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1. Introduction

Cell adhesion is a key process in many 
physiological and pathological processes 
and a fundamental issue in biomedical 
fields.[1–5] Controlling the adhesion of cells 
to the interface of artificial materials is a 
basic requirement for the development of 
scaffolds and medical devices. However, 
the interaction of materials with cells is 
complex and often poorly understood.[6] 
It is known that cells adhere to substrates 
through adhesion proteins present in the 
cell media and biological fluids, such as 
fibronectin (FN), which are sensed by inte-
grins from the cell membrane. Adhesion 
proteins must adhere first to the material’s 
surface and cells will follow. The concen-
tration of adhesion proteins is very small 
in relation to other proteins present in 
biological fluids, such as hemoglobin or 
serum albumin, which compete with adhe-
sion proteins for attachment to surfaces 
and formation of a “protein corona.”[7] 
Protein conformation should change 
upon adsorption to different extents based 
on the protein type and environmental 

conditions.[8] The attachment and stability of adhesion proteins 
is highly influenced by the nature of the substrate, including its 
roughness, surface chemistry, contact angle, and other charac-
teristics, which in turn will play an important role on cell adhe-
sion and growth and on other cell functions such as myogenic 
differentiation[9] and stem cell differentiation.[10–13]

Polyelectrolyte multilayers (PEMs) are fabricated by the 
so-called layer-by-layer (LbL) technique. The LbL technique 
makes use of the alternating assembly of oppositely charged 
polyelectrolytes led by electrostatic interactions.[14] PEMs made 
from biopolyelectrolytes are very appealing for tissue engi-
neering as they are biocompatible, easy to assemble on charged 
surfaces, and can incorporate growth factors or other biomol-
ecules assembled in between the layers or on top of the PEM, 
which can promote cell adhesion, cell mobility, mineralization, 
tissue regeneration, and other processes. However, biopolye-
lectrolyte-based PEMs have weak adhesive properties for cells. 
Picart and co-workers have shown that chemical crosslinking of 
PEMs improves cell adhesion. Biopolyelectrolyte PEMs are soft, 

Polyelectrolyte multilayers (PEMs) based on biopolyelectrolytes are highly 
appealing for the surface engineering of biomaterials and the tuning of cell 
response and phenotypes for biomedical applications. However, cell adhesion 
is limited on biopolyelectrolyte PEMs. Thermal annealing provides a simple 
means to increase or decrease cell adhesion on PEMs. The work presented 
here aims to understand cellular interactions with annealed PEMs based 
on the adsorption and exchangeability of two model proteins: fibronectin 
(FN), an adhesion protein, and bovine serum albumin (BSA), a nonadhesion 
protein. Protein adsorption and exchangeability are studied on annealed 
poly-l-lysine (PLL)/sodium alginate (Alg) and chitosan (Chi)/hyaluronic acid 
(HA) PEMs using [131I] radiolabeled proteins and gamma counting. Upon 
annealing cell adhesion is enhanced on PLL/Alg multilayers and decreased 
on Chi/HA multilayers. For PLL/Alg PEMs, annealing increases adsorption 
of both FN and BSA and reduces exchangeability. For Chi/HA multilayers, 
annealing increases BSA adsorption but decreases FN deposition, accompa-
nied by a greater exchangeability. Changes in topographic features of depos-
ited proteins on annealed PLL/Alg hint on changes in the 3D structure of the 
proteins. Circular dichroism shows that FN retains a large β-sheet contribu-
tion upon adsorption to both annealed and unannealed PLL/Alg PEMs, also 
suggesting changes in tertiary structure.
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with an elastic modulus of a few kPa before crosslinking. The 
improved cellular adhesion is understood to occur as a conse-
quence of the increase in elastic modulus of PEMs following 
crosslinking.[15–17]

In a series of papers, we have explored the impact of thermal 
annealing of PEMs on cell adhesion.[18–20] Thermal annealing, 
exposing PEMs to a specific temperature (usually 37  °C) for 
periods for 1–3 d, enhanced the adhesion of A549 and C2C12 
cells on biocompatible poly-l-lysine (PLL)/alginate (Alg) and 
PLL/dextran sulfate (Dex) PEMs. The cytoplasm spreading of 
A549 and C2C12 cells on unannealed PLL/Alg films is poor, 
while cells seeded on annealed (PLL/Alg)7PLL PEMs present 
an extended cytoplasm with well-defined focal contacts and 
large actin fibers, and the adhesion parameters reaching values 
statistically equal to the values found for glass. In contrast, we 
found that annealed chitosan (Chi)/hyaluronic acid (HA) PEMs 
become less adhesive toward specific cell lines.[19] We observed 
the adsorption of bovine serum albumin (BSA), a nonadhe-
sion protein, on Chi/HA PEMs by quartz crystal microbalance 
(QCM-D), but the deposition of adhesion proteins could not 
be traced as the amount deposited was below the technique’s 
sensitivity limits.[19,20] Indeed, this result hinted that the limited 
cell adhesion could be related to a scarce adsorption of adhe-
sion proteins onto the PEMs.

Thermal annealing results in the reorganization of PEMs, 
causing changes in contact angle, surface charge, and mechan-
ical properties.[21] After annealing, the polyelectrolytes rear-
range in the multilayers from a stratified organization to 
molecular complexes of polycations and polyanions, where 
the interaction between oppositely charged polyelectrolytes is 
maximized.

