
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry B

www.rsc.org/materialsB

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

6Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Application of Layer-By-Layer Coatings to Tissue 

Scaffolds – Development of an Angiogenic 

Biomaterial 

C.D. Easton
a
, A.J. Bullock

b
, G. Gigliobianco

b
, S.L. McArthur

c
, S. MacNeil

b*
 

Tissue engineered materials aimed at wound care typically underperform due to poor 

engrafting to the wound bed. The need for such materials will continue to intensify as a result 

of an ageing population and an increase in patients suffering from vascular problems. Here we 

describe the development of an angiogenic coating strategy employing a combination of 

plasma phase deposition of acrylic acid and layer-by-layer (LBL) chemistry using 

polyethyleneimine and poly(acrylic acid) for the immobilization of heparin and Vascular 

Endothelial Growth Factor (VEGF). The formation of the coating and its ability to immobilize 

heparin was examined by Quartz Crystal Microbalance with Dissipation. X-ray Photoelectron 

Spectroscopy (XPS) and Atomic Force Microscopy were used to confirm that these coatings 

retained a significant amount of heparin on the surface when applied to a flat substrate. The 

coating strategy was transferred to 2 different tissue scaffold architectures: a commercially 

available non-biodegradable polypropylene mesh, and a biodegradable electrospun poly(lactic-

co-glycolic acid) (PLGA) scaffold. XPS confirmed that the coating was successfully applied to 

the scaffolds and that a similar amount of heparin was immobilized. In vitro testing showed 

that while HDMEC readily attached to the PLGA scaffold, they were inhibited from adhering 

and forming proliferative colonies where heparin alone was attached to the LBL coated PLGA 

scaffold.  However, after dip coating with VEGF, the heparin coated scaffold supported both 

attachment and colony growth of HDMEC; no such colony formation occurred in the absence 

of VEGF. 
 

 

 

 

 

 

 

 

Introduction, 

Development of flexible coating strategies to promote 

angiogenesis is critical to effectively treat chronic, non-healing 

wounds. This need will continue to grow globally in light of an 

ageing population and an increasing number of patients 

diagnosed with diabetes. In addition, such strategies are 

required within the tissue engineering community to overcome 

issues associated with engineered materials, which fail to 

engraft as a result of inefficient neovascularisation.  

An important requirement for an angiogenic biomaterial is the 

ability to maintain a regulated release of bioactive growth 

factors to the wound site. While there are a variety of different 

growth factors available, it is believed that vascular endothelial 

growth factor (VEGF) alone is sufficient to promote 

angiogenesis.1 Recently we reported an approach to produce 

hydrogels containing lysine and arginine to electrostatically 

bind heparin – which then bound VEGF – and was then 

demonstrated to be mitogenic for human dermal microvascular 

endothelial cells (HDMEC).2 Heparin has been included within 

scaffold architectures as a means to bind and stabilise VEGF, 

while regulating the release of the growth factor to promote 

vasculogenesis.3,4  A number of strategies for the use of natural 

and synthetic heparin-mimetics have been developed, for 

example heparin-loaded hydrogels,5-7 heparin modified tissue 

scaffolds,8,9 heparin modified bone cements,10 collagen 

matrices,11 and functionalised micro- and nano-particles.12-14  

Some wound beds can be relatively large, for example, in the 

case of patients with extensive full thickness burns and 

extensive areas of biomaterials are necessary. Moreover, there 

are issues with many scaffolds failing to promote angiogenesis; 

heparin is rapidly lost from the wound site and consequently 

blood vessel formation within new scaffolds can be too slow to 

ensure survival of the cells in the scaffold.15 Therefore, there is 

an increasing research effort directed towards the development 

of new strategies to effectively immobilise heparin for the 

sustained release of bioactive growth factors. Layer-by-layer 

(LBL) chemistry is a dip-coat strategy where multilayers 

comprising of consecutive layers of polyanions and polycations 

are physically adsorbed onto a substrate.16  LBL is a useful 
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methodology within the biomaterials field as it enables film 

growth on virtually any substrate (assuming the adsorption of 

the first layer is successful) regardless of its size or shape. LBL 

is ideal for the immobilisation of biomolecules due to 

electrostatic attraction between successive layers bearing 

opposite charge,  resulting in a very compact and stable 

multilayer structure.17 LBL coatings have been fabricated 

employing either heparin,18-22 or heparin plus a growth factor as 

the polyanion;23 however one would consider that this is not a 

practical use of heparin, as the majority would be located 

within the bulk of the coating rather than on the surface where 

it is required to exert biological activity. 

In this study, a LBL coating strategy was developed using two 

polymers: poly(acrylic acid) as the polyanion and 

polyethyleneimine (PEI) as the polycation; a plasma polymer of 

acrylic acid was employed as the base layer. The formation of 

these coatings and their ability to bind heparin has been 

examined using Quartz Crystal Microbalance with Dissipation 

(QCM-D), X-ray Photoelectron Spectroscopy (XPS), and 

Atomic Force Microscopy (AFM). This methodology was then 

transferred onto two different scaffold types, a commercially 

available non-biodegradable polypropylene mesh currently 

used clinically in hernia repair and pelvic organ prolapsed 

repair,24, 25 and a biodegradable  electrospun poly(lactic/glycolic 

acid) (PLGA 75:25) scaffold under development for dermal 

replacement.26 The in vitro response of the coated scaffolds was 

investigated by examining the ability of HDMEC cells to attach 

and proliferate on the scaffolds. 

