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Abstract: Despite the plethora of research that exists on recombinant hum an bone morphogenetic 
protein-2 and -7 (rhBMP-2 and rhBMP-7) and has been clinically approved, there is still a need to gain 
information that would allow for their more rational use in bone implantology. The clinical application 
of supra-physiological dosages of these superactive molecules causes many serious adverse effects. At 
the cellular level, they play a role in osteogenesis and cellular adhesion, migration, and proliferation 
around the implant. Therefore, in this w ork, we investigated the role of the covalent binding 
of rhBMP-2 and rhBMP-7 separately and in com bination w ith ultrathin multilayers com posed of 
heparin and diazoresin in stem cells. In the first step, we optimized the protein deposition conditions 
via quartz crystal microbalance (QCM). Then, atomic force microscopy (AFM) and enzyme-linked 
immunosorbent assay (ELISA) were used to analyze protein-substrate interactions. The effect of the 
protein binding on the initial cell adhesion, m igration, and short-term expression of osteogenesis 
markers was tested. In the presence of both proteins, cell flattening and adhesion became more 
prominent, resulting in limited motility. However, the early osteogenic marker expression significantly 
increased compared to the single protein systems. The presence of single proteins resulted in the 
elongation of cells, which promoted their migration activity.

Keywords: bone morphogenetic protein-2; bone morphogenetic protein-7; cell culture surfaces; 
heparin; diazoresin

1. Introduction

Growth factors are a powerful class of cell signaling m olecules [1]. They are secreted by
cells and control m any cellular responses, e.g., proliferation, m igration, and differentiation. 
The design and production of new  m aterials for bone engineering is a broad research
area w here the use of grow th factors, especially  bone m orphogenetic proteins (BM Ps), is 
particularly  im portant. A  vast am ount of research focuses on  the usage of BM P-2 and
BM P-7, as they are authorized by the FDA for osteoinduction [2,3 ]. BM P-2 and BM P-7 can
also induce the differentiation of M SCs into osteoblasts and induce the m ineralization of the 
extracellular m atrix (ECM) produced by the osteoblasts. The exposure of mesenchym al stem

Biomolecules 2023, 13, 842. https://doi.org/10.3390/biom13050842 https://www.mdpi.com/journal/biomolecules

https://www.mdpi.com/journal/biomolecules
https://orcid.org/0000-0002-0906-4532
https://orcid.org/0000-0003-0029-4013
https://orcid.org/0000-0001-8359-7911
https://orcid.org/0000-0001-6814-6127
https://orcid.org/0000-0001-6662-7621
https://orcid.org/0000-0001-6612-1102
mailto:zapotocz@agh.edu.pl
mailto:malgorzata_sekula@wp.pl
mailto:agata.pomorska@ikifp.edu.pl
mailto:ewa.oclon@urk.edu.pl
mailto:ewa.zuba-surma@uj.edu.pl
mailto:szczubia@chemia.uj.edu.pl
mailto:wytrwal@agh.edu.pl
https://doi.org/10.3390/biom13050842
https://doi.org/10.3390/biom13050842
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biom13050842
https://www.mdpi.com/journal/biomolecules


cells (MSCs) to BM Ps results in the sequential expression of osteoblast-specific m arkers [4 ]. 
BM P-2 activates the expression of the early  m arker transcription factor Runx2 (Runt- 
related transcription factor 2) [5 ]. This is followed by the activation of the gene of alkaline 
phosphatase (ALPL) and osteoblast-specific proteins, such as osteocalcin, osteopontin, and 
collagen type I. Furthermore, BMP-2 and BMP-7 induce the production of ECM components, 
such as glycosam inoglycans (GAGs), proteoglycans, and collagen type I, in M SCs [4 ]. The 
osteogenesis m arker alkaline phosphatase (A LP) increased in a linear and non-linear 
m anner w ith  a grow ing level of BM P-7 and BM P-2, respectively  [6]. A lm odovar et al. 
showed that the ALP signal in the presence of both BMP-2 and BM P-7 was close to the sum 
of the signals w hen BM P-2 and BM P-7 w ere delivered separately on C2C12 m yoblasts [6]. 
This suggests that BM P-2 and BM P-7 had an additive or synergistic effect [6,7].

G row th factors can be presented to biom aterial com ponents via tw o m ain strategies,
i.e., covalent binding and non-covalent b inding [6]. C ovalent b inding involves the direct 
linking of the grow th factor to the biom aterial [8],  w hile non-covalent b inding involves 
binding the growth factor to the biomaterial via its interactions with matrix proteins such as 
collagen, fibronectin, or lam inin [9 ]. The layer-by-layer (LbL) technique of the deposition of 
polym ers is an extrem ely versatile method for the bottom -up fabrication of functional coat
ings [10]. It allows for the application of different polycation-polyanion pairs, allowing for 
the easy tuning of the system chem istry and the attachment of growth factors. Additionally, 
this technique can be com bined w ith m icrofluidic system s, allow ing for the sim ultaneous 
investigation of m ultiple cellular signals (m echanical, biochem ical, etc.) on the sam e sub
strate [11]. This com bination of techniques offers a pow erful and versatile platform  for 
studying the behavior and interactions of cells in different environments. Natural polymers 
such as alginate (AG), cellulose, chitin, chitosan (CH I), dextrin, heparin (HP), hyaluronic 
acid  (H A ), and chondroitin  sulfate (C S), and synthetic ones such as poly(glycolic acid) 
(PGA), poly(lactic acid) (PLA), polyurethanes, polyallylam ine hydrochloride (PAH), etc., 
have been  used extensively  in the developm ent of polym eric delivery system s of active 
substances [12- 15]. These polym ers are able to provide sustained drug release as w ell as 
increased stability and bioavailability. Additionally, the polym ers can be used to prepare 
coatings, w hich  can further im prove the stability and effectiveness of the drug delivery 
system  [16,17]. G lycosam inoglycans, i.e., HP, H A , C S, and heparan sulfate (H S), being 
the polyanionic com ponents o f the E C M , play a special role in developing new  biom a
terials [18]. M ultilayer system s obtained from  H P in com bination w ith  cationic chitosan 
(H P-C H I) hindered all inflam m atory responses m ore significantly  than analogous ones 
containing hyaluronic acid (HA-CHI) and chondroitin sulfate (CS-CHI) [19]. M alaeb et al. 
studied the binding of fibroblast grow th factor (FG F-2) by biotinylated  alginate sulfates 
and its influence on maintaining the growth of several neural/glial cell lines and regulating 
neurite outgrowth [20]. W igmosta et al. showed an enhanced osteogenic effect of the BM P- 
2 after adsorption to C H I/gelatin  m ultilayers on the titania surface [21]. Previously, w e 
showed the effective im m obilization of rhBMP-2 to diazoresin (DR, a synthetic polycation)- 
C S layouts [22]. rhBM P-2 w as covalently  and electrostatically  bound to the negatively 
charged topm ost layer. The im m obilization of rhBM P-2 enhanced cell flattening w hile 
decreasing osteom arker expression. H ow ever, it should be m entioned that osteogenesis 
could be induced not only by selected growth factors, and the m entioned polysaccharides, 
bu t also by  specific m aterials w hich  enhance or stim ulate the osteogenic cell response, 
such as hydroxyapatite, proteins (e.g., collagen and silk fibroin), synthetic polym ers (e.g., 
poly(lactic acid) and poly(lactic-co-glycolic acid)), ceram ics, or m etals [23,24].

