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Evaluation of therole of polyelectrolyte deposition
conditions on growth factor release

A.M. Petersori:®* C. Pilz-Allen® H. Méhwald® and D.G. Shchukfh

Polyelectrolyte multilayer coatings were prepared from solutions of poly(methacrylic acid) and
poly-L-histidine. Bone morphogenetic protein 2 (BMP-2) was adsorbed to the surface of anodized
titanium and polyelectrolyte multilayer coatings were built up on top of the BMP-2. The effect of
deposition conditions on coating properties and preosteoblast response was measured by
comparing coatings prepared under natural conditions to those prepared from solutions at pH =
6.0 and solutions containing 0.1M NaCl. High levels of BMP-2 release were achieved, with coatings
prepared from pH = 6.0 solutions releasing 86 ng cm? and coatings prepared from solutions
containing 0.1M NacCl releasing 114 ng cm2 over 25 days. Enhanced preosteoblast differentiation
was observed on coatings prepared from modified solutions; however, this increased
differentiation was apparent for BMP-2-eluting and control coatings. Additionally, a positive
relationship between surface roughness and differentiation was observed, which may account for
increased differentiation for systems that do not release BMP-2.

Introduction salt/electrolyte concentratidf;2® and number of layefS. With
this in mind, the properties of the film can bédd for a given
As stents, bone scaffolds and hip and other implégicome application.
more widely used thanks to longer lifespans in diegeloped Given the biocompatibility of many polyelectrolgte
world, it is essential to improve the understandiog polyelectrolyte coatings have been used to imprdke
biointerfaces and to tailor the surfaces of imptandevices for bijocompatibility of implanted devices. Tryoen-To#t al.
specific applications. In the United States aldn&9 million hip demonstrated that PEC coatings terminating in golyéne
and knee replacements were performed in 2011, deuthat sulfonate) (PSS), poly(L-glutamic acid) (PGA) andlygL-
has doubled since 1995Titanium is a popular choice forlysine) (PLL) show good biocompatibility for ostdast-like
orthopaedic implant material given its strengthradhility, and cells3° Schultz et al. later reported a more regular ass |
biocompatibility; however, implant lifetimes arenlited because obstructed fibroblast layer on PGA-terminated auggi as
poor interfaces result in implant loosening. Lirdit@tegration compared to PLL-terminated coatings. Additionallyay
of an implant with surrounding bone results fronopadhesion functionalizing the PGA layer with an anti-inflamtosy
and growth of desires cells, either as a resutbofideal surface peptide, in vivo production of an anti-inflammatosigent was
properties or adhesion of bacteria and other uretksiells and detected A PEC coating of hyaluronic acid and chitosan was
proteins. Over the past two decades, significaittes have been developed by Chua et al. to confer antibacteriapprties’?
made in developing improved biointerfaéesHowever, much When arginine-glycine-aspartic acid was immobilizsul this
is still unknown given the complexity of interagi® at the coating, osteoblast adhesion was also significanifyroved as

implant-body interface. compared to pristine titaniufi. Additionally, Brunot et al.
Polyelectrolytes are polymers that contain ionjcalreported enhanced fibroblast activity on titaniuoated with
dissociable groups. lons on strong polyelectrolytase poly(styrene sulfonate)/poly(allylamine hydrochtte)

completely dissociated, whereas dissociation isdppendent multilayers3* Other PEC coatings that have been shown to
for weak polyelectrolytes. Polyelectrolytes can tedm ijmprove cell adhesion include chitosan/hep&rimd protamine
positively (polycation) or negatively (polyaniorharged repeat sulfate/PSS® A number of recent reviews have highlighted the
units. Polyelectrolyte complexes (PECs) can be &afnby ability of polyelectrolyte multilayers to control elbular
depositing polycations and polyanions on a surfatean function?37-39

alternating fashion, resulting in a polyelectrolyteultilayer PEMs have also been used on implant surfaces hfer t
(PEM). PEC films and microcapsules have been usedaf controlled release of biologically relevant molesilsuch as
variety of applications, including drug delivéty? drugs and growth factors. Macdonald et al. dematestr the
microreactors for synthesis of difficult to achieegystalline coating of a polymer scaffold with LbL-deposited ly{@-
nanomateriald}-*2 direct electron exchange between proteingninoester) and chondroitin sulfate, a complex bapaf
and electrode¥ and encapsulation of corrosion inhibitors fodelivering microgram scale amounts of BMP2Roly(L-lysine)
self-healing coating®™'" The properties of a PEM are(PLL)/hyaluronic acid (HA) coatings on a porousarsic also
dependent upon many processing parameters includgh@wed microgram level release of BMP-2 from poroersmic
polyelectrolyte pair, molecular weight,?! deposition pH? scaffolds. However, in this case over 60% of redeasas
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observed in the first day. Subsequent studiesetthss-linked

