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ABSTRACT: Layer-by-layer assembly of polyelectrolyte multilayer (PEM) ﬁlms represents a bottom-up approach for reengineering the molecular landscape of cell surfaces with
spatially continuous and molecularly uniform ultrathin ﬁlms.
However, fabricating PEMs on viable cells has proven challenging owing to the high cytotoxicity of polycations. Here, we
report the rational engineering of a new class of PEMs with
modular biological functionality and tunable physicochemical
properties which have been engineered to abrogate cytotoxicity.
Speciﬁcally, we have discovered a subset of cationic copolymers
that undergoes a conformational change, which mitigates membrane disruption and facilitates the deposition of PEMs on cell
surfaces that are tailorable in composition, reactivity, thickness, and mechanical properties. Furthermore, we demonstrate the ﬁrst
successful in vivo application of PEM-engineered cells, which maintained viability and function upon transplantation and were used
as carriers for in vivo delivery of PEMs containing biomolecular payloads. This new class of polymeric ﬁlm and the design strategies
developed herein establish an enabling technology for cell transplantation and other therapies based on engineered cells.

’ INTRODUCTION
The cell surface is among the most sophisticated materials
evolved in nature and its composition deﬁnes its capacity to
exquisitely regulate immensely diverse physical and chemical
processes fundamental to many biological phenomena. Hence,
re-engineering the molecular features of cell and tissue surfaces
by introducing exogenously derived molecules and nanoscale
materials alongside native constituents provides a powerful tool
for manipulating processes governed by cell surface molecules
and controlling interactions between cells and their environment. Cell surface engineering113 has been used to introduce
reactive handles,1 proteins and peptides,11,14,15 carbohydrates,16
nucleic acids,12,17 and synthetic nanoparticles and polymers2,4 to
the complex biochemical milieu of the cell surface through genetic,
metabolic, chemical, and physical approaches. While genetic and
metabolic approaches have proven vital to elucidating cellular
processes, their molecular repertoire is typically limited to the
natural canon of available molecules and/or cellular biochemical
pathways and, hence, are not amenable to modifying cell surfaces
with a large class of molecules and materials. Other strategies,
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such as covalent tethering to reactive cell surface moieties or
incorporation of amphiphilic molecules into plasma membranes,
expand options for surface modiﬁcation, but they can perturb cell
physiology in undesired manners7,18 and, as monomolecular
ﬁlms, oﬀer limited opportunities for interfacial engineering.
Over the past two decades the assembly of polyelectrolyte
multilayer (PEM) ﬁlms has emerged as a powerful and versatile,
yet facile, bottom-up approach for engineering diverse organized
thin ﬁlms, both supported and freely standing, with surface
morphology, composition, as well as biological and physicochemical
properties readily tailored through assembling routines.1924
Assembled through alternating, or “layer-by-layer” (LbL), deposition of oppositely charged species, PEM ﬁlms are clearly
diﬀerent in form than naturally occurring cell membranes yet may
be designed to confer similar function. Through incorporation of
enzymes and other proteins,25,26 nucleic acids,27,28 liposomes,29
biologically active nanoparticles,30 polymers functionalized with
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bioactive motifs,31 and guesthost supramolecular complexes,32,33
PEM ﬁlms provide unparalleled opportunities for engineering
biologically inspired surfaces for directing cellular behavior and
controlling biochemical microenvironments. Moreover, ﬁlm
thickness, permeability, mechanical properties, and surface
chemistry may be tailored, providing additional mechanisms
for manipulating biophysical phenomenon at interfaces. Hence,
the assembly of PEMs directly on cells, cell aggregates, and tissue
oﬀers enormous potential for cell surface engineering. However,
unlike conventional abiotic glass, ceramic, metallic, or polymeric
supports, which are largely passive bystanders of ﬁlm growth, cell
surfaces present complex and dynamic interfaces capable of
chemically and physically restructuring in response to ﬁlm constituents. As such, the well-documented toxicity elicited by most
polycations3437 poses a signiﬁcant hurdle in employing PEMs
in cell surface engineering. Therefore, the design of cytocompatible polycations and novel ﬁlm architectures is critical to
successfully exploiting the full potential of PEM capabilities
beyond inert substrates and toward viable cells.
Here, we report a new class of PEM ﬁlm with modular
biological functionality and tunable physicochemical properties
that can be assembled directly on the surface of living cells and
tissues. Toward this end, we have harnessed structureproperty
relationships to discover a working region in parameter space
within which poly(L-lysine)-graft-poly(ethylene glycol) (PLL-gPEG) copolymers undergo a conformational change that mitigates their toxicity while simultaneously facilitating the deposition of PEMs on cell surfaces that can be tailored in composition,
reactivity, thickness, and nanomechanical properties. The modularity and versatility aﬀorded by these ﬁlms is not available from
any other current cell surface modiﬁcation strategy, opening
uncharted opportunities in cell engineering and therapeutics. As
a clinically relevant and rigorous example, we used PEMs to reengineer the surface of isolated pancreatic islets, multicellular
aggregates containing multiple primary cell types that are responsible for regulating blood glucose levels and have been
widely explored as a cell-based therapy for the treatment of
diabetes.38 However, widespread clinical application of islet
transplantation remains limited by destruction of transplanted cells due to immune rejection,38,39 inﬂammation and
thrombosis,40,41 hypoxia,42,43 and impaired revascularization,44,45 among other factors. Re-engineering of islet surfaces
with appropriately designed PEM ﬁlms is well-poised to address
such challenges by, for example, encapsulating islets in nanothin
conformal coatings,4650 promoting growth of new microvasculature,5153 or serving as a scaﬀold for bioactive regulators of
inﬂammation and immunity.10,16,5456 Using a murine model of
intraportal islet transplantation, we demonstrate the ﬁrst successful in vivo application of PEM-engineered cells, which maintained viability and function upon transplantation into the liver
microvasculature and could be used as carriers for localized
delivery of PEMs containing a model therapeutic payload. This
represents a critical ﬁrst step toward realizing the potential of cell
surface engineering with PEM ﬁlms in islet transplantation and
beyond.