This paper presents the results of our studies on selected rhBMPs, namely rhBMP-2 and 
rhBM P-7, deposited on polym eric ultrathin m ultilayers com posed of six D R/H P bilayers 
((DR/HP)6), and on stem cells' response to these systems. The rhBM P-2 and rhBM P-7, 
separately and as a combined system, were deposited on the outermost layer of the polymeric 
film, i.e., HP. The optimal conditions for in situ protein deposition studies were found using a 
quartz crystal microbalance w ith energy dissipation (QCM-D). The deposited proteins w ere 
covalently bonded via U V irradiation w hich also photocrosslinked the multilayer. Protein



interactions w ith  substrates w ere characterized using atom ic force m icroscopy (AFM ) 
and enzym e-linked im m unosorbent assays (ELISA s). The response of hum an um bilical 
cord m esenchym al stem  cells (hU C -M SC s), cultured on (DR/H P)6 in the absence and 
in  the presence o f rhBM P-2 and rhBM P-7 deposited separately  or in  com bination, w as 
investigated. The selected param eters of the cellular response w ere studied, including 
cytotoxicity, cell proliferation and flattening, cytoskeleton organization, m igration into the 
artificial wound, and osteogenic marker expression. Importantly, the effect of various ionic 
strengths on both proteins deposited on DR/HP multilayer systems has not been described 
in  the literature yet. The present research com pares the cellu lar response to covalently 
bonded single proteins and a com bination of both , u sing a versatile polym eric system  
based on HP.

2. Materials and Methods
2.1. M aterials

H eparin  sodium  salt from  porcine intestinal m ucosa and 4-diazodiphenylam ine sul
fate were purchased from Sigm a-Aldrich (USA). Sodium  chloride, paraform aldehyde, zinc 
chloride, hydrogen peroxide 30% , sulfuric acid 96% , and isopropanol w ere received from 
PO C h (Poland). R ecom binant H um an/M urine/R at BM P-2 (CH O -derived) and recom bi
nant hum an BM P-7 (CH O-derived) w ere purchased from Peprotech (USA). M esenchym al 
stem  cells in  W harton 's jelly  of the hum an um bilical cord (hU C-M SC) w ere purchased 
from  Prom o C ell (G erm any). D ulbecco 's M odified E agle's M edium /N utrient M ixture 
F-12 Ham (DM EM /F12), heat-inactivated Bovine Serum  Album in (BSA), Triton X-100, and 
phosphate-buffered saline (PBS) w ere purchased from  Sigm a A ldrich  (USA). Penicillin , 
streptom ycin, A lam ar Blue, and trypsin  w ere purchased from  Therm o Fisher Scientific 
(UK). W ater w as deionized u sing a Sim plicity  M illipore W ater Purification System . All 
reagents w ere used as received. Q CM  sensors (14 m m  in diam eter, 5 M H z, C r/A u/SiO 2 ) 
w ere purchased from Q uartzPro (Sweden). Silica w afers (11 mm x 11 m m) w ere received 
from Si-M at (Germany). Glass coverslips ( 0  = 15 mm) were bought from M ercateo (Poland). 
Culture flasks and plates w ere purchased from Sarstedt (Germany).

2.2. M ultilayer Preparation and Protein Deposition

Paraform aldehyde and 4-diazodiphenylam ine w ere used as reactants for diazonium  
resin (DR) synthesis. The synthesis pathw ay and procedure have been  reported previ
ously [25]. The layers w ere deposited from 2 mg/mL DR solutions in deionized water and 
1 m g/m L H P solution in 0.1 M  N aC l. As previously  reported, the m ultilayer polym eric 
film s w ere prepared on glass coverslips (clean substrate) [22]. M ultilayers com posed of 
six D R/H P bilayers ((D R /H P)6) w ith  the anionic H P as a top layer w ere prepared. The 
photocrosslinking of the D R/H P film s w ith or w ithout photoim m obilized BM Ps on their 
surfaces was carried out using a UV lamp w ith the m axim um  em ission intensity at 350 nm. 
The covalent bond form ation betw een DR and HP is show n schem atically in Figure S1.

To m onitor the in situ deposition of rhBM P-2 and rhBM P-7 onto sensors coated w ith 
the (DR/HP)6, a quartz crystal m icrobalance w ith a dissipation m onitoring system  (QCM - 
D, Q -Sense, G othenburg, Sw eden) w as used. The ionic strength of protein solutions 
during deposition w as optim ized. Sensor surfaces w ere w ashed w ith  isopropanol and 
dried under the inert gas flow, and polym ers w ere deposited according to the procedure 
described previously  [22] and m easured according to the standard m ethod described in 
the literature [26]. A  stable baseline for w ater or appropriate N aC l solution w as obtained 
at various ionic strengths (1.0 x  10- 3 , 1.0 x  10- 2 , 0.15 M ). A fter the stabilization of the 
baseline, an rhBM P-2 solution or rhBM P-7 (1 gg/m L) w as pum ped through the cell at 
a flow  rate of 0.15 m L/m in for 30 m in. Subsequently, pure w ater or appropriate N aCl 
solution w as flushed through the cell to study the protein m olecule desorption. The mass 
of adsorbed rhBMP-2 or rhBM P-7 per unit area (coverage) was calculated using Sauerbrey's 
equation (for details, see [27]).



RhBM P-2 and rhBM P-7 w ere deposited onto the polym eric surface w ith  the H P as a 
top. The proteins w ere deposited sep arately before th e U V  irradiation of the m ultilayers. 
The substrates w ere incubated in 1 gg/m L of rhBM P-2 or rhBM P-7 aqueous solutions 
(incubation conditions: 15 m in and air saturated w ith  w aterv ap o r). Then, the substrates 
w ere gently w ashed and photocrcsslinked f i r  c m in to cenalently bind tire proteins to tire 
surface. Four system s w ere finally olstamed and eeam ined: (DR/HP)^; (DR/HP)6_BM P-2; 
(DR/H P)6_BM P-7; and (DR/H P)6_BM P-2/-7 (Figure 1).