In a seminal work, Schlenoff and co-workers sug-
gested that differences in cell adhesion between 
poly(diallyldimethylammonium chloride)/poly(sodium 4-sty-
renesulfonate) (PDADMAC/PSS) multilayers of varying thick-
ness and with different surface charge densities are related to 
the stability of adsorbed proteins on the PEMs.[22] The authors 
showed that cell adhesion is correlated to the lability of depos-
ited BSA rather than the amount of BSA deposited. Employing 
radiolabeled BSA, they showed that cells adhere better to PEMs 
with more stable BSA layers where there is less exchange with 
proteins from the culture media, and suggested an extrapola-
tion to adhesion proteins. The use of radiolabeled proteins has 
the advantage of high sensitivity, making them particularly 
useful for studying competitive protein adsorption since even 
just a few molecules can be detected by gamma counting.[23] 
Other authors have radiolabeled adhesion proteins and quan-
tified their deposition on surfaces with variable chemistry, 
showing that cell adhesion depends on the amount and confor-
mation of adhesion proteins adsorbed.[8,24,25]

We aim here to understand why thermal annealing of mul-
tilayers impacts on cells adhesion and why for PLL/Alg PEMs 
the annealing induces an enhanced adhesion while for Chi/
HA PEMs it reduces cell adhesion. We will study how the 
annealing affects the deposition and exchangeability of FN and 
BSA as cell adhesive and nonadhesive protein models, respec-
tively. Adsorption and exchangeability studies will be conducted 
with radiolabeled proteins using gamma counting for protein 
quantification. Since gamma counting allows to quantify small 

number of molecules, we will be able to work in concentration 
of FN as low as in cell media. Moreover, we will study the depo-
sition of radiolabeled FN in presence of nonlabeled BSA and 
will assess the influence of BSA on the deposition of FN and its 
exchangeability. To our knowledge, few works have addressed 
the cooperativity between adhesive and nonadhesive proteins 
by quantifying protein deposition by gamma counting.[26–28] We 
will relate the adsorption and exchangeability of FN and BSA to 
changes in their secondary and tertiary structure when depos-
ited to the annealed PEMs resulting from the different organi-
zation of the multilayers after annealing. Overall, our results 
will provide a deeper understanding of the importance of the 
deposition and stability of nonadhesive and adhesive proteins 
on cell adhesion on polyelectrolyte multilayers, which were only 
partially addressed in previous works or only for BSA.[22] We 
will address the importance of cooperative interactions between 
adhesive and nonadhesive proteins and we will demonstrate 
that observations about the deposition and exchangeability of 
nonadhesive proteins cannot be necessarily extended to adhe-
sive proteins. Finally, we will show how changes in the organi-
zation of multilayers and surface characteristics can affect their 
interaction with adhesive and nonadhesive proteins and impact 
on cell adhesion. Understanding how the characteristics of a 
material or interface affect their interaction with proteins and 
cells is fundamental for the development of biomaterials with 
tailored properties and our results can be extrapolated to other 
materials and interfaces.

2. Results

2.1. Cell Adhesion Characteristics and Substrate 
Physicochemical Properties

Thermal annealing of biopolyelectrolyte-based PEMs induces 
changes in their physicochemical properties and morphology 
with significant consequences for cell adhesion (Figure 1). We 
have shown in previous works that thermal annealing of PLL/
Alg PEMs results in an increase in cell adhesion, while the 
annealing of Chi/HA results in a decrease in cell adhesion. This 
contrasting cell behavior on annealed PEMs has been observed 
for different cell lines, including for C2C12 cells, which exhibit 
this behavior when seeded on the PEMs studied here (n-PLL/
Alg, a-PLL/Alg, n-Chi/HA, and a-Chi/HA, Figure  1b,c).[18–20] 
For PLL/Alg PEMs, thermal annealing increases the Young’s 
modulus of the sample, produces a more hydrophobic sur-
face with a contact angle approaching 90°, enhances the nega-
tive charge, and decreases the roughness (Figure  1d).[21] In 
the case of Chi/HA PEMs, the changes in physicochemical 
properties are significantly smaller. Thus, the surface remains 
hydrophilic, with a decrease in the contact angle from 30° to 
21°, the charge becomes slightly more negative, and the elastic 
properties remain unchanged. However, there is a significant 
change in root mean square (RMS) roughness for a-Chi/HA 
PEMs compared with n-CHI/HA PEMs. Upon annealing, the 
RMS of the roughness decreases to half of that measured for 
unannealed samples. This change in roughness could explain 
a different interaction of the PEMs with cells after annealing 
(Figure 1c).[19]

Adv. Mater. Interfaces 2019, 6, 1900008
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The spreading area of C2C12 cells on a-PLL/Alg is compa-
rable to that of cells seeded on glass or polystyrene control sur-
faces. An average value of about 930 µm2 is obtained from cells 
seeded on glass or annealed PLL/Alg PEMs (Figure 1c).

Cells seeded on both n-PLL/Alg and a-Chi/HA showed 
a rounded shape and an average spreading area 60% lower 
than the value obtained from cells on glass or a-PLL/Alg 
(Figure 1b,c).

Cells adhered to n-Chi/HA exhibited a significantly smaller 
cell spreading area and more tapered morphology than on 
glass. Cell agglomerates with peripheral cells with rather large 
filopodia in a quasi-stellate morphology. On the other hand, for 
annealed Chi/HA-based PEMs, C2C12 cells appeared rounded 
and the average cell spreading area decreased to about 250 µm2.

2.2. Adsorption and Exchangeability of Adhesion and Nonadhe-
sion Model Proteins by Radiochemistry Assays

The adsorption of BSA and FN proteins and their exchange-
ability with proteins from the complete culture medium was 
evaluated on n-PLL/Alg, a-PLL/Alg, n-CHI/HA, and a-CHI/HA 

PEMs employing radiolabeled [131I]-BSA and [131I]-FN. To study 
protein exchangeability, PEMs with preadsorbed radiolabeled 
proteins were exposed for 18 h to either protein-free medium 
or fetal bovine serum (FBS)-supplemented medium (Figures 2 
and 3).

