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Abstract Electrostatic self-assembly was used to fabri-

cate new smart multi-layer coatings, using a recombinant

elastin-like polymer (ELP) and chitosan as the counterion

macromolecule. The ELP was bioproduced, purified and

its purity and expected molecular weight were assessed.

Aggregate size measurements, obtained by light scattering

of dissolved ELP, were performed as a function of tem-

perature and pH to assess the smart properties of the

polymer. The build-up of multi-layered films containing

ELP and chitosan, using a layer-by-layer methodology, was

followed by quartz-crystal microbalance with dissipation

monitoring. Atomic force microscopy analysis permitted to

demonstrate that the topography of the multi-layered films

could respond to temperature. This work opens new pos-

sibilities for the use of ELPs in the fabrication of biode-

gradable smart coatings and films, offering new platforms

in biotechnology and in the biomedical area.

Keywords Elastin-like polymer � Biodegradable
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Introduction

Surface modification techniques have become a key

method in the design of materials with specific biological

and chemical interactions, creating and optimizing the

substrate by alteration of surface functionality or by

thin film deposition [1]. The consecutive self-assembly of

nanometre-sized layers of multiply charged macromole-

cules or other objects onto surfaces has been the base of the

so-called Layer-by-Layer (LbL) technology, a very inter-

esting technique that permits a highly inexpensive and

readily accessible surface modification [2–4].

LbL deposition has been reported as an easy technique,

functional on a wide range of surfaces [3, 5]. This method

uses the electrostatic attraction between opposite charges as

the driving force for the multi-layer build-up [6–8]. During

multi-layers formation, a charged substrate is exposed to

solutions containing positive or negative polyelectrolytes,

so each adsorption leads to the charge inversion of the sur-

face, and multi-layers are stabilised by strong electrostatic

forces. The fact that layers exhibit an excess of positive and

negative charges allows films to absorb a great variety of

compounds such as proteins, which opens the possibility of

incorporating specific ligands to keep biological activity and

promote specific cell function. Successful protein/polyion

multi-layer assembly provides the possibility of organizing

proteins in layers and to build up such layers following

‘‘molecular architecture’’ plans [7, 9, 10]. Zhu et al. [9]

explored the build-up of multi-layers of polyethyleneimine/

J. S. Barbosa � R. R. Costa � J. F. Mano (&)

3B’s Research Group-Biomaterials, Biodegradables and

Biomimetics, AvePark, Zona Industrial da Gandra, S. Cláudio
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gelatin to construct an extracellular matrix-like multi-layer

onto poly (lactic acid) scaffolds. Berthelemy et al. [11] were

able to induce a faster differentiation of endothelial pro-

genitor cells into mature endothelial cells after seeding in

multi-layer coatings of poly(sodium-4-styrene-sulfonate)/

poly(allylamine hydrochloride).

Smart surfaces play an important role in biotechnology

and biomaterials area to provide a dynamic control of

materials’ properties to direct cell function or biomolecules

adhesion [12–14]. Smart surfaces are typically obtained by

chemical grafting of macromolecules that exhibit a

response to external stimuli such as temperature and pH

[15–17]. Such substrates have found applications in distinct

areas such as the switching of the wettability of surfaces

within extreme ranges [18], to control cell adhesion

allowing the fabrication of cell sheets [19, 20], tune the

release of drugs [21] or even in controlling biominerali-

zation [22].

It is interesting to combine the facile and versatile fab-

rication of multi-layers with the concept of smart surfaces.

Some attempts were presented before typically using syn-

thetic thermo-responsive polymers such as poly(N-isopro-

pylacrylamide), PNIPAAm [23–26].

Elastin-like polymers (ELPs) represent another inter-

esting kind of stimuli-responsive biomimetic macromole-

cules. Their basic structure is a repeating sequence with its

origin in the elastin, an extracellular matrix protein

[27–29]. Advances in genetic engineering allow the design

and bioproduction of protein-based polymers, following a

bottom-up strategy, incorporating selected aminoacid

sequences in the molecule structure [29, 30]. The advan-

tage of using such technique resides in the versatility to

include peptide domains with the ability to control aspects

such as degradability, cell adhesion or biomineralization.