’ RESULTS AND DISCUSSION
Engineering Cytocompatible Polycations. We, along with
others, have previously demonstrated that grafting of poly(ethylene glycol) (PEG) chains can reduce the cytotoxicity of
polycations.4,34,50 On the basis of such findings, we postulated
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Figure 1. Scheme illustrating the design of cell surface-supported PEM
ﬁlms. Through appropriate control of structural variables, PLL-g-PEG
copolymers can be rendered cytocompatible while simultaneously
facilitating layer-by-layer self-assembly of PEM ﬁlms directly on the
surface of cells comprising a pancreatic islet. Alginate, a natural and
biocompatible polysaccharide, was chosen as the polyanionic species.

that PLL-g-PEG copolymers could be rendered cytocompatible
while simultaneously facilitating the assembly of PEM films
directly on cell surfaces (Figure 1). However, a considerable
challenge in designing such films is the complex interplay
between copolymer structural variables that influence cell viability and PEM growth in opposing manners. Notably, decreasing
polycation charge density generally attenuates cytotoxicity,37
while insufficiently charged species may be incapable of participating in film growth.57,58 Likewise, PLL-g-PEG copolymers with
grafted chains of sufficient length can create steric barriers to
protein adsorption and molecular recognition59 and similarly
may hinder electrostatic interactions necessary to drive film
assembly. Moreover, polycation molecular weight, conformation, and chemical composition can significantly influence both
cytotoxicity37,60 and film growth.6163
In an eﬀort to generate cytocompatible PLL-g-PEG copolymers with maximum positive charge while minimizing potential
steric barriers to electrostatic interactions, we synthesized a
structural library of 24 PLLMW-g[D]-PEGn (PMWPn[D]) graft
copolymers (Table S1, Supporting Information) comprised of
variable PLL backbone molecular weights (PMW), where MW
refers to molecular weight in kDa, PEG graft length (Pn), such
that n refers to the number of monomeric repeats, and degree of
grafting ([D]), deﬁned as the percentage of backbone lysine
groups grafted to PEG chains, and assessed islet viability after
exposure to copolymers (Figure 2). As expected, polycation
toxicity decreased as charge density was reduced (Figure 2b,d),
but, interestingly, at a ﬁxed molar concentration and D, increasing PEG graft length decreased cytotoxicity, suggesting synergism between D and Pn in reducing toxicity. As a striking
example, grafting of short chains (n = 4) to 43% of lysine residues
substantially reduced polycation toxicity relative to a structural
analogue with an equivalent fraction of acetylated lysine groups
(n = 0). PLL molecular weight also played an important role in
cytotoxicity, as otherwise similar copolymers with higher MW
backbones were signiﬁcantly more toxic than their lower MW
counterparts (Figure 2c), consistent with previous reports describing an inverse correlation between MW and cytotoxicity.37
Importantly, for each combination of n > 4 and MW explored, a
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Figure 2. Polycations with enhanced cytocompatibility can be designed by tailoring the structure of PLL-g-PEG copolymers. (a) Representative
confocal and bright ﬁeld micrographs of pancreatic islets stained with calcein AM (green, viable) and ethidium homodimer (red, nonviable) after
incubation with 80 μM PLL and P12P4[D] copolymers with variable degrees (D) of PEG grafting (scale bar, 50 μm). Polycation toxicity is
predominantly exerted toward cells on the periphery of the islet, and the absence of ﬂuorescent emission from the islet core is a consequence of the
limited tissue penetration depth of confocal microscopy. (b) Islet viability (mean ( SD) after exposure to 80 μM PLL and P12Pn[D] copolymers (n = 0,
4, 12, 24, and 40) with variable degrees of PEG grafting. A unique critical degree (Dc) of PEGylation (*p > 0.05 vs untreated controls) was observed for
each PEG chain length explored (i.e., n = 4, Dc = 43%; n = 12, Dc = 30%; n = 24, Dc = 23%; n = 40, Dc = 21%). (c) For ﬁxed D and n, increasing the PLL
backbone molecular weight was found to signiﬁcantly increase PLL-g-PEG copolymer toxicity. (d) Cytocompatible P45Pn (n = 4 and 24) copolymers
can be generated by increasing the degree of PEG grafting relative to P12Pn variants (n = 4, Dc = 60%; n = 24, Dc = 30%). (e) Contour plot generated
from data in part b demonstrates operative copolymer structurecytotoxicity relationships, with Dc and n deﬁning a border between cytotoxic and
cytocompatible regions in copolymer structure.