PLL/HA coating on titanium surfaces showed crosg-tiensity-

Experimental

dependent release of BMP-2 as well as long term BVP )
stability (>1 year) when stored at@*! Microcapsules made of Materials

polyelectrolyte multilayers have also been usedcintrolled
release of biologically relevant molecuf@g2-44
Direct comparison of the efficacy of PEM technoésgis

Titanium foil (99.5% Ti) was acquired from Alfa Aas
Poly(methacrylic acid, sodium salt) (PMAA,.™ 5400, PDI =
1.8), poly-L-histidine hydrochloride (PH, molecularight >

difficult because of the range of different substsathat have 5000), phosphine buffered saline (PBS, pH = 7a4)podified

been used, some of which are porous scaffolds.ahf@unt of

growth factor release from porous scaffolds is regzbper mass bovine

Eagle’s mediumd -MEM), gentamicin, ascorbic acid, glucose,
serum albumin (BSA), Triton X-100 and

or volume of scaffold, while release from planabstuates is ethylenediaminetetraacetic acid (EDTA) were obtairieom

measured per surface area and release from miulespis

Sigma-Aldrich. Fetal calf sera and calf sera wdraimed from

related to the concentration of microcapsules. &igpgithe same PAA, 4% paraformaldehyde was obtained from BOSTER

polyelectrolytes and adjusting processing
systematically, we can compare directly to our mes work
and begin to describe protein diffusion mechanifimsm PEMs
where neither hydrolytic degradation nor crossiligkplay a
role.

Morphogens are biomolecules that act as spatipllaors
and dictate cell behaviour and tissue developmamugh
concentration gradients. Morphogen gradients carseaell
migration, expression of different genes, and dgwalent of

pararaet®&iological Technology Ltd. Pronase and Casitroe,riieasuring

buffer for cell counting, were purchased from Roche
Diagnostics. Stains Alexa Fluor® 488 and TO-PRO®&&e
purchased from Invitrogen. Recombinant human bone
morphogenetic protein 2 (BMP-2), the BMP-2 enzynmédd
immune sorbent assay (ELISA) development kits ApdELISA
buffer kit were acquired from Peprotech. The DiaBiagnostic
Systems alkaline phosphatase (ALP) test kit washaged from
Rolf Greiner Biochemica GmbH. MC3T3-E1 pre-ostesbla

different tissue$>#® Many morphogens, in particularcells were a gift from Ludwig-Boltzmann-Institute@steology.
transcription and growth factors, have been ingas#id for their

ability to control osteoblast outcomes and bonenfion?-%2 _
One of these, Cbfal, is an osteoblast-specifistrption factor 11tanium preparation
that is essential for osteoblast differentiationvasl as bone Titanium foil was cleaned in 1.5 M sulphuric aditgen rinsed in
formation. Growth factors such as bone morphogemetteins deionized water, ethanol, acetone, and again inemwat
(BMPs) have been implicated in Cbfal expressiond amnodization took place in 165 g'isulphuric acid at a potential
therefore, osteoblast differentiati¢éh Hughes-Fulford and Li of 30 V for 5 min. Anodization under these condiSaesults in
found that BMP-2 plays a critical role in stimut@i a porous oxide structure with pores ranging in figm 40-200
mineralization®2 Other studies have confirmed BMP-2’s role imm in diametet?
enhancing differentiation and extracellular matrix
mineralization®51 Therefore, BMP-2 was selected as the growth
factor of interest in this study. Polyelectrolyte multilayer coatings

The goal of this work is the controlled long terefease of Coating of titanium foil with the polyelectrolyteomplex was
BMP-2 from PEM coatings so as to improve osseoiat#@n achieved by firstimmersing the anodized titanigpecmen in a
and durability of titanium implants. Previously, @emonstrated 0.1 mg ml! solution of BMP-2 in water for 15 minutes. The
microgram levels of release of a model polypeptiden a PEM polyelectrolyte coating was then formed on tophig adsorbed
coating!® That coating was subsequently characterized apger by immersing the plate for 15 minutes in ang mL?
release of BMP-2 and basic fibroblast growth facteas PMAA in water solution prepared under one of thaeditions
achieved. Preosteoblast proliferation and difféegioin were described below, then in a solution of 1 mg#H#H in water for
enhanced on the BMP-2-eluting coatfid he following report 15 minutes. Specimens were washed three times ierwa
investigates the formation, physical properties prebsteoblast
response to PEM coatings prepared from modifiedt®wis. In
one case, the pH of deposition solutions was asfjutst pH = 6
and in the other example 0.1 M NaCl was addedestiutions.
The purpose of this work was to explore the eftégirocessing
conditions on BMP-2 release from and surface piigseof a
PEM system and then to investigate the effect thaise
properties have on preosteoblast proliferation
differentiation. While it has long been known tharying
solution conditions will affect PEM buildup, thisdl has not
previously been used for controlled release of dginofactors.
This report represents a proof of concept for deaiof adjusting
BMP-2 release through changing deposition solutimmditions.

