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Abstract 
The adhesion of living eukaryotic cells to a substrate, one of the most complex problems in 

surface science, requires adsorption of extracellular proteins such as fibronectin. Thin films of 
polyelectrolyte complex made layer-by-layer (polyelectrolyte multilayers or PEMUs) offer a 
high degree of control of surface charge and composition - interconnected and essential variables 
for protein adhesion. Fibroblasts grown on multilayers of poly(styrene sulfonate), PSS, and 
poly(diallyldimethylammonium), PDADMA, with increasing thickness exhibit good adhesion 
until the 12th layer of polyelectrolyte has been added, whereupon there is a sudden transition to 
nonadhesive behavior. This sharp change is due to the migration of excess positive charge to the 
surface – a previously unrecognized property of PEMUs. Precise radiotracer assays of adsorbed 
125I-albumin, show how protein adsorption is related to multilayer surface charge. With more 
negative surface charge density from the sulfonates of PSS, more albumin adsorbs to the surface. 
However, a loosely-held or “soft corona” exchanges with serum protein under the Vroman 
effect, which is correlated with poor cell adhesion. A comprehensive view of cell adhesion 
highlights the central role of robust protein adhesion, which is required before any secondary 
effects of matrix stiffness on cell fate can come into play. 
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INTRODUCTION 
The adhesion of living cells to a substrate is one of the most complex problems in surface 

science. Because cell adhesion is mediated by transmembrane receptors such as integrins,1 which 
engage specific sequences on extracellular matrix proteins such as fibronectin,2 protein 
adsorption to the surface is a necessary early event.  The protein composition at a surface is 
dynamic3 as soon as it comes into contact with biological fluids, changing from the most-
prevalent (in solution) to the most-tenacious adsorbers, a phenomenon termed the Vroman 
effect.4, 5 Recent interest in the shifting protein makeup of a surface is seen in the bionanoparticle 
field, where the protein “corona” is thought to constantly change the interaction of nanoparticles 
with their physiological environment.6 Unlike the surface of isolated nanoparticles, the protein 
composition at the cell/surface region is partly determined by the cell as it expresses additional 
proteins. Following protein adsorption and spontaneous organization into fibers and other 
structures, active cell signaling occurs, coordinated by membrane receptors which transform 
initial tentative “soft” contacts into organized clusters of integrins anchoring protein filaments 
which create networks of tension within the cell.7, 8 With the finding that cells are able to sense 
and respond to the elasticity of their environment,9 attention focused on the mechanical 
properties of the substrate. Substrate stiffness guides cell migration,10 phenotype,11 and even (for 
stem cells) differentiation into cell type.12, 13  

Polyelectrolyte multilayers, PEMUs, ultrathin films made by the alternating deposition of 
polyanions and polycations, offer well defined compositions and physical properties for 
exploring cell adhesion.14, 15 Unless decomposition has been chemically or physically 
programmed into a PEMU,16 it is assumed to remain an inert or passive component. A range of 
protein (ad)sorption modalities is provided by multilayers.17, 18 In addition, synthesis and 
processing tools allow the PEMU researcher to manipulate the degree of stiffness19-21 and to 
induce local modulus gradients,22 probing the response of cell motility (durotaxis). We have 
investigated the adsorption of proteins to PEMUs, their control of cell phenotype and the 
migration of cells on PEMUs having stiffness gradients.22 For example, myosin adsorbed onto 
PEMUs allows actin nanofilaments to glide over the surface, powered by ATP.23  
   We have recently started to reevaluate the emphasis (including our own) on mechanical 
properties as cues for cell response on artificial surfaces, such as PEMUs, as some experimental 
results do not correlate well with realistic interpretations of stiffness-guided behavior. For 
example, effects on adhesion and locomotion occur on substrates with considerably higher 
modulus than a cell might encounter in its natural environment.22 In addition, responses 
attributed to elasticity are seen on films that are quite thin (e.g. 300 nm) -  thin enough to 
decouple the stiffness of the substrate (silicon) from the stiffness of the film using a 10 nm radius 
AFM tip,24-26 but still much thinner than the several microns used in acrylamide gels9, 10 or thick 
multilayers.20  

In the present work, two assumptions in the use of PEMUs in cell culture studies are 
critically evaluated: first, that the surface composition of the multilayer is static once the PEMU 
is immersed in cell growth media; second, that the mechanical properties of the film are assumed 
to be of primary importance in cell spreading, motility and proliferation. The multilayer system 
employed here is a combination of poly(diallyldimethylammonium), PDADMA, and 
poly(styrene sulfonate), PSS, which we have used extensively. A study by Mehrotra et al. with 
PDADMA/PSS PEMUs has previously drawn a correlation between film thickness, effective 
stiffness and cell morphology.27 Cells adhered less firmly and were more rounded on thicker 
films, attributed to the decreasing influence of the (high) stiffness of the substrate on effective 
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modulus.  Finite element analysis was performed to estimate the effective modulus “sensed” by 
the cells. We employed the same system taking a deeper look at the surface charge and the 
protein adsorption properties of the multilayer. Our conclusions differ and point to a continuing 
role of the strength of surface-protein interaction in cell fate. 
 