 

Experimental   

Plasma phase deposition. Plasma phase deposition was performed 

in a custom built T-shaped stainless steel reactor with stainless steel 

end plates sealed with Viton O-rings detailed previously.27 Acrylic 

acid (99.5 % purity, Acros organics, USA) was degassed by at least 

three freeze-pump-thaw cycles prior to use. Flow rate of the 

monomer was controlled using a needle valve and the plasma unit 

pressure monitored using a Pirani gauge. A plasma phase was 

ignited within the reactor using a 13.56 MHz generator coupled to a 

stainless steel internal disc electrode via a matching network. Plasma 

polymers were deposited onto Si wafer (orientation <100>; thickness 

600-650 µm; single side polished; resistivity 14.0-22.0 Ω•cm; Micro 

Materials & Research Consumables, Australia), QCM crystals 

(QSX301 gold coated quartz (100 nm Au), Q-Sense, Sweden), 

polypropylene tissue scaffold (Gynecare Gynemesh* PS GPSXL3), 

and electrospun PLGA (75:25) tissue scaffold (Fabrication 

methodology reported elsewhere). 26 Si wafers were ultrasonically 

cleaned with isopropyl alcohol (Chem-Supply Pty Ltd, Australia) 

and dried with a stream of nitrogen gas prior to use. QCM crystals 

were cleaned in a solution of 5:1:1 Milli-Q water, ammonia (30% 

purity, Sigma-Aldrich, Australia) and hydrogen peroxide (30% 

purity, Riedel-de Haen, Germany) and heated to 75oC for 

approximately 10 minutes. Crystals were then rinsed with Milli-Q 

water and isopropyl alcohol, and dried with nitrogen gas. Sensors 

were then plasma etched with air at 50 W for 5 minutes, and wet 

cleaned again following the protocol described above. Tissue 

scaffolds were cleaned employing the same plasma etching 

methodology. After loading the substrates into the reactor, the unit 

was evacuated down to base pressure (1 x 10-3 mbar). An operating 

pressure of 2 x 10-2 mbar was maintained at the defined monomer 

flow rates by throttling the valve between the single stage rotary 

vacuum pump and the plasma unit. Monomer flow rate was 

determined using the technique outlined by Griesser and 

Gengenbach.28 Once a stable flow rate was achieved, the plasma was 

ignited for 20 min. After deposition, monomer flow was maintained 

for another 5 min to quench any radicals on the surface of the plasma 

polymers. The monomer valve was then closed and the plasma unit 

evacuated for approximately 5 min to remove any residual monomer 

from the system. 

LBL fabrication and heparin absorption. Polyelectrolytes (PE) 

solutions of 0.5% w/v of polyethyleneimine (PEI) (Mw = 750000 

g/mol; 50% w/v; Sigma Aldrich) and poly(acrylic acid) (PAC) (Mw 

= 100000 g/mol; 35% w/v; Sigma Aldrich) were diluted into 

phosphate buffered saline (PBS) (150 mM) and pH adjusted as 

required. For samples fabricated for XPS, AFM, or for the in vitro 

study, LBL formation was carried out on samples within 12 well 

tissue culture plates. 3 ml of PE solution was transferred into wells. 

After incubation for 30 min at RT, the solution was removed and the 

wells were rinsed 5 times with PBS prior to the addition of the next 

PE solution. This process was repeated until the desired number of 

layers was achieved. For QCM-D crystals, PE and PBS wash 

solutions were pumped through each channel at a rate of 100 µl/min 

for 30 min and 5 min respectively; thus the QCM-D crystals were 

exposed to the same amount of PE solution as those fabricated for 

XPS and AFM.  

For heparin absorption experiments, solutions of 1 mg/ml of heparin 

(heparin sodium salt from porcine intestinal mucosa, Sigma Aldrich) 

in PBS (150 mM) were used. Samples were incubated in 1 ml of 

solution for 30 min, equating to a flow rate of 33.3 µl/min for QCM-

D. After incubation, samples were rinsed with PBS, again 5 times 

for AFM and XPS samples in wells, while the QCM-D channels 

were rinsed for 20 min. AFM and XPS samples were rinsed a further 

5 times with Milli-Q water (18.2 MΩ.cm) to remove any excess salt 

from the surface and then dried with nitrogen gas before analysis. 

QCM-D analysis. The formation of the LBL system and absorption 

of heparin was studied in situ by Quartz Crystal Microbalance with 

Dissipation (QCM-D) (E4 Biolin Scientific / Q-Sense, Sweden). 

QCM-D E4 uses quartz crystals with a diameter of 14 mm (surface 

area is 153.9 mm2) and a resonant frequency 5 MHz. A detailed 

description of the QCM-D technique was published by Rodahl et al. 

[29]. QCM-D E4 contains four independent chambers thus allowing 

for duplicates of the experiments to be carried out simultaneously. 

All measurements were performed in a temperature-controlled flow 

chamber at 22 ± 0.05 ºC.  

XPS analysis.  X-ray photoelectron spectroscopy (XPS) 

analysis was performed using an AXIS Ultra DLD spectrometer 

(Kratos Analytical Inc., Manchester, UK) with a monochromated Al 

Kα source at a power of 150 W (15 kV × 10 mA), a hemispherical 

analyser operating in the fixed analyser transmission mode and the 

standard aperture (analysis area: 0.3 mm × 0.7 mm). The total 

pressure in the main vacuum chamber during analysis was less than 

10-8 mbar. Survey spectra were acquired at a pass energy of 160 eV. 

To obtain more detailed information about chemical structure, 

oxidation states etc., high resolution spectra were recorded from 

individual peaks at 40 eV pass energy (yielding a typical peak width 

for polymers of 1.0 – 1.1 eV). Each specimen was analysed at an 

emission angle of 0° as measured from the surface normal. 

Assuming typical values for the electron attenuation length of 

relevant photoelectrons the XPS analysis depth (from which 95% of 

the detected signal originates) ranges between 5 and 10 nm. 

Data processing was performed using CasaXPS processing software 

version 2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements 

present were identified from survey spectra. The atomic 

concentrations of the detected elements were calculated using 

integral peak intensities and the sensitivity factors supplied by the 

manufacturer. Binding energies were referenced to the aliphatic 

hydrocarbon peak at 285.0 eV. The accuracy associated with 
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quantitative XPS is ca. 10% - 15%. Precision (i.e. reproducibility) 

depends on the signal/noise ratio but is usually much better than 5%. 

The latter is relevant when comparing similar samples. 