and



between each adsorption step to remove weakly bddor

material. Alternating layers of PMAA and PH wererfeed until
10 layers (five bilayers) were achievddive bilayers were
selected because films of this thickness were presky
shown to be effective for
significantly amounts of BMP-2, basic fibroblasogth
factor, and a model polypeptid&As a controlfor cell
culture, polyelectrolyte coatings without BMP-2 wenlso
prepared. For these coatings, PH was adsorbed ddizaza
titanium as the first step, then five bilayers 8i&RA/PH were
formed on top of this PH layer. A schematic of ldnger-by-layer
formation of the PEMs is given in Figure 1

Coatings were prepared under two conditions: luttem pH
adjusted to 6.0; 2. 0.1M NacCl added to the depms#iolutions.
Specimens that were coated with solutions adjustgdH = 6.0
are denoted as PE-B6 (containing BMP-2) or PE-ttob
without BMP-2). Specimens that were coated withusohs
containing 0.1M NacCl are denoted as PE-BN (comaiiBMP-
2) or PE-N. A pH of 6 was selected for two reasdtisst, it is
below the isoelectric point of BMP-2, meaning tBMP-2 has
a net positive charge. However, pH = 6 is also altbe pKa of
PMAA, so the acid will be mostly dissociat&d.

The results of this study are compared to previgosk in
which the polyelectrolyte and BMP-2 solutions wenet
modified. In this case, solutions of 1 mg MIPMAA, 1 mg mL

Growth factor release
To evaluate release of BMP-2 from PE-B6 and PE-Béatiags,

specimens were immersed in PBS. Five specimens wite

monitored per condition. 1 mL aliquots were takeonf the
solutions regularly, with the aliquot volume repdowith fresh
PBS. Aliquots were promptly frozen at -20 °C. Theoant of
growth factor released was quantified using enzymked

immune sorbent assay (ELISA). ELISA was performed
accordance with the instructions provided with deeelopment
kit. Aliquots from the release studies were thawaad returned
to room temperature immediately prior to their irsthe assay.

Céll culture and staining

The MC3T3-E1 preosteoblast cell line was used tuate the
biocompatibility of coatings. MC3T3-E1 cells wenreltared on
PE-B6, PE-BN, PE-6, PE-N, and anodized titaniunfasas.
PE-6, PE-N and anodized titanium act as contratanium and
coated titanium specimens were sterilized using ligit and
each specimen was placed in one well of a six \phite.
MC3T3-E1 cells were cultured isMEM with 4.5 g L' glucose,
10 vol.% fetal calf sera, 10 pg miGentamicin and 50 pg miL
ascorbic acid. Approximately 5.76x1€ells per well (6x103cells
cm?) were suspended in culture medium, dispersed twer
specimen and cultured for 3, 5, 7, 14 or 21 daymiimcubator

loading and deliverin

Polycation

Water (x)

<

—

Polyanion

1PpPHand0.11 mg mLBMP-2 were prepared in DI water. Thesé‘g' 1. Schematic of the layer-by-layer formation of PEMs.
specimens are described as PE-B and PE for spesiwitnand
without BMP-2, respectively. All PEMs were prepast®ZC.

(Binder) at 37°C in a humidified atmosphere contajr’5% CQ.
Fresh medium was given ever§f &r 39 day of culture.

Cells cultured for 7 days were stained and imagstth
confocal fluorescence microscopy. Cells were fif@d15 min
% paraformaldehyde, washed in PBS, permealilizgh
0.1% Triton X-100 at 4°C for 15 min and washed ¢htienes in
PBS. F-actin was stained with Alexa Fluor® 488 aalli nuclei
were stained with TO-PRO®-3. Confocal micrographsrev
obtained with a Leica TCS SP confocal scanningesgstith a
100x oil immersion objective (numerical apertur)1.