MATERIALS AND METHODS 
Materials. Poly(4-styrenesulfonic acid) (PSS; 19 wt % in water, ~70,000 g mol-1 from Scientific 

Polymer Products), poly(diallyldimethylammonium chloride) (PDADMAC; 21.3 wt % in water, 400,000 
– 500,000 g mol-1 from Sigma-Aldrich), and sodium chloride (99.5%) were used as received. All 
solutions were prepared with 18 Mっ deionized water (Barnstead, E-pure). PSS and PDADMAC solutions 
were 10 mM (based on the monomer repeat unit) in 0.15 M [NaCl] or 1.0 M. The pH of the solutions was 
adjusted to 7 with 1.0 M NaOH.  Square pieces (area ~ 2.5 cm2) of polished silicon wafer (OKMETIC, N-
Phosphorus, Si-100) were used as substrates for film characterization experiments. Cell experiments were 
performed on flat bottom, polystyrene 12-well plates (Jet-Biofil, Tissue Culture Products) 

Polyelectrolyte Multilayer Buildup. Si wafers were immersed for 10 min in “piranha” solution (70:30 
mixture of sulfuric acid and hydrogen peroxide), rinsed with deionized water and dried with a stream of 
N2. [PDADMA/PSS,x]n multilayers, where “n” indicates the number of bilayers and x the NaCl 
concentration used for the buildup, were built manually at room temperature layer by layer.28 For example 
[PDADMA/PSS,0.15]10 indicates 20 alternating layers of PDADMA and PSS, starting with PDADMA on 
the Si wafer, using 0.15 M NaCl in both polyelectrolyte solutions. Salt “hybrid” films were built under 
the same conditions, except that the last (PSS) layer was added from 1.0M NaCl. Dry thickness was 
measured using a Gaertner Scientific L116S ellipsometer equipped with a 632.8 nm laser, the incident 
angle was fixed at 70°. The refractive index was set to 1.55 and 3.85 for the multilayers and silicon, 
respectively.  

The buildup of the PEMUs was done manually using 1000 mL beakers and a holder with a capacity for 
6 wafers. The dipping time in each polyelectrolyte solution was 5 min followed by three consecutive 
water rinses for 1 min each, after which the PEMU was air dried. For cell culture experiments, PEMUs 
were built on 12-well polystyrene plates using the same procedure. 

Cell Culture. 3T3-Swiss albino fibroblasts (initially purchased from American Type Culture 
Collection as ATCC CCL-92 cells and maintained in the lab for numerous generations) were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1 g L-1  L-glutamine, 1.2 g L-1 
sodium bicarbonate (Sigma-Aldrich), 10% Cosmic Calf Serum (Thermo Scientific), 100 U mL-1 penicillin 
G, 100 たg mL-1 streptomycin, 0.β5 たg mL-1 amphotericin B and 10 たg mL-1 gentamicin (Invitrogen). Cells 
were incubated at 37 °C with 5% CO2 (Nu-4750, NuAire incubator). Uncoated 6- or 12-well plates were 
used as controls. 

Microscopy and Live Cell Imaging. Live cell images were collected using a Nikon TS100 microscope 
fitted with a Nikon DS-Ri1 camera. Cells were incubated at 37°C and monitored for 72 hours in 5% CO2. 
60% relative humidity was used to reduce media evaporation.  

Radioactive Ion Assays. 14C-tetraethylammonium bromide (0.25 mCi, 14-C, く-emitter, Emax=156.5 
keV, half life 5730 years), TEABr, supplied with a specific activity of 3.5 Ci mol-1, was obtained from 
Perkin Elmer radiopharmaceuticals in 2.5 mL ethanol and used as a stock solution. 175 たL of stock 
solution was added to 49.8 mL water to prepare 50 mL of 1.05 x 10-4 M TEA. Surface charge density was 
obtained by exchanging surface cations with 14C-TEABr. First, the PEMU was immersed in 5 mL of 
radiolabeled ion for 15 min. Multilayers were then removed from solution and dried with a strong stream 
of nitrogen to remove the liquid film wetting the multilayer. The dry PEMU with radiolabeled 
counterions was placed face down onto a piece of plastic scintillator (SCSN-81 Kuraray, 3 mm thick, 38 
mm diameter, emission peak 437 nm), which rested on the end window of a RCA 8850 photomultiplier 
tube, PMT, inside a dark box. A drop of immersion oil ensured good optical contact between the 
scintillator and the PMT window. The PMT was biased to -2300V by a Bertran 313B power supply and 
connected to a Phillips PM6654C frequency counter/timer. Labview software was used to collect the 
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counts using a gate time of 10 s and a pulse threshold of -20 mV. Counts are reported as counts per 
second (cps). The background, subtracted from all readings, was typically 8 cps. The counting efficiency 
for 14C-TEA was 65%.  The N2 jet technique for removing the film of solution was checked by depositing 
one layer of PDADMA on the Si wafer and exposing it to 14C-TEABr as above.  The small residual 
amount of isotope (0.β たmoles m-2), demonstrating the efficiency of the removal of solution from the Si 
wafer surface, was subtracted from all ion quantities. 

