = ± 0.04°) and therefore polymer size between individual runs. While the 

small size of the polymers may limit their use in solution environments, the thin polymer 

layer is perfectly suited for further derivatization at the bilayer interface. No disruption of 

the membrane is seen, and the polymer patches display multiple primary amine groups at the 

surface. To establish their functionality, we initially explored a simple in situ reaction with 

fluorescent dye 4-chloro-7-nitrobenzofurazan (NBD-Cl). This process has the added 

advantage of providing an alternate method of polymer characterization other than SPR, 

something that is quite challenging. The polymer patches cannot be removed from the 

surface by simple washing to allow isolation and postsynthetic characterization, nor are 

surface analysis techniques such as XPS or IR spectroscopy applicable to the complex lipid 

bilayer environment. The bilayer can be stripped from the surface along with polymer and 

cavitands, but the presence of the charged POPC lipids renders MS analysis useless. 
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Confocal microscopy of the fluorescent surface after reaction with NBD-Cl allows some 

quantitation of patch size, as shown in Figure 3d,e. After poly(AEMA) formation, a 1 

mg/mL aqueous solution of NBD-Cl was injected into the flow cell and incubated for 20 

min. After washing, a small resonance angle change was observed, consistent with surface 

reaction between poly(AEMA) and the low Mw NBD-Cl. The chip was imaged using 

confocal microscopy, and the presence of individual patches of fluorescence atop the bilayer 

are clearly seen, indicating derivatization of the poly(AEMA) surface. These patches vary in 

size and provide a partial coating of the bilayer interface, with no disruption of the 

membrane itself. It is notable that the ATRP of AEMA appears to form discrete, 

micrometer-sized polymer patches atop the bilayer, as cavitand 1 is fluid in the membrane, 

and displays a lateral diffusion similar to that of POPC lipids.24 While the polyAEMA 

shows incomplete surface coverage, the process is quite variable, and different coverages are 

observed with different runs. Full, consistent surface coverage can be obtained by 

polymerization of polyHEMA or polyMMA (see below).23 The small size of the 

polyAEMA patches, and their variability in size from experiment to experiment are 

consistent with inefficient, monomer-terminated ATRP. It is also possible that the reaction 

with the water-sensitive NBD-Cl does not occur at full conversion, although a large excess 

was used for testing. NBD-Cl is poorly water-soluble, and could lead to localized reaction at 

the interface: the SPR analysis of polyAEMA formation is far more consistent than the 

visualization, and so the size of the patches may be quite variable, although they do form 

consistently.

Even though the size of the polymers is somewhat variable, their synthesis is consistent, and 

they are capable of in situ reactions at the membrane surface. The next question is whether 

these functional polymer coatings are amenable to other, more challenging in situ reactions. 

As can be seen in Figure 4, the surfaces are also capable of both epitope display and 

subsequent protein recognition. The poly(AEMA) surface was derivatized with biotin 

groups by injection of the N-hydroxysuccinimide (NHS) active ester of biotin atop the 

surface (Figure 4b). As was seen with the NBD-Cl reaction, a small resonance angle change 

was observed upon injection of NHS-biotin into the SPR flow cell. After washing away the 

unattached excess of reactant and injection of avidin, a larger (Δθ = 0.35°) response was 

observed, indicating immobilization of the much larger avidin protein at the surface. The 

protein recognition process only occurs upon display of biotin at the polymer surface: if the 

reaction is repeated with underivatized biotin (Figure 4c), no avidin adhesion is observed. 

Biotin has no affinity for the poly(AEMA) surface under the buffered conditions used for 

the injection, and is easily washed away. In addition, there are also no charge-based 

interactions between avidin and the cationic polymer surface. Only specific biotin:avidin 

interactions allow immobilization of the protein at the bilayer interface, providing selective 

biorecognition via the cavitand-mediated polymer synthesis.

The poly(AEMA) surface can be exploited in multiple ways: besides the core 

nucleophilicity of the displayed amine groups, the resting state of the polymer under the pH 

7.4 buffered conditions is also cationic. This suggests a capability to recognize even larger 

species such as living cells. While eukaryotic cells have little to no affinity for hydrophilic 

surfaces or POPC bilayers,13 cationic graft copolymers are well-known to attach to living 

Perez et al. Page 6

Langmuir. Author manuscript; available in PMC 2016 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells and mediate target transport.14 Even though the bilayer is somewhat fragile, the thin 

layer of polymer at the bilayer is a suitable protecting agent, and should be able to act as the 

“glue” required for cell adhesion between the bilayer and living cells. The cell recognition 

properties of the POPC:1:2:poly(AEMA) construct were tested using human monocytic 

THP-1 cells, which are nonadherent. THP-1 cells were grown in RPMI growth medium, 

then centrifuged to form a pellet, and the high salt concentration medium removed. The cells 

were then rinsed with 10 mM PBS buffer before being suspended in either 10 mM PBS 

buffer or pure deionized water to a cell density of 7.5 × 106 cells/mL just before injection 

into the relevant flow cell environment.