Mechanical performance of ELPs is accompanied by an

extraordinary biocompatibility, presenting an outstanding

acute, smart and self-assembling nature, based on the

molecular transition of the polymer chain, in the presence

of water, when their temperature is raised above a certain

level. This ‘‘inverse temperature transition’’ (ITT) became

a key issue in the development of new peptide-based

polymers as materials and molecular machines [28, 31].

This work hypothesizes that ELPs may be used to

construct multi-nano-layers onto substrates in order to

produce biomimetic smart coatings or films without the

need of covalent bonds and with a good control of its

thickness. Chitosan will be used as the counterion macro-

molecule for the proof of concept. The use of such bio-

polymers may also provide a biodegradable character to the

multi-layer.

Chitosan is a natural polymer obtained by chitin’s

partial deacetylation and soluble in aqueous acidic media

(pH \ 6) due to the protonation of amines, converting the

polysaccharide to a polyelectrolyte. This parameter

influences chitosan’s properties such as solubility, viscos-

ity, crystallinity, reactivity and biodegradability [32–34].

It has widely been used for biomedical applications due to

its biological and chemical similarities to natural tissues and

its unique biological properties such as biocompatibility,

biodegradability to undamaging products, non-toxicity,

physiological inertness and remarkable affinity to proteins

[32–35].

Materials and Methods

Cloning and molecular biology procedures were performed

according to Girotti et al. [36], and sequence of all putative

inserts was verified by automated DNA sequencing. A

synthetic DNA duplex encoding the oligopeptide [(VPG

IG)2 (VPGKG) (VPGIG)2]2 DDDEEKFLRRIGRFG [(VPG

IG)2 (VPGKG) (VPGIG)2]2 was generated by polymerase

chain reaction (PCR) amplification using synthetic oligo-

nucleotides (IBA GmbH, Goettingen, Germany). The gene

cloning, concatenation and colony screening were per-

formed as described in [36].

Expression conditions and purification protocols of the

ELP produced in this work, labelled ‘‘HAP’’, were adapted

from Mcpherson et al. [37] and Girotti et al. [36]. Terrific

Broth medium (TB), with 0.1% carbenicillin and 0.1%

glucose, was used for the gene expression under controlled

temperature (37 �C). Culture growth of E. coli was con-

trolled by registration of optical density variation, at

600 nm (OD600), stopping fermentation when registered

an OD600 around 7. After fermentation, centrifuged

bacteria were resuspended and lysed by ultrasonic disrup-

tion. The obtained lysate went by alternate cold and warm

centrifugation cycles. In order to retrieve purified biopro-

duced polymer, solution was frozen at -24 �C and freeze-

dried. During purification steps, sodium chloride (NaCl)

was added to a concentration of 0.5 M.

Purity Assessment

Sodium dodecyl sulphate polyacrylamide gel electropho-

resis (SDS–PAGE) was performed to assess HAP purity. A

polyacrylamide gel was loaded with 5 lL of a HAP solu-

tion at 1 mg mL-1. Identification of a major band around

32 kDa was expected, due to the theoretical molecular

weight of polymer. A matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF) mass spectroscopy

was also performed to confirm polymer purity degree and

polymer molecular weight. The test was performed in a

Voyager STR, from Applied Biosystems in linear mode

and with an external calibration using bovine serum albu-

min (BSA).
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Temperature Responsiveness

DSC experiments were performed on a Mettler Toledo

822e with liquid nitrogen cooler. For DSC analysis, a

solution of HAP, at a concentration of 50 mg mL-1, was

prepared in pure water, and its pH was adjusted. For each

run, 20 lL of solution were dispensed in a standard 40 lL

aluminium pan hermetically sealed. The same volume of

water was used as reference. Samples were heated at a rate

of 5 �C min-1 after being maintained at 5 �C for 5 min.

The temperature and heat flow were calibrated using

Indium standards at the same operational conditions.