[125I]-Bovine serum albumin (BSA, 1 mCi, 125I,  1.1 たCi/たg, け-emitter, Emax = 35 keV, half life 59.4 d) 
supplied with a specific activity of 1.1 たCi/たg was obtained from Perkin Elmer radiopharmaceuticals in 
1.0 mL of solution containing 0.05 M sodium phosphate at pH 7.5. 0.5 mL of this stock solution was 
added to 4 mL PBS to prepare 4.5 mL of 0.101 mg/ml working solution. Samples were dipped into the 
solution of  125I-labeled albumin for 30 min then rinsed in fresh PBS and water. For measuring [125I]-BSA 
on surfaces a steel spacer (1/8”  thick, β” diameter, with a 1 cm diameter hole in the center) was placed 
between the silicon wafers and the scintillator to prevent contamination of the scintillator and to mask the 
edges of the sample. The counting efficiency using this setup was 3%. 

Calibration curves (counts per second, cps, vs. number of moles of ion or mg of BSA) were constructed 
by drying 1.0 to 5.0 たL droplets of the radiolabeled solution between Si wafers and the scintillator 
(Supporting Information, Figures S1 and S2). The nmoles or たg obtained were converted to たmoles m-2 or 
mg m-2 using the area of the multilayer or in the case of albumin, the open area of the spacer. For [125I]-
bovine serum albumin, an additional correction was necessary to correct for counts coming from the back 
of the wafer. This correction was performed by drying 1.0 to 5.0 たL droplets of the radiolabeled albumin 
solution on one side of the wafer. Counts were collected with this side facing towards, then away from, 
the scintillator. A calibration curve was constructed to correct for the counts coming from the back face 
through the Si wafer (see Supporting Information Figure S1).  

Challenge experiments were performed using media with and without serum. Surfaces were initially 
immersed into radiolabeled albumin solution for 30 min then rinsed in PBS and water. The samples were 
then counted. Then, films were exposed to media with or without serum for 24 h at 37 °C. After this step, 
the surfaces were rinsed in PBS and water, and the multilayers were counted again to determine the loss 
of albumin following the respective challenge.   

Atomic Force Microscopy Measurements and Imaging. Topographies of multilayers under wet 
conditions (sample and tip submerged in 0.15 M NaCl phosphate buffered solution) were obtained using 
an MFP-3D AFM equipped with an ARC2 controller (Asylum Research). Both wet and dry imaging used 
Veeco NCHV tips, nominal radius 10 nm, with a spring constant between 20 and 80 N m-1. The scan rate 
was 0.5 Hz. For dry conditions the spring constant was calibrated in air using the thermal fluctuation 
technique while the cantilever was tuned to 10% below the resonance frequency. For wet conditions the 
spring constant was calculated using the same technique while the tip was submerged in buffer solution. 
The tapping mode was used to obtain 10 たm x 10 たm images. Topography images and rms roughness 
were analyzed using Igor Pro software. Film thickness was measured by scanning a profile across a 
scratch in the multilayer. 
Zeta Potentials. The spinning disk method introduced by Sides et al.

29, 30
 was used for PDADMA/PSS 

multilayer analysis.
31, 32

 This method allowed measurement of the streaming potential at the surface of the 

multilayers which could then be converted to the zeta potential. All polyelectrolyte multilayers were 

prepared on a 1 inch diameter fused silica disk which was placed on the end of a dc motor. An AgCl-

coated silver wire electrode was placed 1 mm away from the axial center of the disk, while another silver 

electrode was placed further away towards the bottom of a 250 mL cell fitted with a water jacket and 

maintained at 25 °C.  Three plastic baffles attached to the rig holding the motor minimized vortexing in 

the cell to prevent bubbles. Using an electrometer, the streaming potential was measured between both Ag 

electrodes in a 10
−4

 M NaCl solution before and after the one hour rinse in 0.15 M PBS. The streaming 

potential, fs, was converted to the zeta potential, こ, using the following equation:30
 

 

(1) 
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where a, っ, ち, せ, and z are the disk radius (m), disk rotation rate (s−1), kinematic viscosity (m2 s−1), 
solution conductivity, and axial distance from the disk (m), respectively. i is the permittivity of water at 
β5 °C (i = iri0, with ir being the relative permittivity (80.5 at β5 °C) and i0 the vacuum permittivity (8.85 
× 10̻12 F m−1)). All data were from the CRC Handbook of Chemistry and Physics.33 The rotation rate was 
2580 rpm. 

RESULTS AND DISCUSSION 
Fibroblasts are specialized for the production of collagen, fibronectin and other ECM 

components.34 Cells were grown on multilayers of increasing thickness. The morphologies of 

cells on these ultrathin films were evaluated then the surfaces charges and relative affinities 

towards protein adsorption were compared. Two types of multilayers were compared. In the first 

type, [PDADMA/PSS,0.15]n, PEMUs with “n” bilayers were deposited from solutions 
containing 0.15 M NaCl according to the protocol of Mehrotra et al.

27
 In the second type, 

[PDADMA/PSS,0.15]n-1[PDADMA,0.15][PSS,1.0], the last (PSS) layer was deposited from 1.0 

M NaCl, a procedure which we previously discovered leads to anti-adhesive surfaces having 

additional negative surface charge.
35

 These PEMUs are denoted as [Anti]n. In both sets of 

multilayers n ranged from 1 to 10 and PSS was always the terminating layer. Cells were cultured 

on each of these surfaces for 3 days and bright field images were taken.  

