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and heavily-regulated process and only achieved by employing supraphysiological GF concentrations.
In addition, for proper healing, specific and spatial immobilization of the GFs (s) is critical. We hypothe-
sized that biomaterials functionalized with GF-binding peptides can be employed to capture endogenous
GFs in a spatially-controlled manner, thus overcoming the need for the exogenous administration of sup-

Key Wordsf raphysiological doses of GFs. Here we demonstrate that the modification of films of polycaprolactone
Tendon/Ligament . . S .

TGF-p1 (PCL) with transforming growth factor 1 (TGF-B1)-binding peptides allows GFs to be captured and pre-
Growth factor binding peptide sented to the target cells. Moreover, using a TGF-p reporter cell line and immunocytochemistry, we show
Vascularization that the GFs retained their biological activity. In human primary tendon cells, the immobilized TGF-p1
Inflammation activated TGF-p target genes ultimately lead to a 2.5-fold increase in total collagen matrix production.

In vivo implantation in rats clearly shows an accumulation of TGF-B1 on the polymer films functionalized
with the TGF-B1-binding peptide when compared with the native films. This accumulation leads to an
increase in the recruitment of inflammatory cells at day 3 and an increase in the fibrogenic response
and vascularization around the implant at day 7. The results herein presented will endow current and
future medical devices with novel biological properties and by doing so will accelerate T/L healing.

Statement of Significance

Our study describes the possibility to deliver hTGF-B1 to human derived hamstring cells using a non-
covalent bioactive strategy. The significance of our results in vivo with our functionalized biomaterial
with TGF-B1-binding peptides lies in the fact that these materials can now be employed to capture
endogenous TGF-B1 in a spatially-controlled manner, overcoming the need for exogenous administration
of supra-physiological TGF-B1 doses. Our method is different from current solutions that rely on global
TGF-B1 administration, soaking the devices with TGF-B1, etc. Therefore we believe that our method is
a significant change from current state-of-the-art in the types of devices that are used for ligament/
tendon repair and that following our method can endow current and future medical devices with
TGF-B1 binding properties.
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1. Introduction

The anterior cruciate ligament (ACL) is one of the most
commonly-injured ligaments in the knee, with a reconstruction
rate of 42.7 per 100,000 capita in the United States in 2006 [1].
The highest reconstruction rate is reported in Australia with an
incidence of 52.0 per 100,000 in Australia [2], while other countries
had a reconstruction rate of 38 (Denmark), 37.8 (New Zealand), 34
(Norway) and 32 (Sweden) per 100,000 capita [3-6]. Due to its low
self-regenerative capacity, surgical intervention is often needed in
order to re-establish the biomechanical properties of the injured
tissue. Auto- or allografts are used for ACL reconstruction; how-
ever, donor-site morbidity, pain, graft failure and risk of disease
transmission are common problems associated with the procedure
[7]. Moreover, in most cases, the biomechanical properties of the
grafted tissue do not match the ACL’s original properties, leading
to maladaptive joint issues. Recent years have shown an increase
in the number of publications exploring the potential of adminis-
trating GFs to promote tissue healing; therefore, the potential of
GF administration to promote and enhance the healing process of
damaged ACL is a realistic opportunity for improving the clinical
outcome. GFs are key players in the wound healing cascade,
orchestrating, in a temporal and spatial manner, cellular mecha-
nisms crucial for the proper healing of the tissue, such as cell sig-
nalling, proliferation, migration, survival and differentiation [8,9].
The easiest and simplest mechanism to deliver GFs is in a soluble
form. However, due to the low stability of GFs in the body and
diffusion-related problems, supraphysiological concentrations
and systematic administration are required in order to achieve
the desired effect [9]. In order to overcome these problems, GFs
have been immobilized onto biomaterials in order to avoid
diffusion-related issues and achieve co-localization of the GFs in
the wounded tissue. GFs can be immobilized in a covalent and
non-covalent manner, via direct electrostatic means or by reac-
tions between the GF and matrices, or interactions via other bio-
logical molecules such as heparin, gelatin or fibronectin [8,10].
The simplest strategy to immobilize GFs on biomaterials is through
adsorption interactions, however, this is usually associated with an
initial burst release of the GFs and therefore the requirement of
high concentrations of GF in order to achieve long-term effects
[10]. The immobilization of GFs through the formation of a cova-
lent bond with the biomaterial or non-covalent interactions with
affinity molecules (e.g., heparin) can achieve a sustained release
of the GFs [10]. Nevertheless, the formation of this covalent bond
often hinders the bioactivity of the GF, mostly due to conforma-
tional changes, ultimately affecting its biological activity [8]. Addi-
tionally, permanent immobilization of the GFs through a covalent
bond will present the factor to the cells in a non-natural immobile
way. In contrast, the non-covalent presentation of GFs is a more
natural way to deliver these to the injured tissue. However,
heparin-like structures do not offer any specificity towards the
GFs and consequently other circulating GFs could be immobilized
by these structures. One particular interesting GF is TGF-B1 since
it is active during all stages of the T/L healing process [11]. Its
expression levels increase during the inflammatory stage, immedi-
ately after the injury and thought to play an important role during
this stage [12]. This GF is produced and released by platelets,
macrophages, fibroblasts and other cell types [13-15]. TGF-B
induces the recruitment of cells during the inflammatory stage,
stimulates the synthesis of ECM components and type III collagen
during the repair stage and, during the remodeling stage, is
involved in the termination of cell proliferation and induction of
type I collagen synthesis and secretion [16,17]. It has been shown
in canines that the exogenous administration of transforming beta
1 (TGF-B1) significantly increases the bonding strength of the graft