critical degree of grafting, Dc, could be identiﬁed below which
copolymers exerted signiﬁcant toxicity, thereby deﬁning a maximum
permissible charge density for a given composition. As shown in
Figure 2a, the small, but statistically signiﬁcant, decreases in islet
viability elicited by some polycations (e.g., P12P4[37]) are a
consequence of peripheral cell death. While this may not dramatically inﬂuence overall islet viability or function, it is associated with
changes in islet morphology, intracellular internalization of ﬁlm
constituents, and eventual loss of dead cells from the islet, all of
which compromise the assembly, properties, and utility of cellsurface-supported thin ﬁlms. For this reason, Dc was deﬁned as the
degree of grafting whereby no signiﬁcant decrease (p > 0.05) in islet
viability was observed under conditions explored. Relationships
between n, D, and cytotoxicity are perhaps most clearly illustrated by
the contour plot depicted in Figure 1e generated from viability data
collected for P12Pn[D] copolymers. Signiﬁcantly, this plot demonstrates the existence of a cytocompatible region with a boundary
eﬀectively demarcated by Dc and n (overlay), the asymptote of
which suggests a maximum permissible backbone charge density of

∼80%. It is on this boundary and within this cytocompatible region
that copolymers may be explored as candidates that facilitate the
assembly of PEM ﬁlms. While boundaries for larger MW backbones
were not explicitly determined, the higher D values mandated for
abrogation of cytotoxicity (Figure 2d) reduce the size of the
cytocompatible region. For this reason, studies of ﬁlm assembly
focused on P12P4 variants.
Layer-by-Layer Assembly of PEM Films Using PLL-g-PEG
Copolymers. Upon identifying cytocompatible copolymer compositions, we next sought to determine if such polycations could
facilitate the assembly of PEM films. Alginate, an FDA-approved
material that has been widely explored as both a constituent of
PEM films and tissue engineered constructs,64,65 was selected as
the polyanion. To demonstrate assembly of this new class of
PEMs, film growth was first investigated with in situ ATR-FTIR
using P12P4[42] as the polycation. Creation of the desired
structure was evidenced by increasing absorbance at 1640 cm1
(amide I, PLL backbone), 1606 cm1 (CdO stretch, alginate), and
1085 cm1 (PEG) with increasing layer number (Figure 3a). A 5
7056

dx.doi.org/10.1021/ja110926s |J. Am. Chem. Soc. 2011, 133, 7054–7064

Journal of the American Chemical Society

ARTICLE

Figure 3. Appropriately structured PLL-g-PEG copolymers facilitate assembly of PEM ﬁlms with unique and diverse properties. (a) ATR-FTIR spectra
of P12P4[42]/alginate PEM ﬁlm recorded through the ﬁrst four bilayers. (b) (Left) Absorbance (mean ( SD) of AlexaFlour488-labeled P12Pn[Dc]
copolymers as a function of bilayer number measured using solid-state UVvis spectroscopy. (Right) Ellipsometric ﬁlm thickness (mean ( SD) as a
function of layer number for ﬁlms assembled using P12Pn[Dc] (b, P12P4[45]; O, P12P12[30]; 1, P12P24[25]; 4, P12P40[22]). Thickness of selected
eight bilayer ﬁlms was conﬁrmed by the AFM scratch test (Table S2, Supporting Information). (c) Surface topography (500  500 nm2; z axis, 5 nm per
division) of eight bilayer ﬁlms assembled using PLL (roughness = 4.6 nm) and P12P24[25] (roughness = 0.28 nm). (d) Young’s modulus (mean ( SD)
of dried eight bilayer ﬁlms assembled with diﬀerent polycations determined using colloidal probe AFM. (e) Ellipsometric ﬁlm thickness (mean ( SD) of
eight bilayer ﬁlms assembled using P12Pn copolymers at and above Dc (b, n = 4; 2, n = 12; 9, n = 24; [, n = 40).