For n-PLL/Alg exposed to a 1  mg mL−1 [131I]-BSA solu-
tion, 12.0  ±  0.2  µg cm−2 of BSA was detected on the PEMs 
(Figure  2a). After incubation in plain or FBS-supplemented 
Roswell Park Memorial Institute (RPMI) medium for 18 h, the 
remaining BSA on the PEM decreased to 52 and 23% from the 
original activity, respectively. Upon annealing, the amount of 
BSA adsorbed increased to 19 ± 1 µg cm−2 and BSA exchange-
ability decreased (Figure 2a).

On the other hand, the adsorption of FN for 45  min from 
a 10 µg mL−1 solution in 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), resulted in the deposition of 187  ng 
cm−2 on n-PLL/Alg, more than two orders of magnitude lower 
than the mass per unit area of BSA adsorbed. The amount of 
FN diminishes to about 125 and 74  ng cm−2 after immersion 
for 18 h in either plain or FBS-supplemented RPMI media, 
respectively (Figure 2b). As for the behavior observed for BSA, 
on a-PLL/Alg the FN exchangeability significantly decreased 
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Figure 1.  Changes in cell adhesion and in the physicochemical properties of PEMs induced by thermal annealing. a) Scheme of the assembly and 
annealing protocol. b) Phase contrast images of C2C12 cells adhered on glass, n-PLL/Alg, a-PLL/Alg, n-Chi/HA, or a-Chi/HA as indicated. c) Average 
cell adhesion spreading area from cells seeded on glass, n-PLL/Alg, a-PLL/Alg, n-Chi/HA, or a-Chi/HA PEMs. d) Changes in physicochemical proper-
ties of PEMs from our previous work.[18–20]
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compared with n-PLL/Alg (Figure 2b). Values of FN density on 
PLL/Alg PEMs are in the order of magnitude of those reported 
for a FN monolayer, that is, 0.28, 0.40, and 0.32 µg cm−2.[24,25,29]

It has been reported that the charge and chemistry of PEMs, 
determined by the polyelectrolytes assembled, play a key role in 
the overall cell behavior on the multilayers.[22] Upon annealing, 
the surface charge, wettability, topography, and mechanical 

properties of PLL/Alg PEMs are modified. The annealing 
induces a reorganization of the polyelectrolyte chains to maxi-
mize opposite charge interactions. Despite this reorganiza-
tion, a-PLL/Alg PEMs become more negative due to the larger 
molecular weight of Alg relative to PLL, and the exposure of 
negative carboxylic groups from alginate at the PEM interface. 
This reorganization process also increases PEM stiffness as 
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Figure 2.  Quantification of the adsorption of [131I] radiolabeled FN and 
BSA proteins on PLL/Alg PEMs, and determination of exchangeability by 
gamma counting. The graphs display the amount of FN or BSA adsorbed 
to unannealed and annealed PLL/Alg PEMs from solutions containing 
a) 1 mg mL−1 BSA, b) 10 µg mL−1 FN, or c) 1 mg mL−1 BSA and 10 µg 
mL−1 radiolabeled FN. Exchangeability is indicated by the decreases in the 
amount of adsorbed protein remaining on the PEMs following immersion 
in plain (RPMI) or complete (RPMI + 10% FBS) culture media. Percent-
ages shown express these decreases relative to the amount of protein on 
the PEMs from the initial adsorption.

Figure 3.  Quantification of the adsorption of radiolabeled FN and BSA 
proteins on Chi/HA PEMs, and determination of exchangeability by 
gamma counting. The graphs display the amount of FN or BSA adsorbed 
to unannealed and annealed Chi/HA PEMs from solutions containing 
a) 1  mg mL−1 BSA, b) 10  µg mL−1 FN, or c) 1  mg mL−1 BSA and  
10 µg mL−1 radiolabeled FN. Exchangeability is indicated by the decreases 
in the amount of adsorbed protein remaining on the PEMs following 
immersion in plain (RPMI) or complete (RPMI + 10% FBS) culture media. 
Percentages shown express these decreases relative to the amount of pro-
tein on the PEMs from the initial adsorption.
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reported in our previous work.[18] It has been shown that FN 
interacts with cell protein integrins (α5β1) more tightly when 
adsorbed to surfaces displaying negative moieties, such as car-
boxyl, sulfonic, or hydroxyl groups, favoring cell adhesion.[30–33] 
Furthermore, FN adsorbs in a larger amount when the surface 
wettability decreases.[34] Cell adhesion is also improved when 
FN adhesion groups are exposed for integrin binding.[24] The 
more hydrophobic characteristics of the PEM after annealing 
and the presence of carboxylic groups from Alg would explain 
the more favorable interaction of FN with the PEMs.

The exchange of preadsorbed FN on both n-PLL/Alg 
and a-PLL/Alg varies when FN is adsorbed from a solution 
containing both 1  mg mL−1 BSA (non-radiolabeled) and 
10  µg mL−1 [131I]-FN compared with adsorption from a solu-
tion of 10 µg mL−1 [131I]-FN only (Figure 2c). First, the adsorbed 
mass of FN from the FN/BSA solution on n-PLL/Alg reaches a 
value of about 230 ng cm−2. Concomitant with the increase in 
FN adsorption, the exchangeability of FN increases, particularly 
after immersion in FBS-supplemented RPMI medium. Upon 
annealing, the mass of FN adsorbed on the PEMs from the 
FN/BSA mixture is similar to the mass adsorbed on n-PLL/Alg 
from pure FN but the exchangeability results in a similar per-
centage decrease as that observed for BSA on a-PLL/Alg.