Cell counting

Cell counting was performed after 3, 5 and 7 ddy=utture. The
titanium specimens with cells were first placechew six well
plates to avoid counting cells on the surface tfatdture wells.
Cells on the specimen surface were detached with |50
Pronase/EDTA solution (0.001% Pronase/0.02% EDTA in
PBS). The detached cells were transferred to 1.5 mL
microcentrifuge tubes. The specimens were washee tfimes
with 250 uL PBS. This PBS was also transferred he t
microcentrifuge tubes. Cell/Pronase-EDTA/PBS susjuers
were then centrifuged at 650 g for 10 min. The sou@@nt was
removed and cells were redispersed in 200 upL PBS.
Subsequently, 10 mL of the Casitron solution angb®f the

cell suspension were mixed. The number of celthéresulting
liquid were determined with a CASY Model TT cellwder
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Fig. 2 Amount of BMP-2 release (A) for PE-B6, PE-BN and comparison to PE-B. Percentage of BMP-2 release (B) for PE-B6, PE-BN and comparison to PE-B.
Error bars represent standard deviation.

(Roche Diagnostics). Cell counts were performed tbree Results and Discussion

replicates per specimen and three specimens pditioon
BMP-2release

The release of BMP-2 from PE-B6 and PE-BN is shawn
Figure 2. Data from PE-B6 and PE-BN are also coetgpsry data
Preosteoblast differentiation and tissue formatiovere from the unmodified polyelectrolyte multilayer, FBES3 PE-BN
after 1, 2 and 3 weeks. The cell-seeded titaniurfases were p\vp.2 released after 25 days. 86+5 ngZwas released from
placed into new wells, washed with PBS, air-drieder laminar pg.Bg after 25 days. Both of these values are iginén than
airflow for 30 min and frozen at -20°C for 1 h. éftfreezing, release from PE-B and are greater than the amduraszular
room temperature. Then, 8 L or 4 uL of the lysemtipct was titanjum surfaces by Hu et #.The amount BMP-2 released per
added to 200 pL of the ALP enzyme working reagéhe ALP  time point is shown in Figure 3. For simplicity) af BMP-2
enzyme working reagent was incubated at 37°C poionixing  release within the first day have been combined onte time
with the lysed product. Immediately after mixinige absorbance pgijnt,

of these samples was measured at 405 nm at 37¢enfarinutes Similar release behaviour is observed in all systehigh
using a plate reader. Results are expressed is ahly L' and rejease rate for the first day, medium release fatelays 1-4

are normalized to a specimen surface area of 1 dilwree and ow release rate after day 4. The ratios df higmedium
specimens were measured for each condition at éveeypoint

and the absorbance of these specimens was measured
triplicate.

Alkaline phosphatase enzyme activity
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Coatings were characterized using scanning eleatioroscopy
(SEM), atomic force microscopy (AFM), contact angénd
quartz crystal microbalance (QCM) analysis. QCMlgsia was
performed using a Q-Sense instrument on titaniuns@s at a
flow rate of 50 ul mirt and temperature of 22 °C. Static and
dynamic sessile drop methods were used to deterthinstatic
contact angles and the advancing and receding coateyles,
respectively.
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Fig. 3. Amount of BMP-2 release per time point for PE-B6, PE-BN and comparison
to PE-B. Error bars represent standard deviation.
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Fig. 4. Cell count over the first week of culture on surfaces prepared from pH =6
solutions or surfaces prepared from solutions containing 0.1 M NaCl. Cell counts

are normalized to a nominal surface area of 1 cm2. Error bars represent standard
deviation. * = p< 0.05, ** = p < 0.01.

release rates range from 8.1 to 14.8, while thesatf medium
to low release rates fall over a smaller range-830§. The
release profiles follow &t law and are in good agreement (R
0.95 in all cases) with the Higuchi model.

Further analysis can be performed by comparinggrer
release, which is shown in Figure 2b. The resutimfthese
release studies indicate that all of these films @mpable of
sustained release. The time for 50% release foB®Bnd PE-
BN are days 17 and 4, respectively. The behaviotiBE-BN
and PE-B are identical within error. However, theve for PE-
B6 in Figure 3 deviates from the other two curviterad days
and is outside of standard deviation after 17 dRgdease from
PE-BN is therefore identical to that from PE-B &mel difference
in total mass release results entirely from the amhof BMP-2
that is adsorbed. In this case, BMP-2 exhibitshbleaviour of a
charged macromolecule and shows increased adsonptider
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Fig. 5. ALP enzyme activity on surfaces prepared from pH = 6 solutions and from
solutions containing 0.1 M NaCl. ALP enzyme activity values are normalized to a
nominal surface area of 1 cm?2. Error bars represent standard deviation. * = p <
0.05, ** = p < 0.01.
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statistically significant effect of the polyeledyte coatings or
of growth factor release, except in the case ofBRE-This
condition demonstrates greater cell proliferatipr<(0.01) than
the control (PE-N) and PE-B6. It is unclear whygateoblast
proliferate more on PE-BN than PE-B6 on day 7,less on day
5. One explanation could be that by day 7 more gissblasts
have transitioned from proliferation to differeniia on the PE-
B6 surfaces as compared to PE-BN surfac&sice BMP-2 is
primarily implicated in proesteoblast proliferatioand the
chemistry of all coating surfaces is identical, tbleserved
differences in cell proliferation are most likeliiet result of
differences in surface roughnéss?