Atomic Force Microscopy. An Asylum Research MFP-3D atomic 

force microscope (Santa Barbara, CA, USA) was used to measure 

surface topography in tapping mode with ultra-sharp silicon nitride 

tips (NSC15 noncontact silicon cantilevers, MikroMasch, Spain). 

The tips used in this study had a typical force constant of 40 N/m 

and a resonant frequency of 320 kHz. Typical scan settings involved 

the use of an applied piezo deflection voltage of 0.6 – 0.8 V at a scan 

rate of 0.6 – 0.8 Hz. All images were processed (1st order flattening 

algorithm) using Igor Pro software.   

 

In vitro performance of scaffolds. PLGA scaffolds were 

electrospun from a 10% wt/wt solution of PLGA (75:25) in 

dichloromethane (Fisher, UK).  The solution was pumped from 4 

syringes (40µl/s per syringe) and subjected to an accelerating voltage 

of 17kV, an aluminium foil coated earthed rotating collector (20cm 

wide, 10cm diameter, 200 RPM) was placed 17cm from the charged 

needle tips, 0.6g of PLGA was electrospun on to a 20x30cm sheet.  

PLGA scaffolds were then coated by plasma phase deposition prior 

to being subjected to the  LBL process and were then dip-coated 

with heparin (1mg/ml) in PBS by incubation with gentle shaking for 

24 hours and were then dip-coated with 200ng/ml VEGF (ABD 

Serotec, UK) in PBS, with gentle shaking at 4oC for 24 hours. All 

samples were washed 3 times with sterile PBS between coatings.  2 

x 2cm sheets were prepared and placed in 12 well tissue culture 

plates. 

VEGF binding to scaffolds.  0.8cm diameter discs of scaffold 

bearing 1, 3, 5, and 7 layers deposited by the LBL process were dip-

coated with heparin (1mg/ml in dH2O) at room temperature for 4 

hours.  These were then washed in PBS then dip-coated in 1 ml of 

1µg/ml VEGF (ABD Serotec, UK) in PBS, with gentle shaking at 

4oC for 10hours. After washing once with PBS, samples were then 

incubated in 1ml of PBS for 24 hours at room temperature before the 

PBS was assayed for VEGF with a Human VEGF ELISA kit from 

Peprotech (New Jersey, USA), the assay was carried out according 

to manufacturer instructions.  The ELISA plate was read at 405 nm 

(reference 630 nm), VEGF standards were used to create a 

calibration curve. 

Direct seeding with cells. HDMEC cells (Promocell, UK) were 

cultured in endothelial cell (EC) growth medium (Promocell MV2, 

Promocell, UK) in gelatin coated tissue culture plastic T25 culture 

flasks.30  Immediately prior to use, T25 flasks of near confluent 

HDMEC cells were washed 3 times with PBS, then incubated with 

Celltracker Red (Invitrogen, UK) (10 µg/ml in serum free 

endothelial cell growth medium) for 45 minutes at 37oC.  Cells were 

gently washed 3 times with PBS, then detached from the culture 

flask by treatment with trypsin-EDTA (Invitrogen, UK) (Sigma 

Aldrich, UK), and an appropriate dilution of cells was made in EC 

medium.  100,000 cells per sample were pipetted into a 1cm 

diameter culture well formed from a 1cm diameter steel ring placed 

on top of a 2 x 2 cm sheet of scaffold. Cells were allowed to adhere 

for 24 hours before the ring was removed, and the scaffold gently 

washed once with media to removed non adherent cells, and the 

scaffold placed into a clean culture well, and submerged in culture 

medium.  At 48h, cells were imaged to assess the density of 

HDMEC cells in each scaffold.  Photographs were taken of 3 fields 

of view at 100x magnification for each sample with an Axon 

ImageExpress (Molecular Devices, USA) fluorescence microscope 

(10x objective, λex 577nm, λem 602nm).  The number of cells visible 

in each photograph was counted using the cell counter macro of 

ImageJ, (NIH, Maryland USA). 

Transfer of HDMEC cells onto scaffolds. HDMEC cells were 

seeded into gelatine (Sigma, UK) coated 12 well plates at a density 

of 100,000 per well in media, and allowed to grow to confluence.  

Scaffolds were cut into 2cm x 0.5cm strips and fixed into 12 well 

sized Scaffdex frames (Scaffdex, Tampere, Finland).  These were 

placed in the culture wells such that the scaffolds were held against 

the layer of cells at the base of the well, facilitating migration of 

HDMECs adhered to gelatine to the fibres of the scaffold - 

simulating in vivo in migration.  After 48h, the scaffolds were 

removed and cell attachment to the scaffolds was assessed. 

Photographs were taken with an Axon ImageExpress fluorescence 

microscope (100x magnification, 10x objective, λex 577nm, λem 

602nm). 

Results  

3.1 Examining the formation of the LBL coating – QCM-D. 

A key requirement when developing a coating strategy for use 

in wound care is having the flexibility to apply it to a variety of 

substrates; this is due to the assortment of scaffold types 

commercially available and the continual emergence of new 

scaffold architectures. For a coating strategy based on LBL 

chemistry, the surface charge of the substrate is critical, as the 

first layer must physically absorb and be stable. To overcome 

the variance in surface charge between the various substrate 

types, a surface pre-treatment should be undertaken. From the 

available methods, plasma phase deposition was employed to 

deposit onto the substrate a uniform coating of known surface 

charge, specifically a negative surface charge employing acrylic 

acid. Plasma phase deposition was chosen as it is a dry 

fabrication technique and the coatings can be applied to a 

number of substrates.31 Plasma polymers have often been 

employed within the biomaterials field to provide desirable 

surface properties for the intended substrate, where recently we 

demonstrated the use of a plasma polymer in fabricating 

microwells for peptide display.32  The properties of plasma 

polymer acrylic acid (ppAAc) deposited from the reactor used 

in this study, including surface charge characteristics, have 

been reported previously;27 a typical high resolution C 1s XPS 

spectrum and AFM image for this thin film can be found in the 

supplementary information (Fig. S1).  