Size Measurement

HAP aggregate size was measured in a Nano-ZS from

Malvern, at temperatures ranging from 20 to 40 �C, after

5 min of temperature stabilization. Samples were prepared

at 1 mg mL-1, in a solution of NaCl 0.15 M and pH = 5.

For each sample, 5 measurements were performed, 12 runs

each, in order to obtain the final value for the aggregate

size for each temperature step.

Multi-layer Build-up

Purified medium molecular weight chitosan (cht) with a

final deacetylation degree of 93.5% (Sigma, ref.448877)

and bioproduced HAP were solubilized at 1 mg mL-1 in

NaCl 0.15 M. Each solution had its pH adjusted to 5. At

this pH, amino groups from chitosan are protonated, rep-

resenting a positively charged polyelectrolyte. HAP, due to

the various charged residues, is simultaneously positively

and negatively charged, subsequently multi-layer build-up

will use negative charges.

A Q-Sense E4 quartz-crystal microbalance with dissipa-

tion monitoring (QCM-D) system was the equipment used

for monitorization of multi-layer build-up on gold-coated

crystals. Crystals went by a clean up procedure in an ultra-

sound bath at 30 �C while immersed, separately, in acetone,

ethanol and isopropanol. Multi-layer formation was mea-

sured at room temperature and at a constant flow rate of

50 lL min-1. Firstly, a baseline was made by priming the

system with a 0.15 M NaCl solution during 15 minutes.

Then, deposition of chitosan and HAP was made, pumping

solutions into the system for 10 minutes, where each depo-

sition was followed by a rinsing step with a NaCl 0.15 M

solution, for the same time. Real time monitorization was

made for Df and DD. An AT cut quartz crystal is excited at a

fundamental frequency, about 5 MHz, as well as at the 3rd,

5th, 7th, 9th, 11th and 13th overtones.

For the preparation of multi-layer coatings, regular

microscopy glass slides were cut into small pieces

(7 9 7 mm2) and went through the same cleaning procedure

of the QCM-D crystals. The same protocol used on the

QCM experiments was followed, dipping glass slides in

similar solutions, in order to obtain the multi-layer coat-

ings. Samples were prepared in order to obtain 5 pairs of

bilayers, being the last composed of HAP, designated

(Cht-HAP)5, and samples terminated by chitosan desig-

nated (Cht-HAP)4Cht.

Surface Characterization

Atomic force microscopy (AFM) measurements were

performed in a MultiMode STM microscope controlled by

the NanoScope III from Digital Instruments system, oper-

ating in tapping mode at a frequency of 1 Hz with RTESP

tips and an amplitude of 1.5–2 V. The coated glass slides

were immersed in a 0.15 M NaCl solution for 30 min prior

to measurement to hydrate the polyelectrolyte layers. To

assess temperature response of the coatings, the samples

were immersed in saline solution at room temperature and

above Tt, separately. The analysed area was 10 9 10 lm2.

For the AFM analysis, samples were retrieved from the

solution.

Results and Discussion

The elastin-like polymer used in this work, designated HAP,

containing an osteoconductive sequence, was obtained by

bioproduction of genetically modified E. coli.—see Materi-

als and methods. After purification, both SDS–PAGE and

MALDI-TOF tests were performed to verify both the

molecular weight and the purity of the obtained polymer,

respectively. Results are shown in Fig. 1.

ELPs in aqueous solution and below the transition

temperature (Tt) are solubilized and, above it, the chains

aggregate into larger structures. This behaviour was used

during the purification process in order to retrieve the

purified polymer by cold and warm centrifugation cycles.

The designed biopolymer has a theoretical molecular

weight of 31,877 Da. The results obtained from electro-

phoresis (intense band in Fig. 1a) and MALDI-TOF (sharp

peak in Fig. 1b) show the correctness of the sequence

length, as well as the desired composition of the polymer.