After seven days of culture, samples were staametimaged
using confocal fluorescence microscopy. A thicK tsler was
observed on all surfaces. These images are provitete
Supporting Information.

high salt conditiond®55-57 The different release behaviour of

PE-B6 most likely results from the different polgefrolyte
multilayer structure that is formed from soluticatspH = 6.

Preosteoblast proliferation

The proliferation of preosteoblasts was evaluatedBMP-2-

eluting surfaces. The results were compared to speeblast
proliferation on non-eluting polyelectrolyte coam: and
anodized titanium surfaces. Cell count resultssaremarized in
Figure 4. After three days of culture, cells praddted more on
the PE-B6 surfaces than on the two controls (amabizanium

and PE-6, p < 0.01). However, this level of preobtast

proliferation is statistically equivalent to praifation on PE-N
and PE-BN surfaces. After five days, proliferatmm PE-6 and
PE-B6 was equivalent and close to twice that ofifgmation on

anodized titanium. Concerning proliferation on amed

titanium, PE-N and PE-BN surfaces were statistyoadjuivalent
after five days. After seven days of culture, thisrao

Alkaline phosphatase enzyme activity

ALP enzyme activity was used as a marker for pesigast
differentiation and tissue formation. Results fotFAenzyme
activity on different surfaces after one, two ahtee weeks of
culture are given in Figure 5. After one week ofture, the
coatings releasing BMP-2 demonstrate significahitjher ALP
enzyme activity than their respective control scefa(p < 0.01).
However, after two and three weeks, coatings witlgMP-2
show ALP enzyme activity comparable to the BMP-2asing
coatings.

The enzyme activity on coated surfaces is sigaifity (p <
0.01) higher than on anodized titanium surfacese HLP
enzyme activity after three weeks for all coatirgggreater than
the activity previously reported for the BMP-2-éhgf coating
prepared from unmodified solutiof%.

While these values are promising as compared ewiqus
results, it is curious that the increased BMP-2asé did not
result in higher ALP enzyme activity for the cogtncapable of
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Fig. 6. QCM results for mass adsorbed per bilayer during polyelectrolyte multilayer buildup. (A) Formation of polyelectrolyte multilayer from pH = 6

solutions (PE-6) and (B) solutions containing 0.1 M NaCl (PE-N).

BMP-2 release. As mentioned in the discussion ebgteoblast
proliferation, surface roughness most likely playsole in the
observed preosteoblast differentiation and tissuation.

Coating characterization

QCM was used to quantify the amount of polyelegtelthat
was adsorbed per bilayer during the coating prodessults for
PE-6 and PE-N are shown in Figures 6. Non-lineawtgn of the
polyelectrolyte multilayer was observed with PEF&is is often
observed during formation of polyelectrolyte maualiers
containing polypeptides such as PHHowever, linear growth
of the polyelectrolyte multilayer was observedP&r-N and was
previously reported for the unmodified version listcoating,
PE. The masses adsorbed are very close (542+149%%33 ng
cm?) for PE and PE-N, while far more is adsorbed f&-&

Each bilayer of PE-6 is over an order of magnittideker than
a bilayer of PE-N. However, the difference in BMRelease
rates is not nearly this large. The main differientelease rates
occurs in the intermediate time period. There ammgarable
levels of burst release over the first 24 hoursyéxer, from days
1-4, the rate of release is significantly slowetha thicker case.
The greater thickness of the PE-6 coating requiriesmger time
to diffuse through, resulting in decreased BMP{2ase.
AFM-based surface roughness results are giveigur€& 7a.
One interesting result is the effect of BMP-2 agson on
roughness. For the unmodified and pH = 6 conditamsorbing
BMP-2 instead of PH as the first layer has a sona¢wignificant
(p < 0.10) effect on root mean squared (RMS) roegbnin the
unmodified system, BMP-2 adsorption increases roegh,
while in the pH 6 system BMP-2 adsorption decesas
roughness. No difference in roughness was obsefmedhe

(10.5+0.4 pg cm).5® This is a potential explanation for thed.1M NaCl condition. These differences in effect RfIP-2

differences in percentage of BMP-2 release seéiigiare 2b.