There were no significant differences between cells exposed to [PDADMA/PSS,0.15]n up to 6 

bilayers, and control cells on bare plastic (Figure 1): cells adhered and proliferated, reaching 

100% confluency. However, there was an extreme change in cell behavior when two more 

bilayers were added. Cells adhered poorly, aggregated and did not proliferate on the film for n 

>6.  

It is possible to explain this change in cell morphology using the argument that increasingly 
thick films start to isolate cells from the effective modulus of the stiff plastic substrate, a 
conclusion reached by Mehrotra et al. for 3T3 cells grown on the same type of PEMU.27 These 
researchers employed finite element analysis to model the effective modulus sensed by cells 
assuming they were engaging the surface with a 10-20 µm radius pad of focal adhesions. 
However, according to this analysis, for films of thickness less than 50 nm, the effective modulus 
sensed by the cells is more than 1 GPa,27 orders of magnitude greater than the cells themselves or 
their physiological environment. 
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Figure 1. Phase contrast micrographs acquired on day 3 of live 3T3 fibroblasts seeded on; (A) tissue 
culture plastic, TCP, (polystyrene) control surface; (B) [PDADMA/PSS,0.15]1; (C) [PDADMA/PSS,0.15]2; 
(D) [PDADMA/PSS,0.15]4; (E) [PDADMA/PSS,0.15]6; (F) [PDADMA/PSS,0.15]8; (G) 
[PDADMA/PSS,0.15]10. Scale bar 100 たm. 

Early studies by Mendelsohn et al.,36 using salt concentration rather than increased layer 
numbers to control thickness, also reported PDADMA/PSS to be cytophilic when thin and 
cytophobic when thicker. Our observations show a sharp, rather than gradual, transition in cell 
adhesion between 6 and 8 bilayers, a difference of only 10 nm. This transition was consistently 
observed for several iterations of the experiment. To see whether there were any marked 
morphological changes at this transitional point, AFM images were recorded on all PEMUs 
while they were in buffer (Figure 2). Table 1 and Figure 2 show that the 6- and 8-bilayer films 
have nearly identical roughness, and the change in thickness  (~10 nm) is too small to provide 
major differences in the mechanical properties of the film sensed by the cell.24, 37, 38 Therefore the 
abrupt change in cell behavior must have a different origin than simply a change in film topology 
or effective stiffness.  
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Figure 2. AFM images, 5 x 5 たm, acquired under buffered saline, of PSS-terminated PDADMA/PSS 
multilayers. (A) [PDADMA/PSS,0.15]1, (B) [PDADMA/PSS,0.15]2, (C) [PDADMA/PSS,0.15]4, (D) 
[PDADMA/PSS,0.15]6, (E) [PDADMA/PSS,0.15]8, (F) [PDADMA/PSS,0.15]10. 

Table 1. Thickness and roughness of [PDADMA/PSS,0.15]n and [Anti]n immersed in buffered saline. 
Thickness was measured by ellipsometry and roughness by atomic force microscopy (AFM). 

 

Bilayers (n) [PDADMA/PSS]n  
Thickness, Å 

[Anti] 
Thickness, Å 

[PDADMA/PSS]n  
Roughness, Å 

[Anti] 
Roughness, Å 

1 34 ± 2 39 ± 4 3.2 ± 0.7 3.3 ± 0.7 

2 52 ± 2 58 ± 3 2.9 ± 0.2 4.3 ± 0.7 

4 107 ± 2 111 ± 4 7.4 ± 0.4 6.4 ± 0.6 

6 199 ± 4 236 ± 3 8.8 ± 0.1 8.6 ± 0.2 

8 314 ± 3 368 ± 9 8.7 ± 0.9 8.2 ± 1 

10 422 ± 4 428 ± 6 12.2 ± 2 12.7 ± 2 

 

We previously showed that a [PDADMA/PSS]10 multilayer with additional PSS surface charge 
added at the last layer effectively reduced cell adhesion.35 As a comparison, 3T3 cells were 
grown on these [Anti]n PEMUs with various numbers of bilayers. As seen in Figure 3, cells 
adhered and proliferated, reaching confluence after 3 days, on [Anti]n films for only the first two 
bilayers. A transition to cytophobic behavior was then observed with a well-developed cluster 
morphology by the fourth bilayer (Figure 3). The earlier onset of cytophobicity for [Anti]n 
cannot be explained by differences in film thickness (effective modulus) compared with 
[PDADMA/PSS,0.15]n, as the former were only slightly thicker than the latter (see Table 1).  
Again, the topology of the PEMUs was evaluated by AFM (Figure 4) and the roughnesses of the 
two types of PEMU were the same within experimental error, as summarized in Table 1. 
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Figure 3. Phase contrast micrographs of live 3T3 fibroblasts acquired on day 3 on (A) tissue culture 
plastic, TCP, (polystyrene) control surface; and [Anti]n films (B) [PDADMA,0.15][PSS,1.0]; (C) 
[PDADMA/PSS,0.15]1[PDADMA,0.15][PSS,1.0]; (D) [PDADMA/PSS,0.15]3[PDADMA,0.15][PSS,1.0]; (E) 
[PDADMA/PSS,0.15]5[PDADMA,0.15][PSS,1.0]; (F) [PDADMA/PSS,0.15]7[PDADMA,0.15][PSS,1.0]; (G) 
[PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0]. Scale bar 100 たm. 
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Figure 4. AFM images, 5 x 5 たm, acquired under buffered saline, of [Anti]n multilayers (A)  
[PDADMA,0.15][PSS,1.0]; (B) [PDADMA/PSS,0.15]1[PDADMA,0.15][PSS,1.0]; (C) 
[PDADMA/PSS,0.15]3[PDADMA,0.15][PSS,1.0]; (D) [PDADMA/PSS,0.15]5[PDADMA,0.15][PSS,1.0]; (E) 
[PDADMA/PSS,0.15]7[PDADMA,0.15][PSS,1.0]; (F) [PDADMA/PSS,0.15]9[PDADMA,0.15][PSS,1.0]. 