Figure 1. Schematic presentation of the preparation of different substrates.

2.3. Surface Analyses

An atomic force microscope (AFM) (Bruker D im ension ICON  XR, Germany) w orking 
in  tapping m ode w as used to characterize the surfaces w ith  and w ithou t im m obilized 
proteins in the dry state. Standard silicon cantilevers (Bruker) w ith  a nom inal spring 
constant equal to 0.4 N /m  w ere used for all of the m easurem ents. Im ages w ere analyzed 
using the dedicated N anoScope Analysis software.

Polym eric substrates w ith  rhBM P-2 and rhBM P-7 adsorbed on the surface w ere in
cubated at 37 °C  in  a 5%  C O 2 atm osphere. A t selected tim e points (3, 7 ,1 0 , and 14 days), 
aqueous solutions of both pro2teins released from the substrates w ere collected and stored 
at - 8 0  °C  until analysis. A t each step, the new  portion of 1.0 m L of fresh 1.d x 10-2  M 
solution ou N aC l w as added to each w rll for tire relensing te it  of rhBM P-2 and rhBM P-7. 
The concentrations of prodeinc w ere m easured by  using com m ercipl com petitive ELISA  
kits (m tra-assay C V  < 8% , intee-aseay C V  < 10%, M ouse BM P-2 Elisa K ;t and H um an 
BM P-7 Elisa Kit, ELISA  G enie, UK). A n ELISA  m icroplatp reader Infinite M  N ano (Tecan, 
M annedorf, Switzerland) w as usdd to determ ine the absorbance of the; sam ples at 450 nm. 
The experim ents w ere cirried  out in triplicate.

2.4. Cell Culture

Prim ary hum an um bilical cord m esenchym al stem  cells (hU C -M SC s) w ere bought 
from PromoCell. The purchased M SCs w ere isolated, characterized, and confirmed as being 
multipotont by time manufacturer. hUC-M SC w as cutiured in a DM EM /F12 supplem ented 
w ith  2%  ur 10% FBS and 100 R-l/mL penicillin  and 10 g g .m L  streptom ycin at 37 °C  in a 
hum idified atm osohere w ith 5%  C O 2  in all in vitro experim ents. All cellular experim ents 
w ere perform ed on passages betw een 3-5 .

2.5. Cell Viability and Proliferation

Glass coverslips covered by the (DR/HP)6 films were placed in a 24-well culture plate. 
R hBM P-2 and rhBM P-7 w ere deposited under selected conditions and photocrosslinked. 
The cytotoxic effect of the com posed system s w as analyzed using the A lam ar Blue assay.



hU C-M SCs w ere seeded in 1.5 x  104 cells/w ell density in D M EM /F12 m edium  w ith 10% 
FBS. A fter 24  h, the culture m edium  w as rem oved and cells w ere w ashed w ith  PBS. The 
culture m edium  w as m ixed w ith  10% vol. of the A lam ar Blue and added to each well. 
Cells were incubated for 2 h in an incubator at 37 °C. After that time, 200 gL aliquots of the 
m ixture w ere collected from each w ell and placed into a 96-well plate, and the absorbance 
at À = 570 nm (ref. 600 nm) using a plate reader (Infinite M  Nano, Tecan, Switzerland) was 
read. The next time points w ere 48 h, 72 h, and 7 days. The (DR/HP)6 system  w as used as 
a control.

Cell proliferation was analyzed using the hemocytometer and dye exclusion test (Trypan 
Blue Solution, 0.4%, Thermo Fisher Scientific, Waltham, MA, USA). Glass coverslips covered 
by the (DR/HP)6 films w ere placed in a 24-well culture plate. rhBM P-2 and rhBM P-7 w ere 
deposited under selected conditions and photocrosslinked. hU C -M SC s w ere seeded at 
1.5 x  104 cells/w ell density  in D M EM /F12 m edium  w ith  10% FBS. A t the selected tim e 
points, i.e., 2 , 3, and 7 days, cells w ere w ashed 2-tim es w ith  PBS, detached using 100 gL 
of trypsin/w ell w ashed w ith  500 gL of culture m edium , centrifuged, and resuspended 
in  1 m L of culture m edium . A  total o f 10 gL of cell suspension w as m ixed w ith  10 gL of 
Trypan Blue solution to stain the dead cells. O nly  non-stained cells w ere counted using 
the hem ocytom eter under an inverted optical m icroscope (A xio Vert.A1, Zeiss, D resden, 
Germ any). The (DR/H P)6 system  w as used as a control.

2.6. Cytoskeleton Organization and Cell Flattening

hU C -M SC s w ere seeded on coverslips coated w ith  a (D R /H P)6 m ultilayer w ithou t 
proteins (control) and w ith  proteins, at a density  of 1.5 x  104 cells/w ell in a 12-well 
culture plate. The cells w ere cultured in D M EM /F12 m edium  w ith  10% FBS for 24
h. N ext, they w ere fixed using the standard protocol in w arm  3.7%  form aldehyde for 
15 min, solubilized with 0.1% Triton X-100 in PBS for 7 min, and washed in PBS. Then, cells 
w ere im m unostained w ith  m ouse m onoclonal anti-hum an vinculin  IgG  in  PBS solution 
of 3%  BSA  (M erck, D arm stadt, G erm any). A lexa Fluor-488-conjugated  goat anti-m ouse 
IgG-clone A11001 (Merck, Darmstadt, Germany) was counterstained w ith TRITC-phalloidin 
(M erck, D arm stadt, G erm any), according to the m anu factu rer's protocol. N uclei w ere 
stained w ith  D A PI follow ing the m anufacturer's protocol (M erck, D arm stadt, G erm any). 
The specim ens w ere m ounted onto coverslips w ith poly(vinyl alcohol) (Dako Fluorescent 
M ounting M edium , Agilent Technologies, Santa Clara, CA, USA). An inverted fluorescence 
microscope (Axio Vert.A1, Zeiss, Dresden, Germ any) was used to visualize the cells w hich 
w ere analyzed using ZEN  2.3 (Zeiss, Dresden, Germ any) software.

2.7. Cell M igration

Glass coverslips covered by the (DR/HP)6 films were placed in a 24-well culture plate. 
rhBM P-2 and rhBM P-7 w ere deposited under selected conditions and photocrosslinked. 
hUC-M SCs were seeded on coverslips coated with a (DR/HP)6 m ultilayer w ithout proteins 
(control) and w ith proteins, at a density of 14 x 104 cells/well, and incubated in a medium 
supplem ented w ith  2%  FBS. A fter 24 h, cells form ed a m onolayer, and the m edium  w as 
replaced w ith a fresh one. Analyses were performed using the cells moving into the wound 
experim ental m odel, as described previously  [28] . A  cell-free area w as introduced by 
scraping the m onolayer using a 100 gL pipette tip and then cell m igration into the cell-free 
area was controlled under an inverted microscope (Axio Vert.A1, Zeiss, Dresden, Germany). 
The overgrowth of the wound was monitored by taking pictures of a given area at different 
tim e points (0, 2, 4, 8, and 12 h), calcu lating the percentage of the d isappearance of the 
w ound surface area. The results are relative to the control, i.e., slides w ith  cells grow n in 
m edium  w ith 2% FBS.