that was used to replace the original ACL [18]. In a rabbit model of
patellar tendon injury, it was shown that the administration of
TGF-p1 directly following wound closure increases the tangent
modulus and the tensile strength of the regenerated fibrous tissue
[19]. It has previously been shown that supramolecular nanofibers
functionalized with a TGF-p1-binding peptide promote cartilage
regeneration when compared with the non-functionalized nanofi-
bers [20]. The use of short peptides to deliver GFs has several
advantages over other GF delivery strategies, such as their easy
and rapid synthesis using standard chemical peptide synthesis
and purification using standard chromatography methods. GF-
binding peptides overcome the disadvantages related to the
previously-mentioned delivery strategies since the affinity
towards the GFs is based on selective non-covalent interactions.
In addition, the therapeutic use of synthetic peptides is currently
a growing market with around 100 products on the market in
the USA, Europe and Japan [21]. In fact, this sector has grown from
1 synthetic peptide per year entering clinical trials in 1970 to 20
candidates per year nowadays.

We hypothesized that functionalization of biomaterials with
GF-binding peptides could capture the endogenous GFs, leading
to their accumulation and consequently enhancing the healing
process without having to administrate exogenous GFs. Here we
present for the first time a non-covalent approach to specifically
immobilize TGF-B1 (hTGF-B1) on polymer films and deliver
hTGF-B1 to human-derived hamstring cells and thus promote T/L
healing. By functionalizing PCL films with a TGF-B1-binding pep-
tide, we were able to specifically immobilize hTGF-B1. Subse-
quently, we show in vitro that the functionalized films lead to an
upregulation of ECM-related genes such as collagen type I and III,
culminating in the enhanced production of collagen by human
hamstring-derived cells. When implanted subcutaneously in rats,
the films functionalized with TGF-B1-binding peptide capture
more endogenous TGF-B1 than the control films, ultimately con-
tributing to enhance the fibrogenic response and vascularization
around the implant. These results demonstrate the potential of
using this synthetic peptide sequence to capture and accumulate
native TGF-B1 onto biomaterials in order to promote the healing
of damaged tissues without the need to administer exogenous GFs.

2. Materials and methods
2.1. Materials

N,N,N',N'-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hex-
afluorophosphate (HBTU) was obtained from MultiSynTech. Chlo-
roform and 1-methyl-2-pyrrolidinone (NMP) were purchased
from WR Chemicals. NaOH was obtained from Riedel-de Haén.
All other reagents or products were purchased from Sigma-
Aldrich unless noted otherwise.