Surface charge density. Without a significant change in thickness or morphology it is not 
possible to ascribe the dramatic transition in cell adhesion between 6 and 8 bilayers to 
mechanical properties of the [PDADMA/PSS,0.15]n films. We previously reported that cell 
morphology on 10-bilayer PDADMA/PSS PEMUs depended strongly on the magnitude of the 
surface charge: when the last PSS layer was added from 1.0 M NaCl, boosting the negative 
surface charge density, cells did not adhere.35  No such processing was employed in making the 
[PDADMA/PSS,0.15]n series. Radiolabeled positive ions, 14C-TEA+, were used as an accurate 
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and sensitive assay of surface charge. The TEA+ ion displaces Na+ compensating excess PSS in 
the as-made PEMU. Figure 5A shows a rather low surface charge density of 
[PDADMA/PSS,0.15]n  starting at about -0.2 µmol m-2 for the first bilayer and increasing to -0.5 
µmol m-2 for the 6th bilayer (a “monolayer” of dry PSS corresponds to about 4 µmol m-2). This 
charge remains below the minimum threshold of about -0.9 たmoles m-2 needed to render the 
surface cytophobic.35  
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Figure 5. (A) Negative surface charge density versus bilayer number for PDADMA/PSS multilayers 
ending with PSS. (B) ( ) Zeta potentials for untreated, freshly-prepared [PDADMA/PSS,0.15]n films. (  ) 
Zeta potentials for [PDADMA/PSS,0.15]n films after immersion in PBS for 1 h. Error bars correspond to 
the standard error of the mean. 

 

On the 8th bilayer (Figure 5A) a sudden drop in charge density provides a clue to the 
mechanism for the switch from cytophilic to cytophobic from bilayer 6 to 8 - after another two 
bilayers are added the negative surface charge density has disappeared. (Figure 5A shows the 10-
bilayer PEMU to have apparent positive surface charge because the counts from the sample were 
slightly lower than the reference. In fact, the radiochemical isotope used cannot measure positive 
charge.) To obtain the true sign of the surface charge the zeta potential was measured on freshly-
prepared [PDADMA/PSS,0.15]n using the spinning disc method.30, 31, 39 The zeta potentials 
(Figure 5B) are initially low and negative for few bilayers (low surface charge), but then jump to 
higher values for bilayers 4 and 6. Although the magnitude of the surface charge fell for the 8th 
and 10th bilayers, it did not decrease to zero. The zeta potential experiment was repeated, taking 
measurements from fresh PEMUs and from those allowed to soak in buffered saline (0.15 M 
NaCl) for 1 hour. Interestingly, this exposure to salt concentrations used for cell culture lead to 



ACCEPTED VERSION    Langmuir, 2016, 32 (21), pp 5412–5421 
DOI: 10.1021/acs.langmuir.6b00784 

10 
 

further decrease in the surface potential of [PDADMA/PSS,0.15]8 and switched the charge to 
positive for [PDADMA/PSS,0.15]10. 

These findings correlate well to previous studies on the mechanism of PDADMA/PSS 
deposition.40 When buildup of PDADMA/PSS occurs below a NaCl concentration of about 1 M 
only the PDADMA overcompensates the surface of the PEMU, whereas PSS merely 
compensates the existing positive surface charge that it encounters.40 PDADMA appears to 
diffuse more rapidly than PSS. After 12 layers have been deposited, a zone of excess PDADMA, 
compensated by Cl- ions, starts to build up near the substrate.40 Figure 5 suggests this excess 
PDADMA migrates to the surface under the 0.15 M NaCl environment, erasing some negative 
charge at bilayer 8 then reversing the charge at bilayer 10. The mechanism of charge migration is 
illustrated in Scheme 1.  