The larger amount of FN adsorbed on PLL/Alg from the 
FN/BSA solution compared with the FN only solution could 
be due to a cooperative interaction between BSA (which is pre-
sent in excess) and FN, which results in better FN adsorption. 
However, it is worth noting that for a-PLL/Alg, the adsorbed 
FN from the FN/BSA solution seems to be conditioned by the 
exchangeability of BSA. This means that BSA, particularly on 
annealed samples, additionally affects the interaction of FN 
with the PEMs, or that there is FN associated with BSA but 
not interacting with the PEM substrate. Thus, BSA, which 
absorbs in much larger quantities than FN, has an impact on 
FN adsorption and exchangeability. Although BSA is used to 
avoid nonspecific adsorption,[35] a “hard corona” of adsorbed 
BSA allows cell adhesion as has been recently demonstrated for 
3T3 fibroblasts.[22] Nevertheless, for both preadsorbed FN from 
a solution of FN alone and from a solution of FN and BSA, 
thermal annealing of PLL/Alg PEMs increases the stability of 
adsorbed FN. Proteins adhere more tightly upon annealing of 
the PEMs and there is likely a larger amount of arginine-gly-
cine-aspartate (RGD) groups from FN that are able to interact 
with cell membrane integrins to favor cell adhesion.

For Chi/HA-based PEMs (Figure  3), the amount of BSA or 
FN deposited on the PEMs is smaller than for PLL/Alg PEMs. 
The amount of BSA adsorbed on n-Chi/HA is about three 
times smaller than that observed for n-PLL/Alg, and on a-Chi/
HA, the adsorption is about four times smaller than for a-PLL/
Alg. Similarly, FN adsorption on n-Chi/HA is approximately 
half of that observed for n-PLL/Alg, and an even more signifi-
cant decrease is observed for annealed samples. As for a-PLL/
Alg PEMs, after annealing a-Chi/HA exhibits an increased BSA 
adsorption and a decrease in exchangeability compared with 
n-Chi/HA (Figure 3a).

For FN adsorbed from a 10  µg mL−1 FN solution, there 
was an adsorption of about 90  ng cm−2 on n-Chi/HA and 
36  ng cm−2 on a-Chi/HA PEMs (Figure  3b). The remaining 
FN after the exchanges is also much smaller than for PLL/Alg 

PEMs. The adsorption of FN from the solution with FN and 
BSA results in a smaller amount of FN deposited on both 
annealed and unannealed PEMs. This is also different from the 
PLL/Alg-based PEMs, where the presence of BSA increased the 
deposition of FN. It is likely that BSA deposits in a different 
fashion on Chi/HA PEMs, which does not favor the interac-
tion with FN (Figure 3c). A similar exchangeability of FN was 
observed for FN adsorbed from the FN/BSA solution (Figure 3c) 
and the FN-only solution (Figure  3b). We thus conclude that 
thermal annealing reduces the interactions between adhesion 
proteins and Chi/HA PEMs, the reverse effect of that observed 
for PLL/Alg PEMs.

These results agree with the antiadhesive characteristics of 
Chi/HA PEMs for cells and bacteria, which are more apparent 
after annealing. The number of FN proteins adsorbed from cell 
culture medium, and the strength of their interaction with the 
Chi/HA PEM would be smaller than that required for achieving 
proper cell adhesion characteristics.[36] Chi/HA PEMs, either 
unannealed or annealed, have been demonstrated to be hydro-
philic[19] and as such, deposited proteins can be expected to be 
labile.[37,38]

Results from protein adsorption and exchangeability assays 
allow us to rationalize the observed adhesion characteristics of 
the different cell lines tested in previous works. Cells adhering 
to a substrate interact with it via proteins from the culture 
medium that adhere to the substrate first; thus, the nature of 
the protein/substrate interactions would define the cell adhe-
sion properties. We have demonstrated that physicochemical 
properties of PEMs change upon annealing.[18–20] In the pre-
sent work, we show that protein adsorption on either adhesive 
or nonadhesive substrates exhibits distinctive behavior upon 
annealing.

PLL/Alg PEMs increase their hydrophobicity upon annealing 
due to the reorganization of the polyelectrolyte chains in the 
multilayers to maximize electrostatic interactions of oppositely 
charged polyelectrolytes, exposing negative groups that would 
interact with positively charged regions of globally charged 
negative proteins, such as BSA. The decrease in electrostatic 
interactions produced during the described process would be 
compensated by the increase in hydrophobicity of the substrate. 
It is worth mentioning that roughness appears to not be the 
most relevant characteristic for cell adhesion on these PEMs 
as the thermal annealing results in a smoother surface, at least  
in the scale length measured by atomic force microscopy 
(AFM). The variation in the amount of adsorbed protein is not 
expected to be caused by changes in roughness either.

It is a well-known fact that it is not only the amount of 
adsorbed proteins that plays a key role in cell adhesion, but 
also the strength of the interaction of the proteins with the 
substrate and the resulting protein configuration.[22] Protein 
exchangeability measured with radiolabeled FN and BSA pro-
vides insight into the protein adsorption process on PEMs. The 
simultaneous adsorption of BSA and FN on PLL/Alg indicates 
that BSA affects FN interaction with the substrate and that this 
interaction is modulated by the annealing. In both cases, the 
exchangeability of FN deposited alone or from a solution with 
BSA, as well as that of BSA protein, decrease on annealed PLL/
Alg PEMs. Thus, it is expected that BSA and FN adsorb more 
tightly after annealing. As already suggested,[22] the viscoelastic 
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properties of a substrate play a key role in cell adhesion, pro-
vided that adhesion proteins that interact with cell integrins are 
tightly adsorbed to the substrate.

For Chi/HA PEMs, previous data from QCM-D showed 
limited adsorption of both adhesion (FN) and nonadhesion 
proteins (BSA).[19] These data are corroborated by the gamma 
counting results presented in this section, which show that the 
amount of adsorbed proteins is significantly smaller for Chi/
HA PEMs than for PLL/Alg PEMs. This behavior is consistent 
with the antifouling properties of Chi/HA PEMs reported pre-
viously.[19] Moreover, Chi/HA PEMs exhibit a different behavior 
from that observed for PLL/Alg, which is reflected in decreased 
cell adhesion for Chi/HA PEMs and enhanced adhesion for 
PLL/Alg.