HAP is a recombinant ELP that possesses many posi-

tively and negatively charged residues. Therefore, Tt is

expected to depend on pH; DSC scans were performed at

different pH values to investigate the phase transition of

HAP in solution. Tt and ITT enthalpy (DH), obtained from

the endothermic event observed during heating, are repre-

sented in Fig. 2a for a pH ranging from 4 to 12.

The DSC results suggest a general decrease in Tt as the

pH increases. This fact is due to the protonation state of

free lysines, present in the biopolymer chain, that possess
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free amino groups and a pKa around 10.6. For pH under

this value, amino groups are protonated presenting a cat-

ionic behaviour while at pH above their pKa amines

become deprotonated and hydrophobic interactions are

dominant. As referred in the literature, the more apolar the

ELP, the lower the Tt [29]. It is interesting to note that at

physiological pH (as shown on the inset of Fig. 2a), the

ITT of the polymer is around 34 �C that makes the material

potentially interesting for biomedical applications such as

drug delivery systems, as smart surfaces or hydrogels for

tunable adhesion of cells or proteins.

The DSC data also show that the enthalpy of the tran-

sition increases as pH increases. Two phenomena contrib-

ute for the total enthalpy: the ordering of biopolymer chain

into the b-spiral structure, corresponding to a reversing

exothermic event, and the destruction of the ordered

hydrophobic hydration structures around the polymer

chain, which represent a non-reversing endothermic event

[29, 38]. The endothermic process contributes with more

than three times than the exothermic component for the

total enthalpy. The more hydrophobic is the polymer, the

higher is the registered DH due to the increasing in water

molecules dedicated to hydrophobic hydration. The higher

the pH, the more hydrophobic the ELP becomes and,

consequently, the higher the DH values. The addition of

salt to the solution facilitates self-assembly of the polymer

due to a variation on the electrostatic interactions,

decreasing the Tt and increasing DH, when compared with

the same conditions in pure water (results not shown).

The aggregation size was also studied and the obtained

results are shown in Fig. 2b as a function of temperature. It

is possible to observe an abrupt increase in the aggregate

size that varies from around 250 nm at 32 �C to 4,700 nm

at 33 �C, which represents the Tt of the biopolymer for the

studied conditions. This aggregation is due to the change in

the conformation of polymer chains imposed by the

hydrophobic association of the polymer free side chains:

below Tt, chains adopt a free random-coil conformation but

above Tt, chains collapse and aggregate into micron-sized

structures. In Fig. 2c, it is possible to observe the turbidity

change in HAP solution with the increase in temperature.

This increase in the solution turbidity is due to the

Fig. 1 Polymer’s purity and

molecular weight assessments:

a SDS–PAGE and b MALDI-

TOF

Fig. 2 a Transition temperature (h) and enthalpy (j) obtained from

DSC scans; inset represents DSC curve for pH = 7.36; b aggregation

size profile obtained from size measurement and c turbidity change of

the solution used for size determination
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aggregation of polymer chains above Tt, which causes the

segregation of the ELP from the solution.

It would be interesting to verify if such kind of smart

elastin-like polymers could be used to produce multi-

layered films with a biopolymer such as chitosan. The

occurrence of charged sequences along its structure pro-

vides an indication that such coatings may be formed

through electrostatic interactions.

The multi-layer build-up of chitosan and HAP was

studied by monitoring its adsorption to surface of gold-

coated crystals using QCM-D. The sensitivity of this

method permits to detect adsorption of small amounts of

material on the surface and allows to characterize the vis-

coelastic properties of the formed film. Crystal resonance

frequency depends on total oscillating mass, including the

solution coupled to the oscillation, decreasing when a thin

film is formed in the sensor crystal. Moreover, it is also

possible to detect dissipating energy, due to the fact that

adsorbed films are not rigid, exhibiting a viscoelastic

behaviour [39, 40]. In Fig. 3, the changes in frequency (Df)

and dissipation (DD) of 5th, 7th and 9th overtones, during

multi-layers’ construction, are represented.