There are a number of parameters that influence the formation 

of LBL coatings, including: polymer type and concentration, 

salt concentration, and pH. For this particular application, 

ideally both PEs should be inexpensive, well defined, easy to 

deploy and non-cytotoxic. To satisfy these requirements, 

poly(acrylic acid) (PAC) and polyethyleneimine (PEI) were 

selected as the polyanion and polycation respectively. The 

examination of all the various design parameters on the 

resultant LBL coating properties would be outside the scope of 

this particular work; initial work using QCM-D demonstrated 

that the polymer pH employed during LBL formation had an 

effect on the amount of heparin adsorbed on the final coating. 

The system that adsorbed the most heparin within the parameter 

space explored was chosen for this study, specifically pH (PEI) 

= 9 and pH (PAC) = 4. This approach is similar to that used 

previously by Muller et. al.33 for fabricating LBL coatings. At 

pH 7, the PEI would be positively charged, while the PAC 

would be negatively charged. At pH 4, the PAC would be 

weakly charged or uncharged while the PEI would be highly 

ionized, and vice-versa at pH 9. Note the first layer of PEI was 

absorbed at pH 7 rather than pH 9 to prevent the ppAAc base 
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layer delaminating when hydrated in a strong base (data not 

shown).  

 
Fig. 1. (A) and (B) Selected, representative QCM-D data of 

7-layer LBL system with absorption of heparin. Labels 

correspond to following steps: 1 – PEI; 2 – PAC; 3 – Heparin; * 

– PBS wash. (C) Summary of QMC-D results for heparin 

absorption and retention on LBL systems fabricated with 3, 5 or 

7 layers. Error bars represent standard deviation derived from 4 

measurements.  

 

Selected, representative QCM-D data for the 7 layer LBL 

system with heparin subsequently absorbed is presented in Fig. 

1A and 1B. Each physical adsorption step is followed by a PBS 

rinse (at pH 7.4). As a decrease in ∆F represents mass added to 

the system, while an increase in ∆D indicates an increase in 

viscoelasticity (i.e. the adsorbing layers swell and hold water, 

effectively softening the interface and damping the crystal 

oscillation), the QCM data confirms the formation of the LBL 

system. The general trend is that each subsequent adsorption 

step results in mass added, and in a more viscoelastic (softer) 

film. Once the system exceeds 4 layers, another trend can be 

observed where the addition of the polyanion results in what 

appears to be a loss in mass, causing an oscillation in ∆F and 

∆D with the addition of each subsequent layer. Similar trends 

have been observed previously for both ∆F and ∆D and have 

been attributed to swelling-and-shrinking of the outermost PE 

layer, or redissolution and/or rearrangement of PE 

complexes.34, 35 

 

Addition of heparin to the system resulted in a significant 

increase in mass added; rinsing with PBS led to a decrease in 

mass associated with partial removal of heparin; however the 

total mass of the system was still greater than before heparin 

absorption. Interestingly, after addition of heparin and rinsing 

with PBS, a significant decrease is observed for ∆D, indicating 

that the system has collapsed, excluding water from the film 

and creating a rigid layer.  

A summary of the QCM-D ∆F results are presented in Fig. 1C, 

where the ∆F values presented are the difference in the ∆F 

immediately before heparin addition, and either before or after 

the final PBS rinse. LBL systems with 3, 5, and 7 layers were 

used for the immobilization of heparin. In all cases it is 

observed that rinsing with PBS partially removed heparin from 

the system; 3 and 5 layer LBL coatings resulted in 

approximately the same amount of heparin absorption and 

retention, while the 7 layer system resulted in a greater amount 

of heparin retention.  

 

3.2  Examining the resultant LBL coating - XPS and 

AFM. 

The plasma phase deposition/LBL methodology was transferred 

to Si wafer to examine the surface chemistry and topography. 

The elemental composition obtained via XPS is presented in 

Table 1 while selected, representative high resolution C 1s 

spectra are shown in Fig. 2. From the survey data it is clear that 

heparin was not present on the ppAAc coating after incubation 

as no S signal was detected. Within the XPS sampling depth (< 

10 nm), the 5 layer (LBL 5) and 7 layer (LBL 7) systems were 

approximately the same in both elemental composition and 

from the high res C 1s data (Fig. 2A); this was somewhat 

unexpected. Once heparin was absorbed, both were very similar 

though the 7 layer system appeared to have slightly more 

heparin present (S content – 2.8 % vs. 3.0 %) confirming QCM-

D observations.  

 
Fig. 2. Selected, representative XPS high resolution C 1s 

spectra of LBL 5 and LBL 7 samples prepared on Si wafer, (A) 

LBL 5 and LBL 7 systems, (B) LBL 5 + heparin, (C) LBL 7 + 

heparin. Filled circles represent measured spectrum while 

corresponding solid line represents fit from components. 

Labeled components correspond to the following: C1 – C-C 

and C-H (hydrocarbons), C2 – secondary shift associated with 

acid, ester (i.e. C5); C3 – C-N, C-O based groups (ethers and 

alcohols); C4 – C=O and O-C-O based groups (e.g. aldehyde, 

ketone); C5 – O-C=O based groups (e.g. acid, ester); LBL 5 

and LBL 7 – model spectra obtained experimentally. 

 

For the 5 and 7 layer  systems with heparin, the high resolution 

C1s spectra were fitted using a combination of standard 

components (Gaussian-Lorentz) and a model C 1s spectrum 

obtained from the corresponding LBL system (i.e. the spectra 

presented in Fig. 2A). This technique allows for the specific 

identification of changes in the C 1s profile as a result of the 

heparin absorption. To ensure the contribution from the 

underlying LBL substrate and the heparin are realistic, the ratio 

of C3 (C-O based groups) and C4 (O-C-O based groups) was 
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confirmed to be approximately equal to that of the theoretical 

value for heparin (i.e. C4:C3 = 2:9) during the fitting 

procedure, as these are the two major contributions from 

heparin to the carbon signal. As observed from Fig. 2B and 2C, 

the underlying LBL substrate has a contribution to the overall C 

1s spectrum but is not the dominant component, accounting 

only for approximately 35% of the signal. In both cases, the 

ratio of C4 to C3 was as expected, with no residual discrepancy 

between the model fit and the measured spectrum, thus 

indicating a good fit.  