2.8. Osteogenic Differentiation

Glass coverslips covered by the (DR/HP)6 films were placed in a 24-well culture plate. 
rhBM P-2 and rhBM P-7 w ere deposited under selected conditions and photocrosslinked.



hU C -M SC s w ere seeded on clean glass coverslips coated w ith  a (DR/H P)6 m ultilayer 
w ithou t proteins (control) and w ith  proteins ((D R/H P)6_BM P-2; (D R/H P)6_BM P-7; and 
(DR/HP)6_BMP-2/-7), at a density of 1.5 x  104 cells/well, and incubated in a medium sup
plemented w ith 10%  FBS. After 6 h, w hen cells adhered to all culture surfaces, the medium 
was changed to the fresh one supplem ented w ith 2%  FBS. The m edium  w as exchanged ev
ery 3 days. After 7 days, the total cellular RNA was isolated (Gene M ATRIX Universal RNA 
Purification Kit, Eurx Ltd., G dansk, Poland) follow ing the m anufacturer's protocol. N ext, 
reverse transcription was perform ed using 1 gg RNA, an NG dART RT-PCR kit (Eurx Ltd., 
G dansk, Poland), and the C 1000 Touch Therm al C ycler (Bio-Rad Laboratories, H ercules, 
CA, USA). qRT-PCR analysis w as em ployed using the QuantStudio 6 Flex Real-Tim e PCR 
System  (Thermo Fisher, W altman, M A, USA), SYBR Green M aster M ix (Eurx Ltd., Gdansk, 
Poland), 100 ng cD N A , and 7.5 gM  of specific prim er to detect selected genes activated 
during osteogenesis, such as the follow ing: alkaline phosphatase (A LPL), Runt-related 
transcription factor 2 (RunX2), and osteocalcin (OCN) (Merck, Darmstadt, Germany) genes. 
The sequences of the utilized prim ers are included in Table S1 (see the Supplem entary 
M aterials). The m RNA expression level was normalized to the housekeeping gene GAPDH. 
The qRT-PCR conditions w ere as follow s: 95 °C  for 15 m in, 40 cycles o f denaturation 
(15 s, 94 °C), annealing (30 s, 55 °C), and extension (30 s, 72 °C). The 2 ( - AA)Ct method was 
em ployed to determ ine the relative m RN A expression in different sam ples, by calculating 
the fold change in expression w ithin the different cultured cells w ith respect to the control 
group ((D R/H P)6) [29]. The m R N A  expression in the control w as considered to be 1 in 
all experim ents, and the expression (norm alized to the G A PD H  gene) in the experim ental 
group w as calculated as a fold of the expression level in the control groups.

2.9. D ata Analysis

Statistical analysis w as perform ed using G raphPad Prism  softw are (GraphPad Soft
w are, San D iego, C A , U SA ). O ne-w ay AN OVA and Bonferroni (post hoc test) tests w ere 
applied. p values less than 0.05 (p  < 0.05) w ere considered to be statistically  significant. 
Statistically significant differences w ere labeled w ith an asterisk (*).

3. Results
3.1. Polym eric Substrate Preparation

The procedure of the substrate preparation is shown in Figure 1. The m ultilayers com 
posed of D R and H P w ere deposited on clean glass coverslips via the alternate im m ersion 
of the substrate in DR and HP solutions. The synthetic cationic DR and natural anionic HP 
were deposited alternately, ending the outermost layer w ith HP. The polymeric system was 
com posed of six bilayers (DR/HP)6, starting from DR and ending w ith HP.

3.2. Protein D eposition and Substrate Characterization

H um an recom binant bone m orphogenetic protein-2 (rhBM P-2) and hum an recom bi
nant bone m orphogenetic protein-7 (rhBMP-7) w ere deposited separately and in com bina
tion on  non-photocrosslinked m ultilayers. Q uartz crystal m icrobalance w ith  d issipation 
m onitoring (QCM-D) w as used to analyze the efficiency of rhBM P-2 and rhBM P-7 deposi
tion on Au/SiO2 sensors coated w ith the (DR/HP)6 multilayer. Aqueous solutions of NaCl 
in the volum es of 1.0 x  10- 3 , 1.0 x 10- 2 , and 0.15 M and pure water were used to suspend 
the proteins and check the am ounts of proteins that w ere adsorbed on the surface. Table 1 
shows the m ean mass (calculated from the frequency overtones) of rhBMP-2 and rhBM P-7 
that w as adsorbed on H P w ithin 30 m in of protein flow. The m ain aim  w as to deposit the 
highest am ount of both proteins using the sam e solvent.

The deposition of proteins separately (Figure 2a,b), as w ell as in a sequence (rhBM P- 
2/rhBM P-7), on the same substrate (Figure 2c ) was performed under optimized conditions,
i.e., protein concentration 1 gg/mL, pH 6.2, and ionic strength I = 1.0 x 10- 2 . The process of 
rhBMP-2 adsorption on (DR/HP)6 led to Am = 4.4 gg/cm 2 and AD = 0.4 x  10-6  (Figure 2a), 
whereas the adsorption of rhBM P-7 to Am = 1.85 gg/cm 2 and AD = 1.7 x  10-6  (Figure 2b ).



The rinsing; step did not significantly remove the adsorbed proteins in both cases; however, 
a little more of rhBM P-7 was detached during; this step. To better control the adsorp tion of 
selected proteins, they w ere not deposited sim ultaneously (i.e., from the m ixture solution) 
bu t one after another as the third system  (Figure 2c ). Starting w ith  the adsorption of 
rhBM P-2, the Aim = 3.1 gg/cm 2 coverage w as obtained, and w as follow ed w ith  rhBM P-7 
adsorption, w hich  led to the deposition of Aim = 1.5 gg/cm 2, confirm ing the form ation 
of tire system  w ith  both proteins adsorbed, denoted as (D R /H P)6_BM P-2/-7. The order 
of protein deposition w as chosen based on the slightly greater desorption of rhBM P-7 
com pared to rhBM P-2. In all cases, after protein deposition, they w ere bound to the 
m ultilayer via U V  irradiation w hich  induced the photochem ical form ation of covalent 
bonds betw een protein m olecules and the polym eric m ultilayer.