150
100 A
€
[
o
2 .
50
r ¥
O T T T T T T T T T T T T T 1
a. Ti PE PE-B PE-6 PE-6B PE-N PE-NB

adsorption on nanoscale roughness may result fnenditferent

60 I Titanium N =
[ PE .
B PEB
50- |EEEPE6
[ PE-6B
ot B e
= o [EEPENB
2 *
oy
304
2
ey
($]
< 20
o
.|
< 0-
04

b.

Fig.7. Comparison of (A) surface roughness prior to culture and (B) ALP enzyme activity after 21 days of culture for anodized titanium and polyelectrolyte
multilayer-coated anodized titanium surfaces. Error bars represent standard deviation. * = p < 0.05, ** = p < 0.01.



conformations of BMP-2 under the different depasiti
conditions.

In comparing Figure 7a to Figure 7b, which displ&yLP
enzyme activity after 21 days of culture, a gendrahd of
increasing ALP enzyme activity with increasing RkMBghness
can be observed. The condition that deviates frioenttend is
PE-6B, which has the second lowest RMS roughness,
exhibits the highest ALP enzyme activity. In thiase, it is
possible that the enhanced tissue formation resuitom BMP-
2 release is inhibited by low surface roughness.

Static contact angles for all PEM-coated surfaceie on the

Acknowledgements

The authors acknowledge the EU FP7 Project Nanigodor
funding. Amy Peterson was funded by a Humboldt Rede
Fellowship for Postdoctoral Researchers. The asthare
grateful to Dr. Damien Faivre for use of the QCMaria
Antoinella Carillo for training on the QCM and RamiMagboo
for perform QCM experiments.

Notes and references

@ Department of Chemical Engineering, Worcester fechnic Institute,
100 Institute Road, Worcester, MA 01609, United t&ta Email:
ampeterson@wpi.edu

range of 67-77, suggesting that the surfaces are chemicalpepartment of Interfaces, Max Planck Institut€ofloids and Interfaces,

similar. The only exception to this is the PE-6face, which has

a static contact angle of 44.4t was also observed that the PE-

6 surface absorbed water during the contact angieraments,
so this aberration in contact angle values couldue=to bound
water in and on the PEM. Contact angle hysteresi8MP-2
containing coatings is greater than for coatinghaetit BMP-2

Am Muhlenberg 1, 14476 Potsdam-Golm, Germany

¢ Department of Biomaterials, Max Planck Institute @olloids and
Interfaces, Am Muhlenberg 1, 14476 Potsdam-Goln@ay

4 Stephenson Institute for Renewable Energy, Unityexs Liverpool,
Liverpool L69 3BX, United Kingdom

1. US Department of Health & Human Services,

(23-30° vs. 15-19). Therefore, on the microscale, coatings http://hcupnet.ahrg.gov/HCUPNet.sp.

containing BMP-2 are rougher than coatings withBhtP-2 51
SEM micrographs and a table of contact angle valaes
provided in the Supporting Information. This rougka does not
appear to affect preosteoblast differentiation. &/hSEM
micrographs show more debris on the surfaces ofimgm
without BMP-2, the structure of the coatings camitagg BMP-2
is rougher and more textured. Microscale roughd#ésrences

2. N. Wisniewski and M. Reicher€olloids Surfaces B Biointerfaces,
2000,18, 197-219.

3. M. A. C. Stuart, W. T. S. Huck, J. Genzer, M.IM£j C. Ober, M.
Stamm, G. B. Sukhorukov, I. Szleifer, V. V Tsukri&, Urban, F.
Winnik, S. Zauscher, |. Luzinov, and S. Minkdat. Mater., 2010,9,
101-113.

4. G. A. Somorijai, H. Frei, and J. Y. PalkAm. Chem. Soc., 2009,131,

may result from uneven adsorption and perhaps even 16589-16605.

agglomeration of BMP-2. Additionally, this unevedsarption
could also impact the nanoscale roughness and dashen
possible explanation for the differences in rougisnebserved
via AFM.

Conclusions

Polyelectrolyte multilayer coatings were preparedf solutions
of PMAA and PH. The effect of deposition conditiamrscoating

5. L. Tiefenauer and R. RaSolloids Surfaces B Biointerfaces, 2002,23,
95-114.

6. J. Hong, B.-S. Kim, K. Char,
Biomacromolecules, 2011,12, 2975-81.

7. E.M. Shchukina and D. G. Shchukdwly. Drug Deliv. Rev., 201163,
837-846.

8. X.R. Teng, D. G. Shchukin, and H. Moéhwalldngmuir, 2008,24,
383-389.

9. T. Boudou, T. Crouzier, K. Ren, G. Blin, andRicart,Adv. Mater .,
2010,22, 441-467.

properties and preosteoblast response was measbyed;g A Agarwal, Y. Lvov, R. Sawant, and V. Torchili. Control. Release,

comparing coatings prepared under natural conditionthose
prepared from solutions at pH = 6.0 and solutioostaining
0.1M NaCl. This is the first report in which thde®f solution
conditions on release behaviour and resulting kzllfunction
has been investigated. In this way, surface cheynigas held
constant while thickness, polyelectrolyte multilaystructure
and surface roughness were varied.