 

Table 1. Atomic ratios relative to total concentration of carbon 

(X/C) obtained by XPS of LBL coatings on Si wafer. Listed are 

the mean values (± deviation) based on +2 analyses performed 

on each sample. Trace amounts of: a Na, b Cl, c P, d Si. 

 

 

 

High resolution N 1s spectra of the LBL 7 system with and 

without heparin were examined (see Fig. 3). The component C1 

is associated with C-N groups which are present in both the PEI 

and heparin, while the binding energy (BE) location of C2 is 

indicative of charged N species. In both cases, C1 and C2 are 

roughly 50%. Heparin has only one N unit per unit of heparin 

that would contribute to C1. It would be expected that the ratio 

of C1 and C2 would change if heparin simply physically 

absorbed onto the surface, thus the data suggests the absorption 

process is not straightforward.  

 

 
 

Fig. 3. Selected, representative XPS high resolution N 1s 

spectra of samples prepared on Si wafer, (A) LBL 7 and (B) 

LBL 7 + heparin. Filled circles represent measured spectrum 

while corresponding solid line represents fit from components. 

Labeled components correspond to the following: C1 – amine 

groups, C2 – charged N species (N+). 

 

AFM images of the LBL 5 and LBL 7 systems, with and 

without heparin are presented in Fig. 4. LBL 5 (Fig. 4A) 

appears very similar to ppAAc with only PEI absorbed (See 

supplementary information Fig. S1B). Addition of heparin to 

the surface (Fig. 4B) resulted in an increase in surface 

roughness; however the surface structure remained generally 

the same. The LBL 7 system (Fig. 4C) looks very different 

compared to the LBL 5 system, as it consists of very large 

structures protruding from a relatively smooth background. 

However, once heparin is included in the system (Fig. 4D), it 

appears very similar to the LBL 5 system + heparin (compared 

with Fig. 4B). It is worth noting that due to the complex and 

highly charged surface of the LBL 7 system containing heparin, 

sample imaging was very challenging and tip-surface 

convolution could not always be avoided. 

 
Fig. 4. Selected, representative AFM images of LBL systems 

prepared on Si wafer, (A) LBL 5, (B) LBL 5 + heparin, (C) 

LBL 7, (D) LBL 7 + heparin. Note: Due to significant surface 

charge, some tip-surface convolution could not always be 

avoided (Fig. 4D). 

 

3.3  Transfer of LBL coating strategy to tissue scaffolds 

As the proposed coating strategy was developed to promote 

angiogenesis for wound care applications, successful transfer of 

the methodology to application-relevant substrates is required. 

In this study, 2 different tissue scaffolds were employed: a 

commercially available polypropylene (PP) type and an 

electrospun poly(lactic-co-glycolic acid) (PLGA) (75:25) 

reported previously for dermal replacement.26 An optical image 

showing a detailed view of the weave for the PP scaffold, in 

addition to SEM images of the PP scaffold and PLGA scaffold 

are shown in Fig. S2. 

The fabrication process of the LBL system onto the scaffolds 

was examined by XPS (Table 2 and Fig. S3). The surface 

chemistry of the scaffolds ‘as received’ appeared as expected. 

In an attempt to clean the scaffolds prior to plasma polymer 

deposition, the scaffolds were plasma etched in air for 10 

minutes. From the survey data (Table 2) and the high resolution 

C 1s spectra (Fig. S3A and S3B), the plasma etch reduced the 

hydrocarbon contribution and oxidized the surface of the 

substrates. Next, ppAAc was applied to both surfaces. Using 

the high resolution C 1s spectra of the plasma etched scaffolds 

and the ppAAc deposited on Si obtained previously, the high 

resolution C 1s spectra of the ppAAc treated scaffolds were 

fitted using components based on model spectra (Fig. S3C and 

S3D). For both scaffolds, it is apparent that the coating is 

thinner than the XPS sampling depth as a contribution from the 

substrate can be observed. It is difficult to conclude absolute 

ppAAc thickness however as the increased surface roughness of 

the scaffolds would mean that value for the actual emission 

angle is ill-defined. 

The LBL 7 coating was then applied to both scaffold types 

(Table 2 and Fig. 5). The elemental composition of the LBL 

system is different for the two scaffolds, and both are different 

Sample O/C N/C S/C 

ppAAcd 
0.370±0.005 0.005±0.000 - 

ppAAc + Hepa,d 0.344±0.002 0.005±0.001 - 

LBL 5b,c,d 
0.252±0.006 0.256±0.001 0.001±0.000 

LBL 5 + Hepb,c,d 
0.446±0.014 0.178±0.005 0.047±0.001 

LBL 7b,c,d 0.262±0.005 0.262±0.004 - 

LBL 7 + Hepb,c,d 0.463±0.016 0.185±0.005 0.051±0.002 

Page 5 of 10 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

to that obtained on Si (Table 1). On Si, O/C and N/C = 0.262; 

for the pp scaffold both O/C and N/C are lower (0.229 and 

0.198, respectively), while for the PLGA scaffold only O/C was 

higher (0.310) while N/C is approximately the same (0.260). To 

gain a better understanding of the significance of the 

differences, the oxygen content relative to nitrogen (O/N) was 

also examined. While O/N ~ 1 for the coating on Si, O/N ~ 1.1 

for the coating on both scaffold types. Overall, it appears that 

besides a different amount of carbon, LBL coatings displayed 

more oxygen than nitrogen when deposited onto the scaffolds, 

as opposed to deposition on a Si wafer. Small differences in 

composition were also reflected in the high resolution C 1s data 

(Fig. 5A), however they share a similar spectra profile to the 

LBL 7 on Si (Fig. 2A). Once heparin was absorbed to the LBL 

system on both scaffolds, similar amounts of S were observed 

compared to that obtained on the system with Si substrate (S/C 

of 0.051 on Si vs. 0.051 on PP vs. 0.055 on PLGA); high 

resolution C 1s profiles for both scaffolds with LBL 7 + heparin 

also presented similar profiles to that of the system on Si (Fig. 