2.2. Peptide synthesis and purification

The synthesis of the peptide sequences was performed using
standard Fmoc-solid phase peptide synthesis in a Syro II
MultiSynTech automated peptide synthesizer. The TGF-p1-
binding and nonbinding peptides with sequences KGLPLGNSH
and KGHNLGLPS, respectively, were prepared on Fmoc-Rink
4-methylbenzhydrylamine (MBHA) resin (MultiSynTech GmBH,
50 mg scale, substitution 0.52 mmol/g), using 0.26 M HBTU,
0.52 M of N,N-diisopropylethylamine (DIPEA), 2 M of piperidine
and 0.29 M of each amino acid. The N-termini of the final peptide
sequences were manually acetylated in 16% acetic anhydride,
30% DIPEA and 54% NMP for one hour at room temperature.
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The peptides were cleaved from the resin and amino acid side
groups were deprotected using 95% trifluoroacetic acid, 2.5%
triisopropylsilane and 2.5% milliQ water. The peptides were then
collected by precipitation in cold diethyl ether and the organic
solvents were removed in a rotatory evaporator. The peptides
were redissolved in milliQ water and lyophilized overnight. The
resulting products were purified using standard preparative
HPLC methods. MS (ESI): m/z =964.1 [M+H] (calculated 963.1 for
C42H70N]4012) for KGLPLGNSH. MS (ESI) m/Z=9646 [M+H]
(calculated 963.1 for C4,H7oN140:2) for KGHNLGLPS.

2.3. Preparation of peptide displaying PCL films

A 12.5% (w/v) solution of PCL (average M, 45,000) in chloroform
was prepared and homogenized by sonication. When the solution
was completely homogeneous, PCL films were prepared by casting
in a petri dish, pre-silanized with a PFDTS (1H,1H,2H,2H-perfluoro
decyltrichlorosilane, >97%, ABCR GmbH) anti-sticky layer. Upon
solvent evaporation, the polymer was melted at 100 °C during
10 min and allowed to re-solidify. The polymer was then cut in cir-
cular films with a diameter of 21 mm in order to fit inside the wells
of a 12-well plate. The individual circular films were extensively
washed with demi-water and milliQ water and dried with a N,
stream. The dried films were exposed to oxygen plasma for 5 min
(at an oxygen pressure of 1.0 bar, a vacuum pressure of 200 mbar
and a current of 40 A) and subsequently immersed in a 1 M NaOH
solution for one hour with gentle agitation. PCL films were then
washed and dried as mentioned above, and incubated with a solu-
tion of 50 mM 1:1 NHS/EDC in MES buffer for one hour with agita-
tion. PCL films were washed and dried again as mentioned above
and were incubated with 1 mM of the peptide in phosphate buf-
fered saline (PBS) for 4 h with agitation. Films were then washed
extensively with PBS and sterilized by incubating the films over-
night in a solution of 10% penicillin/streptomycin (Life Technolo-
gies) in PBS prior to cell seeding

2.4. Water contact angle measurements

The wettability of the PCL films was determined by a drop con-
tact angle system (Kriiss Contact Angle Measuring System G10).
The contact angle was measured and calculated using Drop Analy-
sis software. All reported contact angles are the average of n=6
measurements. MilliQ water was used to measure the contact
angle of the films.

2.5. XPS measurements

XPS (X-ray photoelectron spectroscopy) spectra were measured
using a Quantera scanning X-ray multiprobe instrument (Physical
Electronics), equipped with a monochromatic Al Kot X-ray source
operated at 1486.6 eV and 55 W. Spectra were referenced to the
main aliphatic C 1s peak set at 284.8 eV. The X-ray beam size
was 200 pm and the data were collected from surface areas of
100 pum x 300 um with a pass energy of 224 eV and a step energy
of 0.8 eV for survey scans, at a detector input angle of 45°. Mea-
surements were collected after three scanning cycles. Charge neu-
tralization was achieved by low-energy electrons and low-energy
argon ions.

2.6. Tensile testing

For tensile testing, samples with length of 41 mm and width of
4 mm were punched out and extracted from the PCL films. The
mechanical properties of the PCL films were determined at room
temperature using a Zwick Z020 tensile tester (Germany) with a
500 N load cell. The initial grip to grip separation was 30 mm

and the crosshead speed used was 50 mm/min. All measurements
were conducted in triplicate. The physical properties were
extracted automatically from the stress-strain curves using the
Instron software.