 

Scheme 1. Influence of excess PDADMA on the properties of multilayers after 6 bilayers have been 
added, interpreted according to the findings of reference 40. If the film is thin enough (up to 
[PDADMA/PSS]6) a stoichiometric film, A, with low negative surface charge results following the 
addition of PSS. An additional PDADMA “layer” spreads excess PDADMA throughout the film, B. In a 
freshly-prepared [PDADMA/PSS,0.15]10 film C, PSS remains on the surface but a zone of excess 
PDADMA remains close to the substrate. When C is immersed in saline, excess PDADMA diffuses 
throughout the film, partially neutralizing excess PSS at the surface, or even switching the surface charge 
to positive, D. When the last PSS layer is added from 1.0 M NaCl instead of 0.15 M NaCl, E, additional 
PSS appears at the surface. In this case there is too much PSS for buried PDADMA to neutralize and the 
surface remains negative, F. 

The series of [Anti]n PEMUs capped with extra PSS prevents this surface charge switching. 
Figure 6 depicts the surface charge density as a function of bilayer number for these 
“supercharged” PSS-terminated PEMUs. Adding 1.0 M NaCl permits diffusion of additional 
PSS into the multilayer surface. The first couple of bilayers are more charged than those from 
[PDADMA/PSS,0.15]n (compare Figures 5A and 6A), but they are still less than the critical -0.9 
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µmol m-2 to make the surface cytophobic. Thus, the [Anti]1 and [Anti]2 PEMU encourage cell 
attachment and proliferation (Figure 3 A and B). By the time [Anti] reaches four bilayers the 
surface charge is high enough to render the PEMU cytophobic (Figure 3). 
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Figure 6. (A) Negative surface charge density versus bilayer number for [Anti] multilayers. 14C-
tetraethylammonium bromide was exchanged with surface cations. (B) ( ) Zeta potentials for untreated, 
freshly-prepared [Anti]n films.  (   )  Zeta potentials for [Anti]n films after immersion in PBS for 1 h.  
Error bars correspond to standard error of the mean.  

 

 “Living” Aspects of the PEMU Surface – Protein Adsorption. Changes in cell behavior 
with increasing PEMU thickness are correlated with significant changes in surface charge 
density. In addition, the surface charge can shift after immersion in solutions containing salt from 
the migration of buried excess charge – an aspect of multilayers not previously considered. The 
question remains: what is the actual mechanism controlling cell adhesion? The answer to this is 
found in the extensive body of work on protein adsorption to surfaces. There can be no cell 
adhesion without protein adhesion. Cells attach to proteins attached to surfaces.41-44  For 
example, about 45,000 fibronectin molecules per cell are required for fibroblasts to adhere well 
to plastic.45 Most mammalian cells depend on adhesion to maintain viability. Robust adhesion 
allows cells to proliferate (and reach confluency as in Figures 1 and 3). Otherwise, programmed 
cell death (apoptosis) is a likely fate.  

To evaluate the level of protein adsorption on PEMUs, radiolabeled [125I]-bovine serum 
albumin was used. While serum albumin is not one of the extracellular matrix proteins to which 
cells are known to specifically bind, it is the most prevalent protein in serum and is believed to 
attach to the surface first.3, 5, 46  Both sets of PEMUs were exposed to a solution of labeled BSA, 
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rinsed in buffer to remove weakly adsorbed material, then the amounts of protein attached to the 
surface were assayed by scintillation counting. Figure 7A and B show, respectively, the albumin 
coverage for the [PDADMA/PSS,0.15]n and [Anti]n series. The strongly negative PEMU 
surfaces do not repel the net BSA molecules, though their net charge is negative (e.g. the charge 
is around -16 at pH 7.447). The adsorption of BSA to negative surfaces48-51 and negative 
polyelectrolytes52 is well known and understood to result from interaction with positive patches 
of charge on the protein surface53 (i.e. clusters of protonated amino acids). Mustacich and Weber 
found that the binding energy of toluene sulfonate, a good surrogate for the pendant group on 
PSS, to albumin is about -2.1 kJ per repeat unit.54 

 

 

0

1

2

3

4

A
lb

u
m

in
 C

o
v

e
ra

g
e

 
(m

g
 m

-2
)

0

2

4

6

8

10

A
lb

u
m

in
 C

o
v

e
ra

g
e

(m
g

 m
-2

)

75% 74%
71% 52%

70%

15%

86%
93%

71% 79%
95% 97% 97%

15%
97%

93%

A

B

 