2C compared to Fig. 5B and 5C) as the bulk of the carbon 

signal was dominated by species associated with heparin. 

 

 
Fig. 5.  Selected, representative XPS high resolution C 1s 

spectra of samples prepared on tissue scaffolds,  (A) PP +  LBL 

7  and PLGA + LBL 7 , (B) PP + LBL 7 + heparin, (C) PLGA 

+ LBL 7 + heparin. Labeled components correspond to the 

following: C1 – C-C and C-H (hydrocarbons), C2 – secondary 

shift associated with acid, ester (i.e. C5); C3 – C-N, C-O based 

groups (ethers and alcohols); C4 – C=O and O-C-O based 

groups (e.g. aldehyde, ketone); C5 – O-C=O based groups (e.g. 

acid, ester); LBL 7 – model spectrum obtained experimentally. 

 

 

3.4 In vitro response of LBL coated scaffolds 

The data presented in Figure 6 shows that where 3, 5, or 7 

layers of LBL are coated with heparin (shown to be similar 

between the 3 groups via QCM-D (Fig 1C)) the amount of 

VEGF bound was also similar.  

Direct seeding of HDMEC cells onto uncoated PLGA scaffolds 

and LBL 7 coated PLGA scaffolds resulted in moderate cell 

adhesion (Fig. 7A – 7D). Cells were evenly distributed over the 

upper surface of the scaffolds 48 h after seeding with no visible 

difference in the degree of cell attachment between the two sets 

of scaffolds.  Cellular morphology shows cells adhering tightly 

to fibres and spreading along the body of the fibres.  In places 

there were small clusters of cells (Fig. 7A and 7B). 

Addition of heparin to the LBL 7 coated scaffold led to a 

significant reduction in the number of cells attached 48 h post 

seeding, with cells being much more sparse than on uncoated or 

LBL 7 coated scaffolds and cellular morphology was rounded 

with little or no evidence of spreading along the fibres (Fig. 

7C).   The addition of VEGF to the LBL 7 + heparin scaffold 

significantly increased the number of cells present on the 

scaffold compared to both the uncoated and heparin coated 

scaffolds.   Both sparse single cells and larger clusters of 

proliferating cells were apparent on these scaffolds.  The 

clusters of cells on the VEGF treated scaffolds were larger than 

those seen on any other scaffold assessed (Fig. 7D).  Figure 8 

shows a summary of cell density measured by counting the 

number of DAPI stained cell nuclei of cells attached after 

48hours of incubation in 3 fields of view per sample. 

 

Table 2. Atomic ratios relative to total concentration of carbon 

(X/C) obtained by XPS of LBL coatings on tissue scaffolds. 

Listed are the mean values (± deviation) based on +2 analyses 

performed on each sample.  Trace amounts of: a Na, b Cl, c P, d 

Si, e Ca, f P. 

Control 1 3 5 7
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Fig. 6. VEGF binding to 8mm diameter scaffold discs dip-

coated with heparin attached to increasing numbers of LBL 

layers.  Values are mean values SEM, n=3 Statistical 

significance by paired T test * = P<0.05.  

 

When scaffolds were placed in contact with confluent sheets of 

HDMEC cells grown on gelatin coated tissue culture plastic, it 

was possible to detect transfer of cells from the sheets of cells 

to the scaffolds. Transfer of Celltracker Red stained cells from 

the gelatin coated plastic was successful to varying degrees for 

all of the scaffolds (Fig. 7E – 7H).  The uncoated and LBL 7  

Sample O/C N/C S/C 

PPd,e 0.029±0.005 0.002±0.002 0.001±0.000 

PLGAa,d 0.488±0.009 0.000±0.000 0.000±0.000 

Plasma etched 

PPa,d 0.242±0.006 0.078±0.002 0.004±0.001 

Plasma etched 

PLGAd 0.656±0.014 0.061±0.001 0.000±0.000 

PP + ppAAcd,e 0.339±0.007 0.001±0.001 0.003±0.000 

PLGA + 

ppAAcd 0.413±0.004 0.004±0.001 0.000±0.000 

PP + LBL 7b,d,f 0.229±0.006 0.198±0.004 0.004±0.001 

PLGA + LBL 

7b,d,f 0.310±0.001 0.260±0.001 0.000±0.000 

PP + LBL 7 + 

hepa,c 0.446±0.011 0.162±0.009 0.051±0.002 

PLGA + LBL 

7 + hepd 0.519±0.015 0.187±0.001 0.055±0.000 
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Fig. 7. DAPI stained HDMEC cells seeded onto dip-coated  

electrospun PLGA fibres (A – D), (A) PLGA, (B) PLGA + 

LBL 7, (C) PLGA + LBL 7 + heparin, (D) PLGA + LBL 7 + 

heparin + VEGF. DAPI stained HDMEC cells transferred onto 

dip-coated electrospun PLA fibres after 48h in contact with 

confluent HDMEC, (E) PLGA, (F) PLGA + LBL 7, (G) PLGA 

+ LBL 7 + heparin, (H) PLGA + LBL 7 + heparin + VEGF. 
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Fig. 8. Cell binding to dip-coated electrospun PLGA fibres after 

48hours of incubation.  Control is PLGA alone, PLGA + LBL 

7, PLGA + LBL 7 + heparin, PLGA + LBL 7 + Heparin 

+VEGF, PLGA + gelatin, and PLGA + Matrigel.  Data is the 

mean + the SEM, n=3.  Statistical significance by paired T test, 

* = P<0.10, ** = P<0.05.  

 

coated scaffolds had cells attached where the scaffold was 

maintained in contact with the sheet of HDMEC cells. Cells 

were evenly distributed and appeared to have a normal 

morphology (Fig. 7E and 7F).  Addition of heparin to the LBL7  

scaffold reduced this transfer, with a marked reduction in the 

number of cells, and these cells had a more rounded appearance 

(Fig. 7G).  Inclusion of VEGF on the LBL 7 + heparin coated 

scaffold increased the number of cells and appeared to promote 

small colony formation similar to that seen in direct seeding 

experiments (Fig. 7H). 