Three different surfaces were tested to illustrate the function and selectivity of the cationic 

poly(AEMA) surface: a pristine POPC bilayer, neutral, hydrophilic poly(HEMA) (grown at 

the surface via cavitand-mediated initiator display as previously reported23), and freshly 

grown poly(AEMA). As would be expected, injection of THP-1 cells showed a minimal 

response at the pristine POPC bilayer interface. After washing, the chip was removed from 

the flow cell (without removal of the aqueous environment around the bilayer, which could 

cause defects in the fragile SLB) and analyzed by visible light microscopy. Some small 

defects were seen (Figure 5a), but very few cells adhered to the bilayer, and the small 

number that did were most probably attached to the silica surface rather than the bilayer.23 

Similarly, no cell adhesion was seen with the hydrophilic, neutral poly(HEMA) surface. As 

described above, polymerization of HEMA 3 is more efficient than that of AEMA, and a 

thicker, more complete coating is formed that displays no affinity for the nonadherent 

THP-1 cells (Figure 5b). The SPR sensorgram showed no resonance angle change upon cell 

addition, and no cells were visible at the surface via microscopy.

The poly(AEMA) surface, however, was fully functional and was able to immobilize the 

cells, as predicted. After introduction and incubation of THP-1 cells to the freshly grown 

poly(AEMA) surface, a substantial, retained resonance angle change was observed, 

indicating immobilization of cells at the cationic polymer interface. Visualization of the chip 

after removal from the flow cell confirmed the attachment of cells on the surface by 

poly(AEMA) (Figure 5c). The cells are smaller than the visualized polymer patches from 

Figure 3e, and are spaced randomly atop the bilayer (see Supporting Information). The 

process was repeatable, although the display pattern was somewhat variable, consistent with 

the uncontrolled polymer growth process. The cell attachment process proved robust, as the 

cells were not removed from the surface even after many minutes of washing in the flowcell 

with PBS buffer. The injection medium was unimportant, as the cells remained adhered 

either in pure water or higher ionic strength buffer. THP-1 cells are quite small, and the 

polymer patches are large enough to provide a cationic surface area sufficient to allow 

adhesion of the cells.

CONCLUSIONS

Here, we have shown that membrane-embedded deep cavitands are capable of promoting the 

polymerization of primary amine containing monomers at a supported bilayer interface, 

allowing functionalized polymers to be formed in a controllable and repeatable manner. The 

amine functions limit excessive, uncontrolled polymerization and favor the formation of 
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micrometer sized discrete “archipelagos” of poly(AEMA) at the water:bilayer interface. 

These polymer patches can be reacted in situ to allow display of fluorescent reporters or 

epitopes for protein immobilization, as well as acting as “molecular glue” by displaying a 

cationic surface for the soft immobilization of nonadherent cells at the bilayer. The use of 

nontoxic ATRP catalysts and the simple experimental procedure indicates that this method 

of in situ reactivity will have applications in cell surface engineering and the controlled 

creation of complex cell surface mimics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Water-soluble deep cavitand 1 and the minimized conformation of 1 (SPARTAN, AM1 

force field) with one bound initiator molecule (2) in the cavity; (b) the monomers used in 

this study; (c) a representation of the ATRP process.
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Figure 2. 
In situ functionalized polymer growth at a bilayer interface and application to protein and 

cell adhesion.
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Figure 3. 
(a) Cavitand-mediated aminopolymer growth and reactivity at a bilayer interface; (b,c) SPR 

sensorgrams of the process with different catalysts; (d) SPR sensorgram of the reaction with 

NBD-Cl; (e) confocal microscopy image of the dyed polymer at the bilayer interface.
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Figure 4. 
(a) Surface polymer derivatization and protein recognition; SPR sensorgrams of (b) 

covalently biotinylated poly(AEMA) recognizing avidin in situ and (c) control experiment 

with unactivated biotin.
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Figure 5. 
Nonadherent cell immobilization at the polymer surface; microscope image and SPR 

sensorgrams of cell recognition at (a) pristine POPC bilayer, (b) poly(HEMA)-coated 

POPC:1:2 interface, and (c) cationic poly(AEMA)-coated POPC:1:B interface.
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