2.3. AFM Measurements of Adhesion Proteins on n-PLL/Alg 
and a-PLL/Alg

Atomic force microscopy is a valuable technique to study the 
changes in the topography of PEMs and to evaluate distinctive 
protein structures and organization on surfaces.[39] Unannealed 
PLL/Alg PEMs exhibited a fibrillar network topography by 
AFM, with the average length of the fibers being close to 40 nm 
(Figure 4a). Upon annealing, the fibrillar characteristics smear 
out, and the surface becomes grainy, with grains of about 
30 nm in size (Figure 4b). At this length scale, the roughness 

remains unchanged within the range of experimental error 
at 1.36  ±  0.08  nm for unannealed PEMs and 1.33  ±  0.05 for 
annealed PEMs.

When FN is adsorbed for 45  min, AFM measurements in 
HEPES buffer allow us to distinguish differences in topography 
for both unannealed (Figure 4c) and annealed PEMs (Figure 4d) 
compared with samples without FN (Figure  4a,b). For unan-
nealed samples, a decrease in roughness to 1.11 ± 0.05 nm is 
observed after FN adsorption. Protrusions of about 3–5  nm 
high and 0.05 µm long, as well as chains of 0.1 µm long could 
be distinguished (Figure 4c). These changes in surface charac-
teristics confirm the adsorption of FN to the PEM.

On the other hand, the adsorption of FN to annealed PLL/
Alg PEMs (Figure  4d) exhibited a more abrupt decrease in 
roughness from 1.33 to 0.66 nm. As for unannealed PEMs, pro-
trusions of 4–5 nm in height and 0.05 µm in length, and rather 
smeared out chains were observed (Figure  4f). Data seem to 
indicate a larger extension of FN adsorption and possibly a 
change in its structure, compared with unannealed PEMs. 
Roughness profiles allow us to better distinguish the charac-
teristic features of each sample (Figure 4g–j). Thus, n-PLL/Alg 
and a-PLL/Alg with absorbed FN show significant differences 
in topographic features in comparison with samples incubated 
only in HEPES. For the former, an increase in the peak width 
and the appearance of local roughness that modulate the profile 
can be distinguished. For a-PLL/Alg PEMs with FN, the pres-
ence of tiny agglomerates is noticeable. Topography appears to 
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Figure 4.  AFM images measured in HEPES buffer of unannealed and annealed PLL/Alg PEMs alone and following adsorption of FN from a 10 µg mL−1 
FN solution for 45 min. a) n-PLL/Alg, b) a-PLL/Alg, c) n-PLL/Alg with adsorbed FN, and d) a-PLL/Alg with adsorbed FN. e,f) Enlarged images of the 
region enclosed in the dashed square depicted in (c) and (d), respectively. Typical roughness profiles extracted from the AFM images where indicated 
by the dashed lines are shown for g) n-PLL/Alg, i) a-PLL/Alg, h) n-PLL/Alg with adsorbed FN, and j) a-PLL/Alg with adsorbed FN.
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be globally much smoother and more compact than for n-PLL/
Alg. These observations hint to a different arrangement of FN 
deposited onto the PEMs whether annealed or not, regardless 
of the secondary structure of the protein, which is analyzed in 
the next section by circular dichroism (CD) measurements.

FN is a flexible dimeric glycoprotein, with each chain formed 
by three domains each pertaining a different charge.[40] The 
extreme domains of FN display charges of −6.6 and −4.2 (ele-
mental charge units) and the central domain a charge of −0.3. 
Thus, on a negatively charged surface, as is the case for a-PLL/
Alg,[18,21] the more stable configuration would involve the FN 
horizontally oriented with the central domain approaching the 
surface of the substrate to minimize electrostatic repulsions. 
This configuration makes the adhesive RGD motif of FN more 
easily exposed for interacting with cell integrins.[38]

2.4. Circular Dichroism Measurements

CD is used to study the secondary structure of proteins in solu-
tion or adsorbed to a substrate.[41–44] CD measurements were 

performed here on BSA and FN in solution and adsorbed to 
PLL/Alg PEMs to study the impact of annealing of the PEMs 
on the secondary structure of the adsorbed proteins (Figure 5).

For BSA, a decrease in the percentage of α-helix component 
was detected upon interaction with either n-PLL/Alg or a-PLL/
Alg substrates (Figure  5a,b). A comparison of BSA adsorp-
tion data on a-PLL/Alg and n-PLL/Alg indicates that there is a 
smaller decrease in the α-helix component when adsorbed on 
a-PLL/Alg than on n-PLL/Alg. This agrees with similar obser-
vations by others[45] that better cell adhesion characteristics are 
obtained for surfaces with a relatively high α-helix component 
of serum proteins.

It has been reported that the interaction of proteins with 
surfaces largely affects the β-sheet secondary structure rather 
than the α-helix.[46] FN in solution exhibited a typical CD 
spectrum for this protein, with a predominately β-sheet sec-
ondary structure (close to 92%, Figure 5c,d). Upon annealing, 
the β-sheet component decreases but remains high at close to 
60%. A closer observation of the CD data reveals that for FN 
adsorbed to PLL/Alg, the β-sheet component is higher than 
for BSA and is similar for both annealed and unannealed 
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Figure 5.  CD spectra and secondary structure content of a,b) BSA and c,d) FN in HEPES solution, or adsorbed to n-PLL/Alg or a-PLL/Alg.
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substrates (Figure 5b,d). Changes in the β-type structure con-
tributions (β-sheet or β-turn) were observed, although addi-
tional statistics would be needed to determine their signifi-
cance. We hypothesize that a change in the 3D structure of FN 
adsorbed either to n-PLL/Alg or a-PLL/Alg would play a key 
role in the protein adsorption processes as described in the 
previous subsection.