 

Discussion 
 

LBL chemistry is a well-established coating methodology and 

as such there is a very large body of knowledge available 

regarding its fabrication. While there are works published that 

employ PEI as a cation and others where PAC has been used as 

an anion, there are only a few papers where both have been 

employed in conjunction to create a multilayer film structure.33, 

36, 37 Recently PEI-Ag+ and PAC, together with silane chemistry 

was used to create free standing films.38 Considering that the 

pH of the PE is switched between layers during the fabrication 

process, the ionization of the existing top layer is therefore not 

constant. While work has been done to understand the effect of 

ionization on the LBL formation, such as that by Caruso et. 

al.,39 typically in the systems explored the ionization of only 

one of the polymers is adjustable, not of both. The direct result 

of the pH switching on the QCM behavior can be observed in 

the transitions between PEs and rinsing stages, as there are now 

multiple oscillations in the measured signal rather than a single, 

smooth transition (i.e. Fig. 1A and 1B).  

Before rinsing, an oscillation in both ∆F, and ∆D is observed, 

with mass load and viscoelastic increase occurring on the PEI 

step, respectively. When PEI is the top layer it, swells 

comparatively more than PAC. Once the channel is rinsed, the 

trends in the QCM data became less clear. However, overall it 

appears that when PEI is the top layer, rinsing removes a small 

amount of the absorbed layer, most likely in the form of PE 

complexes. When PAC is the top layer, rinsing appears to cause 

the layer to swell, likely as a result of the change in ionisation, 

as observed by the mass added and increase in viscoelasticity of 

the system. These pH dependent structural changes observed 

would most likely result in intercallation of the PEs between the 

layers.  

Considering the XPS elemental composition of the LBL 5 and 

LBL 7 systems, the ~ 1:1 ratio of N:O would indicate that we 

see two PEI units for each PAC unit; however, the high 

resolution C 1s spectrum would suggest otherwise. The bulk of 

the C 1s signal (Figure 2A) is likely associated with two 

components, one assigned to contributions from hydrocarbons 

and the other to C-N. If we consider the overall peak shape, 

including symmetry and intensity, it appears that the 

contribution from C-N is larger and broader than expected, and 

also shifted to higher along the BE scale than is typical.  In 

addition, the contribution at higher binding energies (~ 289 eV), 

typically associated with acrylic acid groups from PAC/ppAAc 

appears to be minor.  There are likely two unique contributions 

that are causing this observed discrepancy between the 

elemental composition and the high resolution C 1s spectrum. 

Firstly, it is likely there is another source of O in the form of C-

O that is adding to both the measured O content and the 
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intensity of the C 1s peak at around 286 eV. In addition, the 

spherical agglomerates observed via AFM would suggest the 

formation of PE complexes. This has been observed previously 

for LBL systems that include PEI.34 The formation of 

complexes would result in a shift in the C 1s contributions 

originating from acrylic acid to lower binding energy and the 

contributions from C-N to higher binding energy as a result of 

the charge interaction. The high resolution N 1s spectra (Figure 

3A) provide further evidence for this with the presence of the 

peak at higher BE associated with charged N species. 

Schematic representations of LBL coatings typically present a 

system where the layers are intermixed, rather than discrete as a 

result of the layer formation processes. Thus the XPS results for 

the LBL coating on Si were somewhat unexpected, as both the 

LBL 5 and LBL 7 systems are very similar. While in both cases 

the top layer is PEI, you would expect the surface chemistry to 

differentiate somewhat as layer formation (e.g. thickness 

growth) is typically nonlinear. In addition, the location of the 

cationic and anionic groups on the polymer backbone of the 

PEs should lead to increased inter-diffusion of the layers.40 This 

result suggests that by 5 layers, the layer formation process is 

chemically similar from a surface perspective to surfaces 

containing a greater number of layers while under vacuum. 

Once heparin was absorbed onto the LBL systems, a decrease 

in the ∆D was observed in the QCM-D experiments. Typical 

we would expect the final layer of an LBL to be rather labile, 

but in this instance the results suggest that the heparin 

essentially locks the LBL structure into place once absorbed, 

creating a dense, rigid layer. The AFM data of the LBL 7 

system with and without heparin strengthens this hypothesis. 

For the LBL 7 coating, it appears that the layer thickness is 

such that once it is dried for AFM analysis, it collapses in a 

more heterogeneous manner compared to the LBL 5 coating, 

resulting in the large protrusions observed in Figure 4C. 

However, if heparin is absorbed before either system is dried, 

then the AFM image looks very similar. The high resolution N 

1s data suggests that the heparin complexes with the LBL 

coating with the component associated with charged N species 

(Figure 3B, C2) remains at approximately 50% compared to the 

coating without heparin. The interaction would thereby occur 

between the acid groups of the heparin and the basic groups of 

the PEI.  

Assuming a uniform layer of heparin within the XPS sampling 

region, the thickness (x) of the heparin layer on the Si  coated 

wafer was calculated using a standard XPS overlayer 

algorithm:41 

 

         � = ���1 − ��	 
�����⁄ �  (1) 

 

where I is the intensity of the peak of interest (S in this case), I∞ 

corresponds to the same peak but from an infinitely thick film 

(i.e. the theoretical amount of S in heparin), λf is the attenuation 

length for the element in question and θ is the take off angle. 