min deposition time was selected to ensure nearly complete
(∼98%) polyelectrolyte deposition (Figure S1, Supporting Information), while minimizing exposure of cells to polycations and
reducing overall processing time. Employing copolymers of variable
charge density, PEG length, and content offers the possibility of
generating films with unique and tailorable properties. Film growth
and related properties were investigated on planar substrates by
solid-state UVvis spectroscopy, ellipsometry, and AFM. Solidstate spectroscopy and ellipsometry (Figure 3b) revealed nonlinear,
exponential-like growth, with P12P24[25] displaying the steepest
profile. Similar profiles have been reported for films assembled using
PLL and alginate64 or hyaluronic acid66 and are distinguished from
linear growth by intrafilm diffusion of constituents during
assembly,66 a phenomenon which could permit polycationcell
interactions even after deposition of a number of layers, further
reinforcing the importance of cytocompatible polycations. Moreover, exponential growth generally yields thicker films with hydrogel-like properties that have proven particularly advantageous for
loading and locally delivering therapeutic agents.25,66 Interestingly,
film thickness was highly dependent on the composition of polycation, yielding eight bilayer films that in the dry state ranged from
30 to 135 nm, depending on the choice of copolymer employed.
Moreover, the resultant films were remarkably smooth relative to
those assembled using PLL (Figure 3c and Table S3, Supporting
Information), a characteristic generally associated with films assembled using strongly charged67 or stiff polyelectrolytes63 with

important implications for modulating cell adhesion and biocompatibility.68 Nanomechanical film properties, measured via colloidal
probe AFM, were also dependent on copolymer structure, with
P12P24[25] yielding films with a significantly higher Young’s modulus than those assembled using PLL or P12P4[45] (Figure 3d),
likely a result of independent crystallization of longer PEG chains in
the former.69 Mechanical properties were measured in the dry state,
yielding Young’s modulus values between ∼500 and 1500 MPa,
consistent with previous reports describing modulus values of dry
films in the range of 110 GPa, depending on film components and
measurement methods.20,7073 However, it is well-established that
increasing the humidity can drastically affect the modulus of PEM
films; for example, Rubner and colleagues demonstrated that a film
comprised of the weak polyelectrolytes poly(allylamine hydrochloride) and poly(acrylic acid) demonstrated a plain stress Young’s
modulus of ∼10 GPa at a relative humidity of 12% while it
decreased to ∼1.1 GPa at 90% humidity.72 Additionally, Picart
and co-workers have reported Young’s modulus values for hydrated,
exponentially growing films assembled using PLL and hyaluronic
acid in the range of 320 kPa.74,75 Therefore, the modulus values
for PLL/alginate and PLL-g-PEG/alginate PEM films are likely to
be significantly lower when hydrated, as is the case on the cell
surface, consistent with the hydrogel-like nature of exponentially
growing PEM films. Importantly, a cell’s fate and behavior are
strongly dependent on the mechanical properties of the substrate
upon which it adheres,76,77 and indeed, the behavior of cells in
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Figure 4. PEG-dependent changes in polycation conformation yield a narrow window within which PEM ﬁlms can be assembled using cytocompatible
copolymers. (a) Contour plot generated with data in Figure 3e demonstrates relationships between ﬁlm thickness and copolymer structure and predicts
a region of hindered ﬁlm growth (white line, 15 nm contour line). (b) FITC-labeled PLL translocates across cell membranes, whereas
(c) AlexaFlour488-labeled P12Pn[Dc] copolymers (shown here, P12P4[45]) remain extracellular and adsorb to cell surfaces [scale bars, 50 μm
(left), 10 μm (right)]. Electrostatic potential map of PLL (d) and P12P4[40] (e) at 100 ns (blue; positive charge; red, negative charge; white, neutral).
Snapshot of MD simulation at 630 ns for interactions of PLL (f) and P12P4[40] (g) with a 256-lipid POPC lipid bilayer (lipids directly coordinated with
PLL (75 lipids) and P12P4[40] (50 lipids) are represented as licorice, and the other lipids are represented as points. PLL and P12P4[40] are represented
as VDW; water, Naþ, and Cl are not shown). (h) Radial distribution function of P in the PO4 group of the POPC lipids around PLL (solid line) and
P12P4[40] (dashed line) indicates that PLL has a higher coordination with the lipid headgroup of a POPC layer than PLL-g-PEG. (i) Proposed model
for describing relationships between polycation conformation, cytotoxicity, and PEM ﬁlm growth.

contact with PEM films has been found to be highly dependent on
modulus in the kilopascal range.74,78 Therefore, modulating the
stiffness of cell-surface-supported PEMs may offer a unique approach through which to further tailor cellular responses; however,
the extent to which hydrated PLL-g-PEG/alginate PEM nanomechanical properties can be modulated has yet to be determined and
necessitates further investigation. Nonetheless, whereas other strategies have exploited pH, ionic strength, temperature, and crosslinking agents to modulate film properties, this class of films is
unique in that a range of physical properties, including thickness and
elastic modulus, may be achieved under physiologically relevant
conditions through control of copolymer composition.
PEM ﬁlm growth was also explored within the cytocompatible
region by employing P12Pn[D] copolymers with D > Dc. For all
PEG lengths, increasing D by 510% beyond Dc precipitously
decreased ﬁlm thickness, yielding ﬁlms of only several nanometers after deposition of eight bilayers (Figure 3e). Hence, as