Table 1. Results of QCM analytes. The mean mass (calculated from third, fifth, apd seventh frequency 
overtones) of rhBMP-2 and rhBMP-7 deposited on non-photocrosslinked (DR/HP)p layout at different 
ionic strengths.

Ionic Strength, I
Mean Mass (gg/cmS)

rhBMP-2 (1 gg/mL) rhBMP-7 (1 gg/mL)

0 2.8 0
1.0 x 10-3 3.8 0.3

1.0 x 10- t  * 4.4 1.85
0.15 0.8 3.4

f Ionic strength chosen for protein deposition.

Figure 2. (a) rhBMP-2, (b) rhBMP-7, and (c) rhBMP-2/rhBMP-7 adsorption/desorption ruin fo r the 
Au/SiO2  sensor coated with non-photocrosslinked (DR/HP)6, expressed as tinte mas s shift (ted c urves ) 
and dissipa (ion shift (blade curves) . rhBMPs were deposited from 1 gg/mL solutionin 1.0 x IO-2 M 
NaCl at pH 6.2 and a flow rate of 0.15 mL/min. rhBMPs were deposited for about 30-60 min (marked 
as light red or light blue areas) and points A and B represent the adsorbed protein mass.

We used atomic force m icroscopy to analyze the topography of the (DR/HP)6 systems 
obtained. Figure 3  (two left im ages) shows the topography of the (DR/HP)6 layout before 
and after U V irradiation. It indicates that the photocrosslinking caused a slight decrease in 
surface roughness, Rq, from 1.50 nm to 1.41 nm. This result is in good agreem ent w ith the 
literature reports [22]. Proteins were deposited from 1 gg/mL solutions w ith ionic strength



I  = 1.0 x  10- 2 . Figure 3 (two eight im ages) shows the surface topography of the (DR/HP)6 
system  wish covalently  bound proteins (after photocrosslinkingS, w hose m olecules are 
m arked as w hite spots. Surface d ecoratian  wi7h proteins increased surface roughness to 
1.83 nm and 2.15 nm for rhBM P-2 and rhBM P-7, respectively-.

Figure 3. Representative topography images of (DR/HP)6 multilayers immersed in 1 x 1 0-2 M NaCl 
before and after photocrosslinking and after the dep os7tion of rhBMP-2and rhBMP-C from 1. 0 gg/mir 
solutions. Measurements were performed at room temperature using the tapping mode and were 
coUected from two areas. The corresponding root mean squarta roughness (Rq) values are shown in 
each image.

Using tire enzyme-linked im m unosorbent assay (ELISA), it was -verified as to whather 
the proteins were released from fhe sirrfaces in spite of then covalent binding to the surface. 
The rolease profiles ere p resen ted in Figure S2. The release of both  proteins w as analyzed 
on D ayr 3, 7 ,1 0 , and 14. As can be seen, only- rhBM P-2 w as released at 48%  until the 3rd 
day- of incubation. U ntil D ay 7, the rest of this protein w as released. rhBM P-7 did not 
desorb into the bolution w ithin two w eeks of the experim ent.

3.3. Substrate Cytotoxicity

C ell v iability  and proliferation are crucial for Che potential biom edical application 
of the m atarial. We analyzed the effect o f the com posed substrates on the viability  of 
hU C -M SC s. The cell viahility  w as analyzed ae 3 tim e points: 24, 48, end 72 h, using. the 
A lom ar Blue assay (Figure 4a) [30]. A ll rerults w ere norm alized to the control (DR/HP)6 
system at the appropriate time point. As can be seen, all system s, except (DRVHP)6_BM P-7, 
showad similar c ellular viability, comp are d to tire control. The viability o f eells cultured on 
(DR/HP)6_BMP-7 slightly decreased com prred to the control, buh w ithin 48 and 72 h of cell 
culture, the cells appeared to adapt to the new  surface conditions, and w ith  the exeension 
of the culture tim e, the differences in  eell vtability  am ong t i e  substrotes deeseaeed. The 
cell proliferation w as analyzed after 2, 3, and 7  days (Figure 4b) of cell culture via Trypan 
Blue exclusion counting in the hem ocytom eter [31]. A fter 2 days of the cell culture, the 
num ber of cells w as significantly higher for all of the com posed system s. Betw een D ay 2 
and 3, the num ber of cells cultured on the control and on (D R /H P)6_BM P-2/-7 doubled, 
w hile the num ber of cells increased around 2 .7  and 2.2 tim es for (D R/H P)6_BM P-2 and 
(DR/HP)6_BMP-7, respectively. After 7 days of cell culture, the num ber of cells w as similar 
for all of the conditions.

3.4. Cell Flattening and M igration

Cell adhesion is the first reaction of cells to the substrate of a biom aterial. hUC-M SCs 
were seeded on composed substrates, and their m orphology and cytoskeleton organization 
w ere observed during the 1st contact w ith  the m aterial (24 h after seeding). C ells w ere 
im m unofluorescently stained w ith vinculin and counterstained w ith TRITC-phalloidin for 
F-actin  (Figure 5 ). The nuclei w ere fluorescently stained using D API. Figure 5 show s the 
significant difference in cell m orphology and cytoskeleton organization in each condition. 
For the (DR/HP)6 (control), (DR/HP)6_BM P-2, and (DR/HP)6_BM P-7 substrates, the hUC- 
M SC s assum ed a m ore elongated  shape than the substrate w ith  tw o deposited proteins.



Cells cultured in all three conditions w ith deposited proteins were m ore flattened than those 
cultured on (DR/HP)6. Microfilament bundles (stress fibers, red) were w ell organized along 
the cells for these conditions. A ctin filam ents w ere w ell strained. Furtherm ore, significant 
m orphological changes could be observed for cells cultured on the (D R/H P)6_BM P-2/-7 
system . C ells assum ed a m ore oval shape and w ere m ore flattened than  for the single 
protein systems, w hich induced a m ore elongated shape of the cells. Moreover, cells on the 
(D R/H P)6_BM P-2/-7 system  w ere anchored to the substrate via the creation of v inculin- 
rich  focal adhesion com plexes at the end of the actin filam ents. C ells cultured in  single 
protein system s form ed m ore m icrospikes and pseudopodia due to their attem pt to move.

(a) (b)

Figure 4. (a) Cell viability evaluated after 24,48, and 12 h of hUC-MSC culture on (DR/HP)6—control, 
(DR/HP)6_BMP-2, (DR/HP)6_BMP-7, and (DR/HP)6_BMP-2/-7. (b) Proliferation evaluated after 
2, 3, and 7 days of hUC-MSC cultureon (DR/HP)6—control, (DR/HP)6_BMP-2, (DR/HP)6_BMP-7, 
and (DR/HP)6_BMP-2/-7. The results with p values less than 0.05 (p < 0.05) were considered to be 
statistically significant in comparison to the control and were labeled with an asterisk (*).