High levels of sustained BMP-2 release can besael, with
PE-B6 coatings releasing 86 ng énand PE-BN coatings

2008,128, 255-260.

11. D. G. Shchukin, E. Ustinovich, D. V Sviridov, M. Lvov, and G. B.
SukhorukovPhotochem. Photobiol. Sci., 2003,2, 975-977.

12. D. G. Shchukin and G. B. Sukhorukdaangmuir, 2003,19, 4427—
4431.

13. D. G. Shchukin, G. B. Sukhorukov, and H. Métdydl Phys. Chem.
B, 2004,108, 19109-19113.

14. J. Kong, Z. Lu, Y. M. Lvov, R. Z. B. Desamekh,A. Frank, and J. F.
Rusling,J. Am. Chem. Soc., 1998,120, 7371-7372.

releasing 114 ng ctover 25 days. ALP enzyme activity iS5 s v. Lamaka, D. G. Shchukin, D. V. Andreeva,IMZheludkevich,

enhanced on coatings prepared from modified salatio

regardless of their ability to release BMP-2. Autgially, a
positive relationship between surface roughness Ahd

enzyme activity was observed. Controlling surfacaghness
and BMP-2 release simultaneously may result in hint
enhancement of preosteblast outcomes.

H. Méhwald, and M. G. S. Ferreirddv. Funct. Mater., 2008, 18,
3137-3147.

16. D. O. Grigoriev, K. Kohler, E. Skorb, D. G. ®&in, and H.
Mohwald, Soft Matter, 2009,5, 1426-1432.

17. D.V Andreeva, D. Fix, H. Méhwald, and D. G c8bkin,Adv. Mater .,
2008,20, 2789-2794.

18. T. Mauser, C. Déjugnat, H. Méhwald, and G. Riki®rukov,
Langmuir, 2006,22, 5888-5893.

2013,

and P. T. Hammond,



19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

A. M. Peterson, H. Mo6hwald, and D. G.
Biomacromolecules, 2012,13, 3120-3126.

L. Shen, P. Chaudouet, J. Ji, and C. PiBastnacromolecules, 2011,
12, 1322-1331.

C. Porcel, P. Lavalle, G. Decher, B. Senge€.JVoegel, and P.
SchaafLangmuir, 2007,23, 1898-1904.

A. A. Antipov, G. B. Sukhorukov, S. LeporattiL. Radtchenko, E.
Donath, and H. MéhwaldColloids Surfaces A Physicochem. Eng.
Asp., 2002,198-200, 535-541.

S. T. Dubas and J. B. Schlenaffingmuir, 2001,17, 7725-7727.

O. V. Lebedeva, B.-S. Kim, K. Vasilev, and OVinogradova,J.
Colloid Interface Sci., 2005,284, 455—-462.

H. W. Jomaa and J. B. Schlendffacromolecules, 2005,38, 8473—
8480.

R. A. McAloney, V. Dudnik, and M. C. Gohangmuir, 2003,19,
3947-3952.

R. A. Ghostine, R. M. Jisr, A. Lehaf, and J.S8hlenoff,Langmuir,
2013,29, 11742-11750.

S. T. Dubas and J. B. Schlend#facromolecules, 1999,32, 8153—
8160.

A. A. Antipov, G. B. Sukhorukov, E. Donath, akld M6hwald, J.
Phys. Chem. B, 2001,105, 2281-2284.

P. Tryoen-Té6th, D. Vautier, Y. Haikel, J.-C. agel, P. Schaaf, J.
Chluba, and J. Ogied, Biomed. Mater. Res., 2002,60, 657—-667.

P. Schultz, D. Vautier, L. Richert, N. Jes¥elHaikel, P. Schaaf, J.-
C. Voegel, J. Ogier, and C. DebBipmaterials, 2005,26, 2621-2630.
P. H. Chua, K. G. Neoh, Z. Shi, and E. T. KanBjomed. Mater. Res.
Part A, 2008,87, 1061-1074.

P.-H. Chua, K.-G. Neoh, E.-T. Kang, and W. WaBigmaterials,
2008,29, 1412-1421.