postulated, further decreasing charge density hinders ﬁlm growth, an
eﬀect exacerbated at higher PEG graft lengths, likely owing to
generation of steric barriers. Remarkably, between the boundaries of the cytotoxic region and the hindered growth region
exists a narrow window within which ultrasmooth ﬁlms of diverse
and unique composition, thickness, and mechanical properties
can be generated using cytocompatible polycations (Figure 4a).
Changes in Polycation Conformation Mitigate Cytotoxicity and Facilitate PEM Film Growth. Upon discovering a
window of cytocompatible film growth, we sought to explore the
molecular basis underpinning its existence. Though not well
understood, polycations are thought to elicit toxicity, in part, by
inducing nonspecific formation of pores in the plasma membrane, a process dependent on polycation charge density, size,
conformation, and chemical composition, among other variables,
that results in the unregulated efflux of molecules, including the
polycation itself, into the cytoplasm.37,60 Indeed, incubation of
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islets with FITC-labeled PLL and AlexaFluor488 (AF488)labeled P12P0[45], both of which are highly cytotoxic, resulted
in transport of the polycation across the cell membrane and into
the cytoplasm of individual cells (Figure 4b). Conversely, AF488labeled PMWPn[Dc] copolymers adsorbed to the apical surface
of individual cells within pancreatic islets (Figure 4c), indicating
maintenance of cell membrane integrity and minimal endocytosis of copolymers. Such contrasting behavior suggests that
conjugation of PEG chains to PLL inhibits the capacity of PLL to
cross the cell membrane, most likely through inhibition of membrane pore formation, consistent with observed reductions in
toxicity.
Molecular modeling has been used to study the molecular
mechanisms of polymers interacting with lipid bilayers.7986
Mesoscale thermodynamic models have been used to describe
transitions in membrane morphology after exposure to nanoparticles of various size and surface chemistry;87 however, such
models do not provide detailed molecular interaction mechanisms between particles and the lipid bilayer. The eﬀect of polymer
shape and size on membrane pore formation has also been
previously studied using coarse-grained molecular dynamics
(MD) simulations.8183 However, the experimentally observed
disruption of membranes elicited by PLL was not observed in
these coarse-grained MD simulations,81 potentially due to exclusion of the hydrogen eﬀect. Therefore, we chose to use atomiclevel MD simulations to elucidate PLL (Figure 4d,f) and P12P4[40]
(Figure 4e,g) interactions with a 1-palmitoyl-2-oleoyl-sn-glycero3-phosphocholine (POPC) lipid bilayer as a model cell membrane. We ﬁrst performed 100 ns simulations to determine the
conformational and electrostatic changes to PLL caused by grafting of PEG4 chains to 40% of lysine residues and subsequently
performed 630 ns MD simulations to investigate the interaction
characteristics of PLL (Figure 4f) and P12P4[40] (Figure 4g)
with the POPC bilayer. The systems were equilibrated after the
initial equilibration and the remaining trajectories were used for
data analyses (Figures S2 and S3, Supporting Information).
Surprisingly, simulations predicted that conjugation of PEG4 to
PLL at 40% grafting (D = 40) promotes a conformational switch
from an extended random coil (Rg = 2.3 nm; Figure 4d, Figure
S4a, Supporting Information) to a more globular structure (Rg =
1.25 nm) with a PEG-dense core and positively charged corona
(Figure 4e, Figure S4b, Supporting Information). To the contrary, Feuz et al. predicted a “bottle brush” conformation for
similar PLL-g-PEG copolymers generated through conjugation
of a 2 kDa PEG (n = 40) to 45% of lysines on a 20 kDa PLL
backbone.88 This apparent contradiction is likely explained by
the diﬀerent PEG chain lengths employed in the respective
models. Longer PEG chains, such as the 2 kDa chains employed
by Feuz and colleagues, are highly hydrated and repel each other,
giving rise to the more extended “bottle brush” conformation.
However, the short tetra(ethylene glycol) (PEG4) used here has
a signiﬁcantly smaller hydrodynamic radius89 and, due to the
methoxy headgroup, is less polar89,90 than its higher molecular
weight counterpart as well as positively charged lysine monomers. Hence, it is reasonable that increased hydrophobicity and
reduced steric repulsion would allow P12P4[40] copolymers to
adopt the conformation predicted by simulations, which was
determined by van der Waals and electrostatic interactions. It
should be noted, however, that it was beyond the scope of this
work to model all PLL-g-PEG variants employed herein, and
therefore, the results of these simulations cannot necessarily be
extended to other PLL-g-PEG copolymers.
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Upon interaction with a POPC bilayer, PLL (Figure 4f) has a