Figure 5. Actin cytoskeleton architecture of hUC-MSCs. Cells were cultured for 24 h on (rows 
from top to bottom) (DR/HP)6 polymeric system without proteins (control) and with immobilized 
rhBMP-2 or rhBMP-7 and both proteins combined, in a medium supplemented with 2% FBS. Cells 
were immunostained with vinculin and counterstained with TRITC-phalloidin (F-actin) and DAPI 
(nuclei). The scale bar represents 25 gm.



The m ean cell area w as calculated for 20 cells cultured on various surfaces (Figure 6a). 
For the system s (DR/HP)g and (D R/H P)g_BM P-2, the area w as about 2.5-f old larger 
(~2400 gm2 and ~2500 gm2, respectively). The area of hUC-MSC cultured on the (DR/HP)g_BMP- 
7  system was 1.5-fold larger than that of the cells cultured on (DR/HP)6_BMP-2. The cells 
assumed the most flattened form on  (DR/HP)g_BMP-2/-7 the area of ~6000 gm 2. This
value was statistically significant compared to the other conditions.

Figure 6. (a) Cell area 24 h after seeding measured for 20 cells cultured on various surfaces. Results 
with p values less th/an 0.05 (p < 0.05) were considered to be significantly different fr-m  the control 
and were labeled with an asterisk (*). (b) hUC-MSCmigration into the "wound". Cells cultured on 
(DR/HP)6, (DR/HP)6_BMP-2, (DR/HP)6_BMP-7, and (DR/HP)6_BMP-2/-7 w°re monitored at the 
timepoints of 0, 2, 4, 8, and 12 h. (c) Mic-ographs of hUC-MSC migrating into H e  scratehed cell-free 
areas taken immediately after "the injury" and after 12 h of continuous cell migration into the wound.

N ext, w e evaluated the hU C -M SC  m igration into a m odel w ound m echanically gen
erated wüthin a cell m onolayer seeded on the com posed polym eric substrates [28]. C ells 
w ere cultured in the cu lture m edium  supplem ented w ith  2%  FBS in order to lim it their 
proliferation. W ound im ages w ere taken im m ediately after the scratch w as m ade, after 2, 
4 , 8, and 12 h of continuous cell culture (Figure S3). Figure? 61/ show s )he m icrographs of 
hU C -M SC s m igrating into the scratched cell-free areas taken ju st after the injury (t = 0 h) 
and atte) 12 It. The results are expressed as th e %  of w ound closure (Figure 6c]). As can 
tie seten, cell m igration w as the slow est in th e  (Dh/HP)g system  (black line). W ithin 12 h, 
the w ound area decreased by  only 30%. For the system s decorated w ith  single proteins, 
the/ w ound w as overgrow n by  about 8%  after 2 h? 24%  elfter 4 h, and 42%  after 8 h. After 
12 h, the) w ound area decreased to 36%  and 26%  for rhBM P-2 hnd rhBM P-7, respectively. 
C ells cultured on (D R/H P)6_BM P-2/-7 m igrated alm ost tw o tim es slow er com pared to



single protein system s, bu t at the sam e tim e m igrated two tim es faster than cells cultured 
on (DR/H P)6.

3.5. O steom arker Expression

A fter 7 days of hU C -M SC  culture on d ifferent types of polym eric surfaces, the gene 
expression level of selected osteogenic m arkers w as analyzed (Figure 7). To dem onstrate 
the proteins' effect on hU C -M SC  differentiation, the gene expression w as presented rel
ative to the expression of a single gene in hU C -M SC  cultured on the (D R /H P)6 surface. 
The statistically  significant effect of polym eric surfaces on hU C -M SC s w as observed in 
the expression of the A LPL  gene (the early osteogenic m arker). The expression level of 
A LPL  in  the single protein system s (D R/H P)6_BM P-2 and (D R/H P)6_BM P-7) increased 
by  approxim ately  25% , w hile for the double protein system  ((D R/H P)6_BM P-2/-7) it in
creased by 50%  com pared to the control. The gene expression analysis of another early 
osteogenic m arker— R unX 2— indicated a significant increase for (D R/H P)6_BM P-2 and 
(D R /H P)6_BM P-2/-7 equal to 30 and 60% , respectively, w hile for (D R /H P)6_BM P-7 the 
expression of RunX2  did not change com pared to the control. Moreover, a slight, although 
not statiotically significant, increase in  eho expression of O C N  (the m iddle osteogenesis 
m arker) in  hU C -M SC s for all of ehe analyzed system s w as observed. In  particular, ehe 
(DR/HP)6_BMP-7 polymer demonstrated a 20% increase in OCN  ex^ ossion  m com parison 
to the control.

Figure 7. The expression of selected osteogenic gene markers in hUC-MSC cultured for 7 days on 
(DR/HP)6—control, (DR/HP)6_BMP-2, (DR/HP)6_BMP-7, and (DR/HP)6_BMP-2/-7. Quantitative 
real-time PCR analysis of .en e  expression of ALPL—alkaline phesphatase; RunX2—Runt-related 
transeription factor 2; and OCN—osteocalcin. Genx expression wns normalize. to thx expretsion of 
the housekeeping gene GAPDH—glyceraldehyde-3-phosphate dehydrogenase—and shown as the 
fole) change compared to the gene expression of hUC-MSC cultured on the (DR/HP)6 surface (blue 
line). Results with p values less than 0. 05 (p < 0.0h wece consideret. to be significantly different in 
comparison to the contral rnd are labeled with an asterisk (*).

4. Discussion
C om bined d iazoresin-polnanion  system s can act as versatile u ltrathin platform s for 

stable covalent bon d formation [32], In this study, synthetic cationic DR and natural anionic 
H P w ere d ero sited  alternately  m aking a  six-bilayer system , ending w ith  )he outerm ost 
layer w ith  H P to m ake it m ore biocom patible. D uring irradiation w ith  350 nm  light, the 
covalenh bonds betw een the layers and betw een ohe top layers and the studied grow th 
factors w ere form ed, accom panied w ith the release of the gaseous nitronen and form ation 
of phenyl cations i n the DR structure. In our system, the phenyl cations reacted with sulfate 
or the cacboxyl graups of H P and the carboxyl groups of the proteins. form ing C -S and



C-O covalent bonds, respectively (Figure S1). The bond formation can be confirmed via the 
UV-Vis absorption spectra (decrease in  the intensity  of the d iazonium  group absorption 
band ; data not show n). The detailed analysis of the D R -H P layer interactions w as show n 
in our previous paper [33] . The non-photocrosslinked H P-term inated system had a surface 
charge of around -70 mV, w hile after irradiation, it increased to -50 m V  [33]. We have 
show n that rhBM P-2 can be deposited on sim ilar polym eric films using CS as a polyanion 
instead of H P [22]. H ow ever, rhBM P-2 w as effectively  bonded to the negatively  charged 
term inal layer only, no m atter w hether it w as cross-linked or not. The presented research 
focused on the deposition of tw o osteoinductive hom odim eric proteins: rhBM P-2 and 
rhBM P-7. Proteins w ere deposited individually  on the (DR/H P)6 m ultilayer, form ing 
(D R/H P)6_BM P-2 and (D R/H P)6_BM P-7, and one after another on the sam e substrate, 
form ing a (D R/H P)6_BM P-2/-7 system.