When BSA is adsorbed to substrates, there is an increase in 
the β-sheet component of its secondary structure. Conversely, 
when FN (a typical model β-protein) is adsorbed, a decrease of 
about 25% in the β component is observed.

3. Discussion

Our results provide a more rational explanation for the 
enhanced cell adhesion of annealed PLL/Alg PEMs, based on 
a tighter interaction of proteins with the PEMs after annealing. 
This increased interaction is reflected in the decrease in the 
exchangeability of adhesion proteins adsorbed either in contact 
with the surface substrate, or mediated by nonadhesion, tightly 
attached BSA layers. It is well known that cell adhesion is pro-
moted by a relatively large amount of nonadhesion proteins 
cooperating with adhesion proteins, which are present in a 
much smaller amount.[47] The changes in the physicochemical 
properties of PEMs upon annealing[18–20] affect the protein–
substrate interaction. The increase in the 
hydrophobicity and the higher density of neg-
ative moieties on the interface would induce 
the change in protein structure, particularly 
for FN adsorbed on a-PLL/Alg PEMs. A 
tighter binding of the protein to the PLL/Alg-
based PEM is proved by the exchangeability 
experiments by gamma counting, and the CD 
results that hint to changes in the FN tertiary 
structure as the β component remains high 
regardless of whether PEMs are unannealed 
or annealed. Changes in the tertiary FN 
structure with more accessible RGD groups 
would be driven by the increase in carboxylic 
group density coming from alginate chains 
in a-PLL/Alg. It is worth noting that the 
change in substrate stiffness could also affect 
protein state as has been reported.[48] Because 
of these changes in the state of FN on the 
a-PLL/Alg, a relatively strong interaction of 
FN with cell membrane integrins resulting 
in a more effective cell adhesion is observed. 
Cells are able to expand due to proper forces 
applied to the substrate for increasing cell 
cytoplasm tension. In this regard, cells would 
sense the increase in the substrate’s Young’s 
modulus upon annealing. The protein and 
cell adhesion characteristics to n-PLL/Alg 
and a-PLL/Alg can be described by a simple 
scheme (Figure  6). Upon annealing, both 
BSA and FN exhibit an increased interaction 
with the substrate; moreover, FN adsorbed 
on a-PLL/Alg adopts an elongated tertiary 

structure,[40] favoring the exposure of RGD adhesive groups 
that enhance cell adhesion.

On a-Chi/HA PEMs, an opposite effect was observed from 
that described for a-PLL/Alg PEMs. FN adheres less tightly to 
the annealed PEMs as observed by gamma counting. Unlike 
for PLL/Alg, it was not possible to perform AFM and CD 
measurements following adsorption due to the low amount of 
FN deposited on the annealed PEMs, and thus it was not pos-
sible to derive conclusions on changes in the packing and con-
formation of FN. We can only hypothesize that the increase 
in hydrophilicity and the presence of very narrow fibrils in 
the PEM after annealing do not facilitate tight attachment of 
FN to the PEM. BSA deposition is increased after annealing. 
BSA is a rather large protein, but smaller than FN, with 
hydrophilic and hydrophobic regions. Upon adsorption, it is 
likely to modify its structure in a manner different from FN 
to adhere to the PEMs.[49] As already reported, topographical 
characteristics would play a key role in cell adhesion.[50] Our 
results here indicate a combined effect of a larger deposition 
of BSA, a typical nonadhesion protein, and lower deposition 
of FN, the latter with an increased exchangeability, which ren-
ders the PEM surface unfavorable for stable interactions with 
integrins from the cell membrane (Figure  7). This selectivity 
in protein adsorption has been previously reported for other 
systems.[51–53] The selective increase of BSA adsorption upon 
annealing suggests that the extrapolation of the behavior of 
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Figure 6.  Scheme of protein adhesion mechanism and the effects on cell adhesion character-
istics for n-PLL/Alg and a-PLL/Alg. Results from the exchangeability assays are schematically 
described. On annealed PLL/Alg PEMs, proteins exhibit an augmented interaction with the 
substrate, the exchangeability is reduced and FN, either alone or in cooperation with BSA, 
shows a stronger interaction with PEM surfaces. The effect on cell adhesion is also represented. 
The objects depicted in the scheme are not to scale and for FN, only the FN III fragment is 
represented.
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a protein may induce misleading conclusions about other 
proteins.

4. Conclusions

We have shown that thermal annealing of PLL/Alg and Chi/HA 
PEMs has significant consequences on the interaction of the 
PEM with adhesion and nonadhesion proteins, and through 
these changes it is possible to explain differences in cell adhe-
sion to PEMs after thermal annealing. Both FN and BSA depos-
ited in larger amounts on the annealed PLL/Alg than on the 
unannealed PEMs. Moreover, exchangeability experiments with 
serum-supplemented medium revealed that the proteins were 
more tightly bound to the annealed PLL/Alg. For a-PLL/Alg, 
BSA adsorbed from a FN/BSA solution with BSA at a concen-
tration hundredfold higher than FN, affected the interaction 
of FN with the PEMs and resulted in a cooperative adsorp-
tion process. This cooperativity between FN and BSA was not 
observed for n-PLL/Alg. AFM showed a different packing of 
FN adsorbed to a-PLL/Alg and n-PLL/Alg, and CD spectroscopy 
hinted at changes in the secondary structure of FN, a typical 
β model protein, on both n-PLL/Alg and a-PLL/Alg. For BSA, 
a smaller decrease in the α-helix component was observed 
upon adsorption on a-PLL/Alg. For FN, the contribution of its 

β components decreased upon adsorption 
but remained high, above 60%. Thus, it is 
expected that the tertiary structure would be 
affected. FN molecules are likely to lie onto 
the surface, minimizing electrostatic repul-
sion with the negative charge of the a-PLL/
Alg. The resulting conformation of FN makes 
the adhesion motif of the protein more acces-
sible for interaction with cells. The increase 
in hydrophobicity and the presence of nega-
tive charges on a-PLL/Alg would induce the 
described change in FN deposition. Thus, 
the annealed PLL/Alg shows higher affinity 
for FN, and FN molecules arrange in such a 
way that the interaction with integrins from 
cells is enhanced. In this scenario, adhesion 
is improved due to cells sensing the increase 
in substrate stiffness produced by thermal 
treatment.