higher aﬃnity for the surface and tends to coordinate with lipid
head groups to a greater extent than P12P4[40] (Figure 4g),
causing a larger number of lipids to localize around PLL than
P12P4[40] (Figure 4fh). While neither polymer explicitly
translocated across the membrane during the initial 630 ns of
simulation, which might require even longer simulation times to
capture, the enhanced capacity of PLL to interact with and
perturb a lipid bilayer supports our experimental ﬁndings that
PLL has a greater capacity to generate pores in the plasma
membrane than copolymers at Dc. These data are also consistent
with previous accounts that describe reduced toxicity of polycations with less ﬂexible, more globular conformations.36,37
While simulations were not performed for all structural variants,
we postulate that a PEG-dependent conformational switch oﬀers
a conceptual model for explaining observed relationships between copolymer structure, cytotoxicity, and PEM ﬁlm growth
(Figure 4i). Below Dc, copolymers lack suﬃcient PEG grafting to
drive a conformational change but maintain a signiﬁcant degree
of positive charge, thereby eliciting membrane pore formation
and cytotoxicity. At Dc, a conformational switch occurs, decreasing the capacity of polymers to generate pores in the cell membrane, while retaining a suﬃciently high charge density to
facilitate PEM ﬁlm growth. Though MD simulations were only
performed for P12P4[40] and results cannot be extrapolated to
other variants, it is reasonable that the predicted conformational
change would be expected to occur at lower degrees of grafting
for longer PEG chains, which are more readily able to interact
with each other when spaced further apart along the PLL
backbone, thereby decreasing Dc with increased PEG chain
length. However, as discussed above, the predicted globular
conformation may not persist through all n and D, as the
hydration of PEG chains and steric crowding considerations
may begin to dominate, causing the chain to adopt a more
extended conformation, perhaps explaining the nonlinear
relationship between Dc and n. Additionally, the higher
entropic penalty attendant to constraining longer PLL backbones in a globular conformation would mandate increased
interactions among short PEG chains, potentially explaining
the increased toxicity associated with higher molecular weight
copolymer variants. With respect to ﬁlm growth, such globular
species are also less apt to unfold to neutralize interfacial
negative charges, allowing a suﬃcient number of lysine
residues to remain available for initiating and driving PEM
growth.
Above Dc, polymers remain cytocompatible, but additional
grafting decreases the eﬀective charge of the polymer, thereby
hindering interactions with negatively charged surfaces, and
hence PEM ﬁlm growth, a phenomenon potentially exaggerated
by steric barriers generated by PEG chains. The ζ-potential of
P12P4 copolymers decays rapidly with increasing grafting ratio
(Table S4, Supporting Information) and is eﬀectively zero 10%
beyond Dc (i.e., P12P4[56]), a polycation which scarcely supported ﬁlm growth (Figure 3e). Indeed, a critical charge threshold beyond which ﬁlm growth is no longer possible has been
observed in a number of PEM systems.57,58 While more extensive
simulations of PLL-g-PEG structure and membrane interactions
are necessary to fully elucidate relationships between polycation
structure, cytotoxicity, and PEM ﬁlm growth, this working model
oﬀers a conceptual molecular framework for the design of
cytocompatible polycations for direct assembly of PEM ﬁlms
on cell and tissue surfaces.
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Figure 5. Cell-surface-supported PEMs can be assembled on individual pancreatic islets through LbL deposition of P12Pn[Dc] copolymers and alginate.
(a) Method to assemble PEMs on islets. (b) Representative confocal micrographs overlaid on bright-ﬁeld images of islets coated using P12P24[25] and
ﬂourescein-labeled alginate (F-Alg) with eight bilayers (8), a single bilayer (1), or treated only with F-Alg (8 w/o cation). Comparable results were
obtained by using P12P4[45], P12P12[30], and P12P40[22]. (c) F-Alg is localized on the extracellular surface of cells, conﬁrming the cell-surface-supported
nature of ﬁlms. (d) By contrast, deposition of a single PLL/F-Alg bilayer resulted in intracellular internalization of alginate by peripheral cells. (e) Chemistry
and reactivity of cell-surface-supported PEM ﬁlms can be tailored through integration of biotin- and azide-functionalized PLL-g-PEG copolymers. (f) Insulin
secretion (mean ( SE) by islets coated with a (P12P4[45]/alginate)8 ﬁlm (gray bar) and untreated islets (black bar) in response to a step-change in glucose.
(g) Confocal (left) overlaid on bright-ﬁeld micrographs (right) of frozen sections of liver (L) after intraportal transplantation of islets (I) engineered with
PEM ﬁlms labeled with streptavidinCy3. Scale bars: b, e (top), g = 50 μm; c, d, e (bottom) = 10 μm.