The QCM -D technique measures two quantifiable param eters, the resonance frequency 
shift (related to the detected mass coverage Am of the surface-bound protein) and the energy 
d issipation shift (related to the viscoelastic properties of the adsorbed layer AD) [22]. In 
order to deposit both proteins using the sam e experim ental conditions, w e had to find the 
optim al ionic strength. In the first step, the adsorption of single proteins on the (DR/HP)6 
m ultilayer, as a function of ionic strength, w as optim ized via m onitoring using Q C M -D  
m easurem ents and deposited m ass analysis. In the case of the rhBM P-2 interplay w ith  
HP, there are literature reports indicating that it possesses a specific H P-binding site [34]. 
Furtherm ore, K anzaki et al. investigated the affinity betw een H P and rhBM P-2 using 
a Q C M  technique and confirm ed that H P com petitively  inhibits the b inding of BM P-2 
and BM PR  [35]. O n  the other hand, H P can act as a vector for rhBM P-2 and can be 
used to im prove bone form ation [36]. The larger the ionic strength is, the higher the 
am ount of rhBM P-7 that can be deposited due to the salting ou t process. A ccording 
to the obtained data, the optim al ionic strength for the adsorption of both  proteins on 
the (DR/HP)6 m ultilayer w as I  = 1 .0  x 10-2  (Table 1). This ionic strength enables the 
deposition of both protein layers w ith higher coverage (rhBMP-2 Am = 4.4 gg/cm 2; rhBMP- 
7 Am = 1.85 gg/cm 2) than a t low er I  (Figure 3 ). These data im ply  that the rhBM P-2 
protein form ed a layer w ith  higher coverage and a tighter (m ore rigid) structure on the 
(DR/HP)6 m ultilayer in com parison to rhBM P-7 in the same experimental conditions (ionic 
strength, protein concentration, type of substrate, flow  rate, and adsorption tim e). As 
m entioned above, the phenom enon can be explained by  stronger interactions of rhBM P-2 
w ith  HP. A lthough the details of the m echanism  of action of the H P fragm ents rem ain to 
be elucidated, it has been determ ined that H P  prolongs BM P-2-induced cell signaling, as 
confirm ed by the phosphorylation of Sm ad 1/5/9 [37] . Sm ith et al. indicated a m inim um  
requirem ent chain length of ten m onosaccharides dp10, optim ally a dp12, and m axim ally 
a dp16 for the binding of H P to BM P-2 [38]. Furtherm ore, they confirm ed the BM P-2 
preference for the binding to the N-sulfated HP/HS domains of dp10 or greater. A previous 
study dem onstrated that rat M SCs cultured w ith de-2-O -sulfated HP and BM P-2 revealed 
enhanced M SC  proliferation and ALP activity in com parison to native H P [39]. To avoid 
any undesired protein-protein  interactions, w e decided to deposit rhBM P-2 and rhBM P-7 
separately onto one substrate, i.e., one after another. Figure 2c show s the Am changes for 
the deposition of both  proteins. In  both cases, the m ass of rhBM P-2 deposited w as tw ice 
that o f rhBM P-7. The A FM  m easurem ents show ed that the protein am ount correlated 
w ell w ith  the Q C M -D  m easurem ents. As can be seen, a higher am ount of rhBM P-2 w as 
adsorbed on the surface (w hite spots) than that of rhBM P-7 (Figure 3) . The presence of the 
protein increased the surface roughness. It should be em phasized that the Q C M  for the 
protein deposition technique as a dynam ic system  gives the am ount of proteins as being 
higher than that found using the static deposition m odel.

The rhBM P-2 and rhBM P-7 release profiles w ere analyzed using the enzym e-linked 
im m unosorbent assay (ELISA) w ith  the selected tim e points of 3, 7 ,1 0 , and 14 days. This 
w as the standard protocol of m edium  culture exchange, w hich  w as conducted tw ice per 
week. According to the assay manufacturer, it detects both proteins only in the biologically



active free form. As can be seen in Figure S2, rhBMP-2 w as released from the substrate for 
up to 7 days. The literature show s that neither photoim m obilization nor the form ation of 
the covalent bond caused rhBM P-2 denaturation [40,41]. rhBM P-7 w as not detected in the 
m ilieu. N evertheless, m ost probably, both proteins are still stably bound to the surface as 
suggested by  the different cellular responses on the com posed layouts com pared to the 
single protein layouts and the control.

C ell v iability  and proliferation on the surface of a biom aterial are im portant for 
successful m aterial-tissue biointegration. Cells need to be able to adhere to the surface to 
proliferate on it [42,43] . Factors such as surface roughness, composition, and chem istry can 
all affect cell viability and proliferation on the surface of a material. The first contact of cells 
w ith the biom aterial is crucial in the context of their further behavior around the im plant. 
According to our results, com posed system s do not significantly affect cell viability w ithin 
short-term  interactions (up to 24 h). The only one condition w hich decreased cell viability 
w as by  depositing BM P-7 w ithin 24 h. The short-term  interactions of the biom aterial w ith 
cells are im portant for further stages of m aterial integration. However, cell viability w as at 
the sam e level in the follow ing days, regardless of the substrate type. The sam e tendency 
was observed for the proliferation assay. After 48 and 72 h, the cell num ber did not increase 
significantly com pared to 24 h of culture. Furtherm ore, the cell num ber becam e sim ilar for 
both systems, indicating that the effect of the initial interaction diminished after a couple of 
days (short-term  cultivation).