On the contrary, thermal annealing of 
Chi/HA PEMs increased BSA deposition 
but decreased the amount of FN molecules 
attached to the PEMs, which were also less 
tightly bound, as demonstrated by exchange-
ability experiments. The combined increase 
in BSA adsorption and decrease in FN (the 
latter interacting weaklier with the PEM sur-
face) restricts cell integrins from interacting 
with the PEMs, which results in limited cell 
adhesion.

The data presented here provide a 
rational understanding of cell adhesion 
on both unannealed and annealed PLL/
Alg and Chi/HA PEMs. The model for 

cell adhesion on PEMs developed based on the adsorption 
characteristics of model proteins suggests the importance of 
interfacial protein interactions for assisting cells in sensing 
changes in the physicochemical properties of the film. Cell/
substrate interactions trigger the cascade of events that 
prompt the cell to expand or retract its cytoskeleton onto the 
substrate. Understanding the influence that substrate char-
acteristics have on this important process is a fundamental 
step toward the design of new biocompatible materials for 
biomedical applications.

5. Experimental Section
Materials and Reagents: PLL solution (MW 70–150  kDa, P4707), 

sodium chloride, HEPES sodium salt, phosphate buffered saline 
(PBS, D1408), sodium acetate trihydrate (AcNa, S8625), acetic 
acid (AcH, 33209), BSA (A7906), FN from human plasma (F1056), 
sodium dodecadocyl sulfate (SDS, L6026), and Iodo-gen reagent 
(1,3,4,6-tetrachloro-3α,6α-diphenylglycouril, T0656) were purchased 
from Sigma-Aldrich. Sodium alginate (Alg, Cat. No. 17777-0050), Chi 
(MW 100–300 kDa, Cat. No. 349051000), and HA (MW 1500–2200 kDa, 
Cat. No. 251770010) were acquired from Acros Organics. [131I]-NaI 
(solution in 0.1 m NaOH) was purchased from Perkin Elmer.

The RPMI 1640 with l-glutamine was purchased from Lonza and 
FBS from Fisher. Nanopure water was obtained using the Barnstead 
Nanopure Ultrapure Water Purification System.

Adv. Mater. Interfaces 2019, 6, 1900008

Figure 7.  Scheme of protein and cell interactions with n-Chi/HA and a-Chi/HA PEMs. On 
annealed Chi/HA PEMs the exchangeability assays indicate an increase in the amount and 
strength of BSA adsorption, and a contrary effect for FN adsorption. Cell adhesion properties 
are poorer for a-Chi/HA compared with n-Chi/HA. In contrast to PLL/Alg-based PEMs, Chi/HA 
PEMs do not appear to support cooperation between BSA and FN in the adsorption process.
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Multilayer Film Preparation via LbL Assembly: PLL and Alg solutions 
were prepared in a 150 × 10−3 m NaCl, 10 × 10−3 m HEPES pH = 7.4 buffer 
(HEPES buffer). Chi and HA solutions were prepared in a 150  × 10−3 m  
NaCl, 10  × 10−3 m acetate buffer adjusted to pH 5.0 (acetate buffer). All 
polyelectrolyte solutions were prepared at a concentration of 1 mg mL−1 with 
the exception of PLL, which was prepared at 0.01 mg mL−1. All solutions 
were filtered through a 0.45  µm filter. These conditions were selected to 
assure PEM assembly for the chosen polycation/polyanion combinations.

Glass substrates were cleaned before use as reported previously.[54,55] 
Briefly, the glasses were immersed in 10 × 10−3 m SDS for 3 h, rinsed in 
sterile water three times, treated with 0.1 m HCl overnight and thoroughly 
rinsed in water. For all PEMs shown here, 15 layers of polyelectrolytes 
were assembled, with the first and the last layer always being a polycation 
(Figure  1a). Polycations and polyanions were alternately assembled by 
manual dipping at 24 °C and were allowed to assemble for 15 min. After 
deposition of each layer, PLL/Alg or Chi/HA films were rinsed three 
times in water or acetate buffer, respectively. PEMs were UV-sterilized 
for 1 h in the laminar flow hood and dried before use.[56]

Multilayer Film Annealing: PEMs prepared as described in the previous 
section (unannealed (PLL/Alg)7PLL and unannealed (Chi/HA)7Chi, 
hereinafter referred to as n-PLL/Alg and n-Chi/HA, respectively) were 
UV-sterilized for 1 h in the laminar flow hood and left in a Memmert 
UNE 200-300 oven at 37  °C for 72 h to obtain the annealed (PLL/
Alg)7PLL and annealed (Chi/HA)7Chi films, hereinafter referred to as 
a-PLL/Alg and a-Chi/HA, respectively (Figure 1a).