Engineering Cell Surfaces with PEM Films. Toward assembling PEM films on islets, a process for sequentially depositing
polyelectrolytes on cell aggregates was developed (Figure 5a).
Islets were placed into cell culture inserts with 12 μm pores,
which facilitated drainage of polyelectrolyte and wash solutions
while retaining islets (Figure 5a, inset). To form a bilayer, islets
were incubated in P12Pn[Dc] copolymers for 5 min, rinsed with
serum-free media, incubated in alginate for 5 min, and rinsed
again. PEMs were initially assembled using fluorescein-labeled
alginate (F-Alg) to enable visualization of films with confocal
microscopy and discern differences in fluorescence intensity
between islets coated with different numbers of layers. As shown

in Figure 5b, in which P12P24[25] was used as the polycation, a
ring of intense fluorescence emanating from F-Alg was observed
surrounding the islet periphery. By contrast, controls treated only
with F-Alg in an LbL manner demonstrated essentially no
fluorescent emission, indicating the necessity of the polycation
in immobilizing alginate on the islet surface. Moreover, a
dramatic difference in fluorescent intensity was observed between islets coated with eight and one bilayer(s). Collectively,
these observations indicate that PEMs can be assembled on
the surface of islets via alternating deposition of P12Pn[Dc]
copolymers and alginate. In accord with its role as a component
of a cell-surface-supported thin film, alginate was concentrated
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predominately on the islet surface (Figure 5c). By contrast,
attempts to generate a single PLL/F-Alg bilayer resulted in
transport of alginate into the cytoplasm (Figure 5d), likely a
result of membrane disruption by PLL and subsequent diffusion
of alginate across the membrane. Hence, notwithstanding the
cytotoxicity of PLL and other polycations, their capacity to
generate pores in the cell membrane rather than adsorb to cell
surfaces yields intracellular coacervates rather than a surfacesupported assembly, an important distinction in light of the
different respective properties and applications of each.
The ability to integrate additional molecules into PEM ﬁlms
provides a mechanism for further tailoring ﬁlm properties and is
essential for designing biologically active interfaces. As a demonstration of this concept, cytocompatible PLL-g-PEG copolymers
bearing biotin- and azide-functionalized PEG grafts were used as
a terminal layer in ﬁlm assembly to confer biological speciﬁcity
and chemical reactivity, respectively (Figure 5e). Films assembled
with biotin-functionalized copolymers [(P12P4[45]/Alg)8 þ
P12P4[45](biotin)] speciﬁcally bound Cy3-labeled streptavidin
through biorecognition, providing a facile approach to incorporate biotinylated molecules or streptavindrug conjugates into
cell-surface-supported ﬁlms. Copper-free click chemistry between
azides and cyclooctynes (CyO) is a highly eﬃcient bioorthogonal
reaction that proceeds under physiological conditions91,92 and,
consequently, has recently found utility in cell surface modiﬁcation and tissue engineering.92,93 Indeed, ﬁlms containing azidefunctionalized copolymers [(P12P24/Alg-F)8 þ P12P12[39](azide)] selectively captured CyOPEGbiotin through strainpromoted cycloaddition between the Boons cyclooctyne91 and
azide groups, opening new opportunities for chemoselectively
integrating CyO-modiﬁed bioconjugates into PEM ﬁlms. In both
cases, control experiments employing nonfunctionalized copolymers demonstrated negligible ﬂuorescence, indicating the bio/
chemoselective binding of appropriately functionalized molecules. Though only a terminal deposition of functionalized
copolymer was used here, in principle, such conjugates could
be integrated at selected points during ﬁlm formation, conferring
spatial control over molecular presentation, allowing, for example, diﬀerential functionalization of apical and basal ﬁlm surfaces
and thereby enabling engagement of cell surface receptors while
simultaneously presenting bioactive mediators to the environment. While such polycationic vehicles provide a versatile and
facile strategy for incorporating diverse molecules and materials
into ﬁlms, other modalities for integrating molecules into PEM
ﬁlms including use of biologically active polyanions,28,33 embedment of molecules,25,26 and physisorption94 may also be explored
to further expand the utility of these ﬁlms.
Importantly, the viability of islets coated with eight bilayer
P12Pn[Dc]/alginate PEM ﬁlms was found to be statistically
indistinguishable (p > 0.01) from untreated controls both immediately and 1824 h later after ﬁlm assembly (Table S5, Supporting Information). Moreover, the functional capacity of islets
to release insulin in a glucose-responsive manner was not
adversely inﬂuenced by ﬁlm formation, as islets engineered with
PEMs secreted statistically similar amounts of insulin at both
basal and high glucose concentrations compared to untreated
controls (p > 0.05; Figure 5f). To demonstrate the potential
in vivo application of PEM-engineered cells, islets coated with a
model ﬁlm, (P12P4[45]/alginate)8/P12P4[45](biotin), functionalized with Cy3-SA, were transplanted into mice through
the portal vein and into the liver microvasculature, the clinically
preferred site for islet transplantation. As shown in Figure 5g,
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ﬂuorescent emission was observed around individual islets distributed throughout the liver, demonstrating the presence of
ﬁlms upon exposure to portal blood and the liver microenvironment. Signiﬁcantly, these data are the ﬁrst to demonstrate that
PEM-coated cells can be transplanted in vivo with a model
therapeutic payload. We also explored the eﬀect of PEM ﬁlm
assembly on islet engraftment and function in vivo in a model of
allogeneic islet transplantation. To accomplish this, islets harvested from B10 mice were coated with a (P12P4[45]/alginate)8
ﬁlm and transplanted intraportally into diabetic B6 mice. In this
model a suboptimal number of islets are transplanted, resulting in
transient reversal of diabetes (euglycemic for >2 consecutive
days) in only a fraction of mice during the initial 2 weeks posttransplant. Therefore, diﬀerent rates of conversion to euglycemia
reﬂect changes in islet survival and function in the immediate
post-transplant period. Mice receiving islets coated with the PEM
displayed a nearly 2-fold higher rate of conversion from a diabetic
to euglycemic state (25% vs 47%; Figure S2, Supporting Information). Signiﬁcantly, this is the ﬁrst study to document
survival and function of PEM-coated cells or cell aggregates after
in vivo implantation. Moreover, the observed trend towards
improved islet engraftment suggests a potential beneﬁcial eﬀect
intrinsic to the ﬁlm, perhaps through protecting islets from host
inﬂammatory responses. Such beneﬁcial eﬀects are likely to be
enhanced through further optimization of ﬁlm properties and by
incorporation of biologically active ﬁlm constituents that serve to
improve islet survival or attenuate inﬂammatory responses attendant to islet transplantation.
Islet transplantation has long been conceived as a promising
treatment for type 1 diabetes,9597 but the challenge of protecting islets from deleterious host responses and environments has
limited its potential in the clinic.3840,98,99 Over 30 years of
research has led to great progress in the development of cell
microencapsulation devices capable of protecting islets from host
immune responses while allowing transport of essential
nutrients.46,100102 However, the relatively large size of conventional microencapsulation devices can generate consequential
mass transport limitations and yield transplant volumes not
suitable for infusion into vascularized tissue.46,103105 To address
these challenges, several investigators have developed approaches to encapsulate individual islets in coatings that conform to
the islet surface, conformal coatings, fabricated using a number
of physical and chemical processes.46,47,106,107 As shown in
Figure 5b, cell surface engineering of islets with PEM ﬁlms oﬀers
opportunities for generating conformal coatings of nanoscale
thickness that precisely conform to the geometrically and chemically heterogeneous islet surface. This approach to conformal
coating is distinguished from others in that the cell surface serves
as the foundation upon which the coating is deposited and
grown, allowing thickness and other physicochemical properties
to be tailored through control of ﬁlm constituents and layer
number. Moreover, PEM ﬁlms oﬀer a versatile and facile platform for incorporating diverse biologically active agents into such
conformal coatings; indeed, several investigators have improved
the eﬃcacy of cell encapsulation devices by integrating molecular
regulators of immune responses,56,108 inﬂammation,54,109,110 and
angiogenesis.111 Similarly, several groups have sought to chemically remodel the islethost interface by, for example, modifying
islet surfaces with anti-inﬂammatory agents,10,11 anticoagu
lants,16,55,112 and insulinotropic factors.15,113 PEM ﬁlms oﬀer unparalleled opportunities for creating bioactive interfaces and may open
new doors in islet encapsulation and surface modiﬁcation. Further
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exploration of the potential of this technology in islet transplantation
and other areas is the subject of ongoing and future research.