Figure 7. [A] Albumin surface coverage for [PDADMA/PSS]n; (   )  Initial coverage;  (   ) after 
exposure to DMEM for 24 h. (   )  After exposure to DMEM + serum for 24 h.  [B] Albumin surface 
coverage for [Anti]n;  (  ) Initial coverage;  (   ) after exposure to DMEM for 24 h; (   )  After exposure to 
DMEM + serum for 24 h.  The numbers indicate the percent decrease between initial albumin coverage 
and  coverage after serum media exposure. The error bars correspond to the standard deviation.  
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The trend with [PDADMA/PSS,0.15]n in Figure 7A reveals decreasing protein adsorption with 
increasing layer number. A monolayer of adsorbed BSA corresponds to about 1 mg m-2 which is 
the approximate coverage observed on the TCP control surface.55 Amounts of BSA adsorbed in 
amounts greater than a monolayer possibly reside in islands of aggregated proteins, revealed in 
earlier AFM results on the morphology of BSA adsorbed on PDADMA/PSS.18 If proteins such 
as fibronectin behave similarly to BSA, less adsorbed protein can be correlated to a lower density 
of surface material for a cell to engage, leading to poor adhesion. This explanation may account 
for behavior on [PDADMA/PSS,0.15]n PEMUs but is apparently contradicted by the results for 
the [Anti]n series in Figure 7B, which shows a consistently higher level of initial BSA 
adsorption. Yet cells do not adhere to [Anti]n (for n>2). The subtleties of the Vroman effect must 
now be considered to provide a consistent explanation. There have been sophisticated 
measurements of the evolving composition of the protein corona,6 but we sought a simpler and 
more accessible method to assess the “replacability” of albumin at our PEMUs. The adhesion of 
BSA to surfaces was challenged in two ways. First, BSA-coated surfaces were exposed for 24 h 
to protein-free media (DMEM) containing the cocktail of salts and supplements required for cell 
culture. In the absence of BSA in solution, BSA on the surface has the opportunity to desorb 
spontaneously. Ionic strength weakens the interactions between proteins and surfaces.48 
Mechanisms for protein adsorption include broadly hydrophobic interactions, especially 
prevalent on hydrophobic surfaces,56 and ion pairing (“electrostatics”), driven entropically by the 
release of counterions.57 PEMUs are rather hydrophilic, being extensively hydrated in contact 
with aqueous environments (for the PEMUs used here there are about 9 water molecules for 
every PDADMA/PSS ion pair58).  Ion pairing of a protein P with n positive charges on a “patch” 
with n negative R- sites on a surface is represented by; 

  aqaq
n

naqn
n nClnNaPRClPNanR ,  

It is clear from this Equation that higher [NaCl] promotes desorption.In a second challenge, 
another series of samples was exposed for 24 h to media with 10% serum (the usual culture 
conditions).  

The results of these challenges are shown in Figure 7. For the [PDADMA/PSS,0.15]n series 
DMEM desorbed a significant fraction of the of BSA on the surface More BSA was desorbed 
with serum added (Figure 7A), leaving a coverage on the order of a monolayer.  The percentage 
of original BSA on the surface of the PEMUs remaining after serum treatment is given in Figure 
7. It is clear that most of the original multilayer-quantities of BSA are desorbed in growth media 
but a hard corona of about a monolayer remains. The lowest amount of retained BSA is on the 
cytophobic [PDADMA/PSS,0.15]n 

It could be argued that the  persistent BSA adsorbed on[PDADMA/PSS,0.15]n passivates the 
surface by preventing attachment of other proteins,56 leading to poor cell adhesion. In fact, the 
use of serum albumin to passivate surfaces is well known to cell biologists as a “blocking” step 
to prevent nonspecific adsorption of antibodies. Serum albumin has also been explored as a 
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nonfouling coating for medical implants59, 60 and nanoparticles.61 However, the TCP control, on 
which cells thrive (Figures 1A and 3A) holds on to BSA most tightly, with almost no 
displacement by serum in media (Figure 7). Cells grown on TCP pre-coated with BSA grew to 
confluence at the same rate as uncoated TCP (see Figure S5, Supporting Information). A 
monolayer of firmly-held BSA does not prevent good cell adhesion, at least for the cell type 
studied here, an interesting aspect of the corona.   

In contrast, although there is more BSA initially adsorbed on [Anti]n multilayers, due to the 
higher charge density, it was almost completely removed by exposure to serum for [Anti]4 and 
above (Figure 7B). This clear evidence of poor protein adhesion is correlated with the formation 
of clusters shown in Figure 3. [Anti]1 and [Anti]2 films are probably too thin (<6 nm) to deny 
access of proteins to the underlying surface so they stick and provide good adhesion for cells. 

A closer look at Figures 1 and 3 reveals differences in cell morphology on 
[PDADMA/PSS,0.15]n versus [Anti]n. Cells remaining on the [PDADMA/PSS,0.15]n>6 are 
aggregated whereas those on the [Anti]n are found in well-developed clusters, which have a 
quasi-spherical shape, described previously.35 The reasons for this difference in morphology are 
unknown but may relate to weak interactions between the cell with the regular charge-patch 
surface of a firmly-held BSA monolayer ([PDADMA/PSS,0.15]n) compared with the poor 
adhesion of all proteins on [Anti]n>2. Micrographs and video in reference 35 show these clusters 
extending, then retracting, lamellipodia to interrogate the surface, reflecting, we hypothesize, that 
only soft, transient contacts are made with the surface.  

 

Holistic approach to cell adhesion. Cells such as fibroblasts must adhere well to surfaces to 
spread and proliferate.2 Other cues that guide cell spreading, phenotype and differentiation 
include chemical signaling and the mechanical properties of the environment.62 The latter 
variable has become a topic of intensive research after it was found that cells deposited on films 
of polyacrylamide gel adhered better on stiffer surfaces and also tended to migrate towards the 
higher-modulus end of a stiffness gradient10, 63 (“durotaxis”).  Perhaps lost in this modulus-
centered research is the primary requirement for good protein adhesion before any secondary 
influence of substrate mechanical properties can be exerted. Because polyacrylamide gels are 
somewhat anti-adhesive, a layer of collagen is usually chemically coupled to the gel surface. It is 
implicitly assumed that the density (coverage) and adsorption strength of collagen to the 
substrate is independent of the gel modulus. While imaging of fluorescently labeled protein is a 
relatively straightforward way to check surface coverage, protein adhesion strength is rarely 
assessed. Experiments to measure the tenacity of protein adhesion to surfaces, for example using 
single molecule force-distance AFM techniques,64, 65 are challenging and not routinely carried 
out.  