M ore noteworthy changes were observed for cell flattening and migration. The images 
show ed a significant difference in cell m orphology and cytoskeleton organization at the 
beginning of the cell-m aterial interactions (up to 24 h) (Figure 5). It is w ell established that 
protein adsorption can significantly change the local m icroenvironm ent of a material. This is 
because the adsorbed proteins, not only as active molecules, can alter the surface chemistry, 
topography, and charge of the m aterial, influencing selected signaling pathw ays induced 
in cells [44,45]. All system s decorated w ith proteins significantly affected cell morphology. 
They w ere m ore elongated w hile cultured on single proteins, w hereas they assum ed an 
oval, strained shape on both deposited  proteins, w hich  corresponds w ell w ith  cell areas 
(Figure 6a ). hU C -M SC  cultured on surfaces w ith  rhBM P-2 and rhBM P-7 im m obilized 
formed, dense, and prom inent microfilament bundles (actin stress fibers, shown in red) and 
vinculin-rich  focal adhesion com plexes [46]. A lthough adhesion is a com plex interaction 
process, the crucial role is the interplay betw een integrins and BM P receptors [47] . Recent 
studies have show n that rhBM P-7 directly upregulates the adhesion and m igration of 
hum an m onocytic cells via the activation of ß2 integrins, A kt, and FAK [48] . rhBM P-2 
on Ti discs also im proved C 2C 12 cell adhesion and spreading by  increasing the vinculin  
expression [49] . Laflam m e et al. dem onstrated that the m ixture of rhBM P-2 and rhBM P-7 
was more effective than the separately acting homodimers in promoting osteoblast adhesion 
and proliferation [50]. O ur results support previously published reports indicating that 
different BM Ps can act additively.

Cell adhesion is closely linked to cell m igration ability. Integrins are the main proteins 
involved in  cell adhesion, and they in teract w ith  com ponents of the EC M  to form  strong 
bonds betw een the cell and the substrate [51]. Cell adhesion is also essential in regulating 
cell m igration speed and direction. According to our studies, the presence of both proteins 
results in the low est m igration ability of hU C -M SC s, com pared to single proteins. The 
inhibition of hU C -M SC  m igration on (D R /H P)6_BM P-2/-7 is a consequence of strong 
cellular adhesion and flattening caused by cell-m aterial interplay. In the case of separately 
deposited rhBM P-2 and rhBM P-7, the cell shape is m uch m ore elongated , w hich  could 
enhance the m igration into the artificial wound (Figure 6b). A different result w as observed 
in  the case of pure polym eric film. Nam ely, the cells w ere not significantly  flattened 
and exhibited the low est m igration activity. It can be concluded that very active rhBM Ps 
outperform the pure polymeric substrate in activating hUC-M SC target signaling pathways. 
Our polymeric platform  can act as a versatile substrate for protein deposition. The inhibition



of cell m igration is a desired effect in the first ce ll-b iom ateria l contact im m ediately  after 
im plant placem ent.

Finally, w e analyzed the effect of com posed system s on  the expression of m arkers 
of different osteogenesis phases. A n interesting correlation w as observed for proteins' 
deposited layouts w ith  early  osteogenesis m arkers, i.e., A LPL  and RunX 2  gene expres
sion. For the (D R/H P)6_BM P-2/-7 system , rhBM P-2 and rhBM P-7 acted additively  w ith 
respect to the ALPL  marker, while the synergistic effect was observed for the RunX2  marker 
(Figure 7). This correlates w ell w ith  the literature reports about the additive interplay 
of these proteins [50]. Based on the obtained results, w e can conclude that deposited 
proteins still exhibit osteoactivity, w hich  is increased by the deposition of both  proteins 
combined. A single rhBMP-2 or rhBM P-7 deposition increased the expression of these early 
m arkers, bu t to a lesser extent than the deposition of com bined proteins. These results 
are crucial from  a cell d ifferentiation p oint of view  and for cell adhesion on the im plant 
surfaces. It w as confirm ed that BMP-2 activates the expression of RunX 2  and transcription 
factor (Sp7), obligatory transcription factors for osteoblast differentiation, and induces 
osteoblastic m arkers such as ALP, COL1A1, and osteocalcin (OCN) [52]. BM P-7 stim ulates 
the m ineralization of the extracellular m atrix and the activity  o f A LP [53]. Brigaud et al. 
showed the synergistic potential of the BMP-2 and BM P-7 deposition on Ti-hydroxyapatite- 
fibronectin (Ti-H A -FN ). They established that a m inim um  of ~2.0 gg/cm 2 of adsorbed 
BMP-2 or 1.1 gg/cm 2 of adsorbed BMP-7 w as necessary to trigger the osteogenic activity of 
C2C12 cells [2]. Furtherm ore, w hen C2C12 cells were cultured on these BM P-2 biom im etic 
(PLL/H A ) film s, significant A LP  activity  w as detected  from  1.4 gg/cm 2 for BM P-2 and 
1.0 gg/cm 2 for BM P-7 [2]. They also showed that FN interplay w ith BMP-7 did not increase 
the R unX 2  m arker, w hile F N  com bined w ith  BM P-2 and BM P-7 separately increased the 
level of the A LPL  marker. This agrees w ith  our studies, w hich  show ed that rhBM P-7 
deposited on the H P-term inated layer increased the A LPL  level, w hile it did not increase 
RunX 2  gene expression in contrast to rhBM P-2 (Figure 7 ). A s m entioned, the m ost signifi
cant effect was obtained as a result of an interplay between HP as a terminal layer, rhBMP-2, 
and rhBM P-7. There w ere no significant visible changes in the expression of O C N  (middle 
osteogenesis m arker).

5. Conclusions

The presence of bioactive m olecules, i.e., proteins, exposed at the interface betw een 
the cell and the m aterial surface influence the cellular response. The proteins, w hether de
posited on a substrate or present in a solution, regulate cellular functions such as adhesion, 
m igration, and differentiation. In this regard, w e have studied the suitability  of the tw o 
osteogenic grow th factors, rhBM P-2 and rhBM P-7, deposited on the (DR/H P)6 m ultilayer 
system . We proved that these BM Ps could be successfully deposited on an H P-term inated 
layout, under the sam e conditions, and photochem ically bound to the surface. As a result, 
both proteins separately m aintained the osteogenic biological activity, w hile for the layout 
com posed of the com bination of the proteins, the cellular response tow ard osteoactivity  
w as enhanced. Furtherm ore, significant differences in cell adhesion and m igration w ere 
observed: (1) the H P-term inated layout decreases cell adhesion and m igration; (2) the ad
sorption of single proteins causes cell elongation and increases cell migration; (3) combined 
proteins act additively, eliciting strong cell flattening and increasing the m igration rate 
com pared to that on (D R /H P)6; how ever, they show  slow er cell m igration com pared to 
m ultilayers w ith single proteins adsorbed. Considering all of these results, our polym eric 
substrate could be a universal platform  for various protein covalent binding. Moreover, the 
(D R/H P)6_BM P-2/-7 system  m ay be a prom ising and versatile coating for bone im plants. 
Strengthening cell adhesion and limiting their mobility after the colonization of the im plant 
site while inducing osteogenesis is a valuable approach to producing new substrates for the 
needs of bone im plantology. The results obtained are in line w ith the new  trend to reduce 
the doses of these superactive BM Ps because of the broad spectrum  of drastic adverse 
effects of current therapies involving supraphysiological am ounts of these proteins.
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