’ CONCLUSION
Cell-based therapies have recently found utility in the treatment of numerous pathologies, including heart and vascular
disease, stroke, spinal injury, musculoskeletal disorders, cancer,
and diabetes, and cell surface engineering oﬀers great potential to
improve clinical outcomes associated with this promising class of
therapeutic. Layer-by-layer assembly of PEM ﬁlms has emerged
as among the most versatile, modular, and useful surface engineering approaches, and, hence, is well-poised to greatly
expand the molecular repertoire of available cell surface modiﬁcations beyond what is currently possible with genetic and
metabolic approaches or covalent and noncovalent chemistries.
However, this powerful technique has been largely inaccessible
to living cell surfaces owing to the toxicity associated with the
majority of polycations when in direct contact with the cell
membrane. Indeed, in this and previous reports4,50 we have
demonstrated that polycations conventionally employed for
PEM ﬁlm assembly are highly toxic to pancreatic islets. Here,
we have circumvented this molecular hurdle by exploiting PEGdependent conformational changes in polycation structure to
unveil a narrow window in PLL-g-PEG copolymer structure
space within which cytocompatible polycations can facilitate the
assembly of a unique class of PEM ﬁlms with tunable biological
and physicochemical properties. These ﬁlms can be assembled
directly on the surface of fully viable and functional pancreatic
islets via sequential deposition of cytocompatible PLL-g-PEG
copolymers and alginate, providing a powerful new platform for
engineering cell surfaces layer-by-layer that oﬀers superior versatility and modularity relative to conventional approaches.
Furthermore, we have demonstrated the unprecedented use of
cells engineered with PEMs in vivo, opening exciting possibilities
ranging from nanoscale immunoisolation to localized and controlled release of therapeutic molecules from ﬁlms. Although
exempliﬁed in the context of islet transplantation, potential
applications are signiﬁcantly broader in scope, and the extension
of this technology to other cell types is poised to oﬀer new
opportunities in drug and gene delivery, cell-based therapeutics,
imaging, and tissue engineering, eﬀorts which are ongoing in our
group. Collectively, these investigations have also provided a
conceptual framework for the rational design of cell-surfacesupported thin ﬁlms and establish a new paradigm for translating
the numerous and diverse biomedical applications of PEM ﬁlms
from abiotic substrates to living cellular interfaces.
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