Figure 3a and b present the deposition and rinsing

cycles of chitosan and HAP. In each deposition step, there

is a reduction on the frequency corresponding to the

deposition of polymer in the crystal’s surface and a smaller

increase in Df during the rinsing steps that corresponds to

the removal of some material that is not adhered on the

surface (Fig. 3a). The flattening of the frequency curves at

the end of each rinsing step indicates that remaining

polymer mass is stable enough not to be removed, indi-

cating a stable polyelectrolyte film formation.

The increase in DD during the deposition of chitosan

indicates the formation of a more viscoelastic film

(Fig. 3b). However, it is interesting to notice that the

deposition of HAP has an opposite effect, stiffening the

films’ surface. The net behaviour upon consecutive depo-

sitions is for a progressive formation of a more viscoelastic

film with greater dampening characteristics. The QCM-D

results evidence the possibility of using such polymers in

order to obtain stable multi-layer films over surfaces.

More insights can be obtained by modelling the QCM-D

data. The Voigt viscoelastic model [41] was used to extract

the change in the film thickness during the polymer

deposition. Figure 3c shows the results obtained for the

change in the thickness upon individual layer formation.

The deposition of chitosan onto a HAP-terminated multi-

layer contributes for an increase in about 6 nm for the total

thickness. This increment seems to decrease slightly,

however, appears to be almost independent on the number

of multi-layers. Surprisingly, when HAP is added the

thickness of the multi-layer decreases by values around

2 nm. This decrease, however, is smaller for higher number

of layers. A possible explanation for this behaviour could

be the strong interaction of such polymer with chitosan,

leading to a partial dehydration of the terminal layer and a

change of the macromolecular conformations towards a

more extended shape. Such hypothesis is in accordance

with the decrease in the dissipation energy values upon

HAP deposition (Fig. 3b).

It would be interesting to verify whether the change in

chain conformation and aggregation ability found in HAP

in solution could be transposed to the multi-layered films

obtained with chitosan. We hypothesize that the modifi-

cations in the polymeric chains organization, associated

with the ITT, could influence the topography of the surface.

The characterization of polyelectrolyte surfaces was

made by AFM. After preparation of multi-layer samples,

slides were placed in saline solutions under and above Tt.

Results obtained for the topography analysis are shown in

Fig. 4.

Fig. 3 a Frequency changes during LbL chitosan-HAP build-up: 1-

Cht deposition, 2-rinsing, 3-H AP deposition and 4-rinsing. b
Dissipation changes during LbL chitosan-HAP build-up: 1-Cht

deposition, 2-rinsing, 3-H AP deposition, and 4-rinsing. The 5th

(squares), 7th (circles) and 9th (triangles) overtones are represented.

c Change in the film’s thickness during LbL build-up: cht (squares)

and HAP (circles)
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It is possible to observe from the AFM images that the

biopolymer HAP shows a responsive behaviour across its

ITT even when it is assembled in the multi-layers with

chitosan. In fact, the (Cht-HAP)5 below Tt exhibits a quite

smooth surface (Fig. 4a) but above the ITT clear nano-sized

agglomerates can be seen, which may result from the col-

lapse of adjacent HAP chains in the surface (Fig. 4b). It

should be mentioned that such nano-structures are almost

absent if the multi-layers are ended with the polysaccharide

(results not shown). The aggregate sizes in the surface (inset

of Fig. 4b) are much smaller than the ones formed in solu-

tion (Fig. 2b). This may be explained by the fact that, in

solution, the association and aggregation of polymer chains

is much more facilitated than when the polymer is attached

in the surface after deposition over chitosan layers.

Conclusion

An elastin-like polymer was produced, purified and its

responses to temperature and pH were investigated. We

successfully demonstrated that this biomimetic polymer

could be used in the build-up of self-assembled multi-

layers with chitosan. It has been shown that the tempera-

ture-responsive behaviour, originally presented by the

biopolymer, is present in the modified surfaces having

HAP as the outermost layer. This work opens new possi-

bilities for the use of elastin-like polymers in the fabrica-

tion of coatings and films with stimuli-responsive

behaviour, offering new platforms in biotechnology and in

the biomedical area.
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