Trappmann et al.66 have recently highlighted the importance of tethering of ECM proteins 
to the substrate in guiding stem cell fate. Different elastic substrates with identical modulii 
yielded different outcomes for stem cell differentiation. This difference was attributed to the 
adhesion strength of ECM proteins, related to the density of attachment points between ECM and 
substrate (although this strength was not measured directly).66   
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Scheme β attempts to summarize the complexity of cell adhesion and “decision making” 
at the surface of a synthetic substrate. The Vroman effect is shown in the middle and the more 
specific cell-surface interactions, mediated by adsorbed proteins, are on the right.  

 

Scheme 2. How cell adhesion on a thin polymer film ultimately depends on protein adsorption. Proteins 
adsorb, weakly or not at all, to areas that are neutral and well hydrated, such as a zwitterionic 
composition, A. The initially-formed layer of albumin has a “soft” component which can be exchanged 
and a “hard” component in the corona, which cannot be exchanged, B. If all proteins, even adhesive 
proteins (e.g. fibronectin), cannot make rugged connections with the surface, C, they cannot support 
tension from transmembrane adhesion receptors, such as integrins, D, which report tension back to the 
cell body E via an unknown mechanism. Integrins engage fibronectin F associated with ECM proteins 
such as collagen, here shown as (high modulus) fibrils, G. The influence of the mechanical properties of 
the film, shown as a viscoelastic element H, can only come into play if adhesion proteins are firmly 
attached. If thin enough, the effective modulus of the film may be increased by the stiffer substrate, such 
as glass, J.  

 

In Scheme 2 each variable in structure or property is labeled and described in the caption. 
Firmly-held (hard corona) albumin is somewhat buried in the interface. Detail of cellular 
structures surrounding integrin clusters is not shown, and the mechanism for mechanical 
transduction of force to the decision-making apparatus within the cell contains a question mark 
since this complex process is poorly understood. Scheme 2 also emphasizes that the modulus of 
the substrate is but one of several variables. In fact, the modulus (spring) is shown in parallel 
with a viscous element. The viscoelastic properties of the cellular environment are rarely 
measured or discussed.  

The integrins from the cell in Scheme 2 are shown connected to a structured ECM protein such 
as a collagen fiber, possibly, though not necessarily, via fibronectin.45, 67 According to Wenger et 
al. collagen fibrils have a modulus of 5 to 11.5 GPa.68 Thus, a mat of firmly-interconnected 
collagen could compensate for a substrate of insufficient modulus.66  

Considering the entire cascade of events for cell adhesion, it is clear that adhesion is supremely 
sensitive to surface charge. For a nonadsorbing net neutral surface, such as one that presents 
polyethylene glycol (PEG) or zwitterionic57 units, ECM proteins (and probably most molecules) 
simply do not adhere. If the protein adheres too weakly it will be stripped off the surface once 
the cell starts exerting tension.  
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PEMUs offer a level of control over surface charge that many materials cannot. When 
polyelectrolytes within the film are well matched, zwitterionic materials properties extend from 
the bulk (“zwittersolid”) to the surface (“zwittersurface”) promoting nonfouling behavior.57 The 
chemistry of the surface charge is determined by the polyelectrolyte. Interaction strengths 
between a protein and a multilayer surface depends on the type of charge at the surface (e.g. 
carboxylate versus sulfonate.17 Monopoli et al. measured about three times as much serum 
albumin adsorbed from plasma styrene sulfate nanoparticles compared to silica nanoparticles69). 
Both the sign and density of PEMU surface charge may be controlled, as demonstrated in this 
work. Multilayers with densely positive surfaces are cytotoxic.70-72 Intriguingly, the reason 
plastic and glass may work well for cell culture is that they are both weakly charged at 
physiological pH and do not allow proteins to become imbedded in the surface as suggested in 
Scheme β, preventing excessively “hard” coronas/coatings of nonadhesive proteins.  

CONCLUSIONS 
Protein adhesion plays a crucial role in cell adhesion and therefore in determining cell fate. 

The challenge for unambiguously elucidating the influence of substrate mechanical properties on 
cell fate is to decouple protein adhesion and substrate elasticity as variables – cells cannot “feel” 
what they cannot hold on to. Cell adhesion strength is not necessarily correlated to the amount of 
protein adsorbed if proteins are easily exchanged. In fact, the specific attachment of a cell to the 
ECM may be more reproducible/predictable than the nonspecific attachment of proteins to 
surfaces. For a full comparison of factors controlling cell fate on different substrates the 
researcher needs to know at a minimum that the surface coverage of cell-adhesive ECM proteins 
is the same and that their adhesion strength is the same to draw conclusions as to the effects of 
mechanical properties of the underlying substrate. In the opinion of the authors, many results 
attributed to substrate or environmental modulus are, in fact, due to differences in the adsorption 
strength and density of proteins. 
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