C. Brunot, B. Grosgogeat, C. Picart, C. Laghbdauaffrezic-Renault,
and L. PonsonneBDent. Mater., 2008,24, 1025-1035.

S. Schweizer, T. Schuster, M. Junginger, GkrSéyer, and A.
TaubertMacromol. Mater. Eng., 2010,295, 535-543.

R. E. Samuel, A. Shukla, D. H. Paik, M. X. WadgC. Fang, D. J.
Schmidt, and P. T. HammonBiomaterials, 2011,32, 7491-7502.

C. J. Detzel, A. L. Larkin, and P. Rajagopalassue Eng. Part B Rev.,
2011,17, 101-113.

R. F. Fakhrullin, A. l. Zamaleeva, R. T. Minod, S. A. Konnova, and
V. N. PaunovChem. Soc. Rev., 2012,41, 4189-4206.

R. F. Fakhrullin and Y. M. Lvo\ACS Nano, 2012,6, 4557-4564.

M. L. Macdonald, R. E. Samuel, N. J. Shah, Rdtlera, Y. M. Beben,
and P. T. HammondBiomaterials, 2011,32, 1446-1453.

R. Guillot, F. Gilde, P. Becquart, F. SailhAnl.apeyrere, D. Logeart-
Avramoglou, and C. PicafBiomaterials, 2013,34, 5737-5746.

K. Sato, K. Yoshida, S. Takahashi, and J. AnZav. Drug Deliv.
Rev., 2011,63, 809-821.

G. B. Sukhorukov, A. L. Rogach, B. Zebli, Tedl, A. G. Skirtach, K.
Kohler, A. A. Antipov, N. Gaponik, A. S. Susha, Minterhalter, and
W. J. ParakSmall, 2005,1, 194-200.

Z. She, M. N. Antpina, J. Li, and G. B. Sukhkov,
Biomacromolecules, 2010, 11, 1241-1247.

M. B. O’Connor, D. Umulis, H. G. Othmer, and S. Blair,
Development, 2006,133, 183-193.

P. V Gordon, C. Sample, A. M. BerezhkovskiiBCMuratov, and S.
Y. ShvartsmanProc. Natl. Acad. Sci. U. S A, 2011,108, 6157-6162.

Shchuking7

48

49

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

C. H. Thomas, J. H. Collier, C. S. Sfeir, andB{Healy,Proc. Natl.
Acad. &i. U. S A, 2002,99, 1972-1977.

C. A. Luppen, E. Smith, L. Spevak, A. L. Boskagd B. Frenkel).
Bone Miner. Res., 2003,18, 1186-1197.

J. Y. Lee, Z. Qu-Petersen, B. Cao, S. Kimura,J&kowski, J.
Cummins, A. Usas, C. Gates, P. Robbins, A. Weamgl, J. Huard].
Cell Biol., 2000,150, 1085-1100.

J. E. M. Brouwers, C. C. van Donkelaar, B. @ngers, and R.
Huiskes,J. Biomech., 2006,39, 2774-2782.

G. Rawadi, B. Vayssiére, F. Dunn, R. Baron, 3ne@oman-Romand,
Bone Miner. Res., 2003,18, 1842—-1853.

M. Hughes-Fulford and C.-F. LI, Orthop. Surg. Res.,, 2011,6, 8.

A. M. Peterson, C. Pilz-Allen, T. Kolesnikoud, Méhwald, and D.
G. Shchukin, ACS Appl. Interfaces,
dx.doi.org/10.1021/am404849y.

X. Hu, K.-G. Neoh, Z. Shi, E.-T. Kang, C. Pand W. Wang,
Biomaterials, 2010,31, 8854—8863.

G. Decher, J. D. Hong, and J. Schniitin Solid Films, 1992,210-
211, 831-835.

G. Decherience, 1997,277, 1232-1237.

J. B. Schlenoff and S. T. Dubdacromolecules, 2001,34, 592-598.
C. Porcel, P. Lavalle, V. Ball, G. Decher, Bn§er, J.-C. Voegel, and
P. Schaafl.angmuir, 2006,22, 4376-4383.

C. Picart, J. Mutterer, L. Richert, Y. Luo, . Prestwich, P. Schaaf,
J.-C. Voegel, and P. LavallBroc. Natl. Acad. ci. U. S A., 2002,99,
12531-12535.

J. M. Garza, P. Schaaf, S. Muller, V. BallFJStoltz, J.-C. Voegel,
and P. Lavallel.angmuir, 2004,20, 7298-7302.

Mater.

. H.B. Eral, D. J. C. M. 't Mannetje, and J. ®h, Colloid Polym. ci.,

2012,291, 247-260.