Radiochemistry Assays: The radioiodination of BSA and FN was carried 
out by electrophilic aromatic substitution of tyrosine residues using the 
Iodogen reagent as an oxidizing agent to obtain [131I]-BSA or [131I]-FN. 
In brief, sodium phosphate buffer (0.5 m, pH 7.4), [131I]-NaI solution 
(2 µL, 18.5 ± 2.0 MBq), and BSA (1 mg mL−1 in HEPES buffer, 5 µL) or 
FN (0.5 mg mL−1 in HEPES buffer, 10 µL) were mixed for a total volume 
of 20 µL. The reagents were introduced into Iodogen precoated plastic 
tubes and allowed to react for 30 min at room temperature. Then, sodium 
phosphate buffer solution (250 µL, 0.01 m, pH 7.4) and 1 m NaCl solution 
were added to quench the reaction. The labeled proteins were separated 
by size-exclusion chromatography using an Illustra NAP-5 column 
(GE Healthcare, USA). The eluted solution was collected in fractions of 
≈140 µL, and the amount of radioactivity in each fraction was determined 
using a dose calibrator (Carpintec CRC-25, USA) to select those fractions 
containing the labeled protein. The samples were stored at 4  °C until 
use. Labeled proteins were mixed with unlabeled proteins to obtain final 
concentrations of 1  mg mL−1 for BSA and 10  µg mL−1 for FN. These 
concentrations are close to those expected in the FBS-supplemented 
medium. Moreover, fibronectin solutions with concentrations in the 
range of 5–10 µg mL−1 are often used to promote cell adhesion.[57]

PEMs were dipped into the solutions of radiolabeled proteins for 
45 min at 24  °C and then rinsed two times in HEPES buffer. Then, 
samples were placed in polystyrene tubes and the activity was measured 
in an automatic gamma counter (2470 Wizard, Perkin Elmer, USA). The 
specific radioactivity (amount of activity per unit mass) was converted 
into mass of protein. The protein mass per surface area in µg cm−2 or 
ng cm−2 was calculated by dividing the mass of radiolabeled proteins by 
the area of the glass substrates coated with PEMs. In some experiments, 
to observe the adsorption of the adhesion protein from complex media, 
PEMs were incubated in a solution of 1 mg mL−1 of BSA and 10 µg mL−1 
of [131I]-FN. After 45  min of incubation at 24  °C, samples were rinsed 
twice in HEPES buffer, placed in polystyrene tubes, and the amount of 
radioactivity was measured.

Protein exchange experiments were performed using RPMI culture 
media with or without 10% of FBS (plain or FBS-supplemented RPMI 
medium). PEMs were dipped into solutions of radiolabeled protein for 
45 min at 24  °C, rinsed two times with HEPES buffer and activity was 
measured by gamma counting. Then, the films were immersed in cell 
media, with or without proteins, for 18 h at 24  °C. After incubation, 
samples were rinsed two times with HEPES buffer and the amount 
of radioactivity was measured again to determine the loss of labeled 
protein following the respective exchange. All radiochemistry assays 
were performed in triplicate.

Circular Dichroism: CD spectra of films were measured with a Jasco 
J-815 instrument to trace structural changes of proteins adsorbed 
to the samples. Measurements were run on samples before and after 
annealing. For this purpose, PEMs were assembled on both sides of 
three high-quality quartz slides 1.0  ×  2.5 cm2 (Electron Microscopy 
Science, 72250-03), and CD measurements were performed in HEPES 
buffer before and after adsorption of BSA and FN from solutions in 
HEPES buffer at 1  mg mL−1 and 10  µg mL−1, respectively. For CD 
measurements, the NaCl in HEPES buffer was replaced by Na2SO4 to 
avoid the strong absorption of chloride ions below 200 nm.[41] Prior to 
measurements, samples were rinsed gently with water and placed in 
a parallel arrangement containing the three coated quartz coverslips 
located in between two other clean quartz slides. This configuration was 
chosen to increase CD signal from the sample.[58,59] CD measurements 
were performed in a spectral range from 300 to 180 nm, with a scanning 
speed of 10  nm min−1, a response time of 4 s, and a bandwidth of 
1  nm. Each spectrum was obtained by accumulating 4–16 scans. 
The instrument was calibrated with (1R) (–)10-camphorsulfonic acid 
ammonium salt. All measurements were carried out at 24  °C and 
performed in triplicate (three different sets of PEM-coated quartz slides 
for each condition). CD spectra were converted from raw ellipticity 
(θ, mdeg) to mean molar ellipticity per residue ([θ], deg cm2 dmol−1) 
and secondary structures were determined using BeStSel.[60,61]

Cell Culture: C2C12, a mouse myoblast cell line, was employed for 
adhesion studies. Cells were grown in RPMI medium supplemented 
with 10% FBS and antibiotics, and incubated at 37  °C in a 5% CO2 
humidified atmosphere.

Cells were seeded on glass, and films placed in petri dishes 35 mm in 
diameter (Greiner) previously UV-sterilized for 1 h. Then, a suspension 
of 5 × 104 cells in 2 mL culture medium was seeded onto the samples. 
Phase-contrast images were taken at 24 h employing a Nikon T100 
inverted microscope with a CFI flat field ADL 10× objective. Cell 
adhesion was quantified by measuring the cell area in µm2.
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J. Dobkowski, J. Kaminński, J. Biomed. Mater. Res., Part A 2008, 87A, 
944.

[26]	 C. F. Wertz, M. M. Santore, Langmuir 2001, 17, 3006.
[27]	 C. C. Barrias, M. C. L. Martins, G. Almeida-Porada, M. A. Barbosa, 

P. L. Granja, Biomaterials 2009, 30, 307.
[28]	 J. Deng, M. Sun, S. Wang, L. Han, Z. Mao, D. Li, H. Chen, C. Gao, 

Macromol. Biosci. 2015, 15, 241.
[29]	 F. Grinnell, M. K. Feld, J. Biomed. Mater. Res. 1981, 15, 363.
[30]	 T. Miller, D. Boettiger, Langmuir 2003, 19, 1723.
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