For the LBL 5 system on Si, the heparin layer was calculated at 

1.56 nm thick while on the LBL 7 system was 1.69 nm. High 

levels of S were also detected for the two scaffolds employed 

(on PP: S ~ 2.8 %; on PLGA ~ 3.1%). These values of S are 

significant when compared to that reported previously; for 

example, S < 0.6% absorbed onto plasma polymerized 

allylamine,42 S = 0.7% absorbed onto PEG grafted films,43 S = 

1.27% covalently coupled to poly(DL –lactic acid),44 S = 3.22% 

covalently coupled to glycidyl methacrylate.45 As outlined 

previously, attempts to maintain a regulated release of bioactive 

growth factors to a wound site via an angiogenic biomaterial 

have not been very successful to date due to issues associated 

with rapid loss of heparin. Thus, the ability to immobilize such 

a large amount of heparin in a non-covalent manner, thereby 

maintaining functionality, is certainly promising. It is worth 

noting that work using chemical gradients of plasma 

polymerized allylamine have suggested that a high level of 

heparin does not translate to a high level of biological 

functionality.46 However, the surfaces explored here are 

chemically and physically very different to the directly grafted 

heparin films, with significantly more heparin attached to the 

surface.  As such, it is not practical to extrapolate results from 

that system to the current research, though it does provide 

avenues for future work exploring the amount of heparin 

absorbed vs. the biological angiogenic activity of this coating.  

To examine the translation of the coating into a cellular 

environment, two scaffolds were chosen, a clinically used 

polypropylene mesh used for hernia and prolapse repair,24, 25 

and a biodegradable PLGA scaffold being developed for wound 

repair.26 XPS analysis illustrated that both of these materials 

could be successfully functionalized to bear heparin using the 

plasma polymer/LBL system.  ELISA data shows VEGF 

associated equally with the 3, 5 and 7 LBL scaffolds, in the 

light of the relative instability of heparin binding to the 3 and 5 

layer LBL surfaces, only the 7 layer LBL heparin was 

considered to be suitable for further cell attachment.  The LBL 

system immobilises heparin by electrostatic attraction created 

by the successive layers bearing opposite charge; thus it is 

possible that the 7 layer system provides a greater electrostatic 

attraction for the immobilisation of heparin giving increased 

stability relative to the 5 and 3 layer surfaces.   

 

Cell attachment experiments illustrated that while the heparin 

reduced the overall attachment of cells to the scaffold, adhesion 

being reduced to sparse single cells, once VEGF was added to 

the heparin surface, there were visible clusters of cells. Whether 

this was due to increased adhesion of cells in areas where 

heparin was absent, or where heparin-VEGF moieties were 

clustered, or cell proliferation promoted by VEGF -we cannot 

say.  Further experimentation to identify the distribution of 

heparin and heparin-VEGF would be required.  In the scaffolds 

lacking both heparin and VEGF, there was visibly more 

adhesion of cells overall - but these were single cells or small 2-

3 cell clusters perhaps indicating good adhesion but little 

proliferation in contrast to samples where VEGF was used.   

It is not unusual that the heparin coated surfaces failed to 

induce cell attachment. It has been shown that some cell types 

can be inhibited as a result of sugars like dextran and heparin 

binding to fibronectin or collagen.47-52  In this study, when 

VEGF was added to the heparin-coated scaffold, HDMEC cells 

appeared to form colonies when seeded directly onto the 

scaffold or when allowed to migrate onto the scaffold. VEGF 

has been shown to be bioactive4 both while bound to 

extracellular matrix, and released from the ECM.  There is also 

evidence showing VEGF bound covalently to hydrogels 

promoting proliferation, migration, and angiogenesis.53, 54 In 

scaffolds bearing heparin or heparin-VEGF there can be a 

promotion of cell ingrowth and vasculogenesis in vivo and 

influence regeneration of tissue55, 56 Therefore although our 

heparin/VEGF coated scaffold may not initially attract and 

allow adhesion of as many cells as the bare scaffold, these 

results clearly indicate that the presence of VEGF bound to 

heparin promoted increased numbers of cells. 
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Conclusions 

The treatment of chronic wounds and the ultimate success of 

tissue grafted to a patient rely on the timely development of 

new vasculature to support healing a new tissue – failure to 

vascularize is a major cause of skin graft failure.  Heparin and 

other proteoglycans found in the extracellular matrix are able to 

sequester growth factors and present them in a bound but active 

form, while VEGF is able to bind to heparin and promote 

vasculogenesis and proliferation of HDMEC cells. This study 

presents a novel application for the creation of heparin surfaces 

on flexible scaffolds to promote angiogenesis by sequestering 

VEGF to promote proliferation and migration of vascular 

endothelial cells.  A coating strategy based on plasma phase 

deposition and LBL chemistry was successfully developed. 

QCM-D was employed to monitor and provide insight into the 

deposition kinetics of the coating process and the ability of the 

final coating to adsorb heparin. XPS analysis of the S content of 

the films (3.0 % for LBL 7 layer vs. 2.8 % for LBL 5) 

confirmed the trend observed via QCM-D. While differences 

were observed in the morphology between the LBL 5 and LBL 

7 systems, once heparin was absorbed both surfaces appeared 

similar; together with the QCM-D data, the results suggested 

that the absorbed heparin locked the film structure into place 

thus preventing changes in the film morphology during the 

drying process. The coating methodology was successfully 

transferred to two tissue scaffold architectures, a commercially 

available non-biodegradable polypropylene mesh and a 

biodegradable electrospun PLGA scaffold reported previously. 

Compared to the LBL films on Si, the elemental composition of 

the coatings on the scaffolds was marginally different (O/N ~ 

1:1 vs. ~ 1.1:1), while the high resolution C 1s profile 

suggested minimal difference in chemical functionality, and 

heparin retention. In vitro data shows that while HDMEC cells 

could readily attach to the uncoated and LBL 7 coated scaffold, 

they did not appear to form colonies and showed limited 

proliferation. While the immobilization of heparin to the 

scaffold surfaces reduced cell attachment, the addition of 

VEGF increased cell number, indicating that the bound VEGF 

was active and able to promote proliferation of the HDMEC 

cells.  The results of this study clearly demonstrate the 

development of versatile methodology for functionalizing 

scaffolds with heparin for the fabrication of angiogenic 

biomaterials. This ability is highly desirable in the promotion of 

angiogenesis in both chronic wounds and in the creation of 

tissue engineered constructs to facilitate engraftment in a 

recipient. 
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