2.7. TGF-B1 binding and immunofluorescence

The PCL films were incubated with 1 pg/mL of hTGF-1 (Pepro-
Tech) in 4 mM hydrochloric acid (HCl) containing 1 mg/mL bovine
serum albumin (BSA) for one hour with gentle agitation. The films
were then washed for 10 min three times with 1 mM phosphate
buffered saline tween-20 (PBST) and then with PBS alone for a fur-
ther 10 min. Next, the films were blocked for one hour with PBS
containing 1% (w/v) BSA and subsequently washed as described
above. Afterwards, the films were incubated with a 5 pg/mL solu-
tion of the primary antibody (mouse monoclonal anti-human
TGF-B1, R&D systems) in blocking solution for one hour with agita-
tion. The films were washed as mentioned above and then incu-
bated with a 4 pg/mL solution of the secondary antibody (goat
anti-mouse Alexa Fluor 546, Invitrogen) in PBS containing 1% w/v
BSA for one hour with gentle agitation. Prior to fluorescence micro-
scopy, the films were washed for 10 min three times with 1 mM
PBST, rinsed three times with PBS and dried under a N, stream.
For cell experiments, the sterile films were washed three times
with PBS and incubated with hTGF-B1 in sterile 4 mM HCI contain-
ing 1 mg/mL BSA for one hour with gentle agitation. Subsequently,
the films were extensively washed with PBST and PBS to remove
any traces of the washing buffer prior to cell seeding.

2.8. In vitro quantification of bound TGF-p1

Bound hTGF-B1 was quantified by incubating the films with
1 pg/mL of TGF-B1 in 4 mM HCI containing 1 mg/mL BSA for one
hour with gentle agitation. The supernatant was collected and
the films were washed for 30 min with PBST (0.1% (v/v)). The buffer
was then collected and mixed with the previously-collected super-
natant. The collected solutions were analysed for unbound hTGF-
B1 by an anti-human TGF-B1 ELISA kit (Abcam AB100647), accord-
ing to the manufacturer’s instructions. The amount of immobilized
hTGF-B1 was calculated based on the difference between the incu-
bation solution and the unbound hTGF-B1 quantified by the ELISA
kit.

2.9. Cell culture

Mink Lung Epithelium Cells (MLEC - a kind gift from Daniel’s
Rifkin lab) were expanded in Dulbecco’s Modified Eagle Medium
(DMEM, Life Technologies, Gaithersburg, MD) supplemented with
10% Fetal Bovine Serum (FBS, Life Technologies), 100 U/mL peni-
cillin (Life Technologies), 100 pg/mL streptomycin (Life Technolo-
gies) and 2mM L-glutamine (Life Technologies). Cells were
grown at 37 °C in a humid atmosphere with 5% CO,. The medium
was refreshed twice per week and cells were used for further
sub-culturing or cryopreservation on reaching near confluence.
This cell line, initially described by Abe et al. (1994), expresses luci-
ferase under the control of a TGF target gene (Plasminogen activa-
tor inhibitor 1 — PAI-1 promoter) [22].

Hamstring cells (HT22, P3-4) were isolated using an outgrowth
procedure, as previously described [23], and cultured in o--minimal
essential medium («MEM, Life Technologies) with 10% FBS (Gibco,
Life Technologies), 100 U/mL penicillin, 100 pig/ml streptomycin
and 0,2 mM L-ascorbic acid-2-phosphate magnesium salt (ascorbic
acid, Life Technologies). Cells were grown at 37 °C in a humid
atmosphere with 5% CO,. The medium was refreshed twice
per week, and cells were used for further sub-culturing or
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cryopreservation on reaching near confluence. Experiments with
hamstring cells were performed with cells until passage 4.

2.10. Luciferase assay

MLECs were seeded at 64,000 cells/cm? and allowed to attach
overnight at 37 °C in a 5% CO, incubator. The medium was then
replaced by DMEM without FBS and the cells were incubated for
an additional period of 24 h. Cells were lysed and the luciferase
quantified according to the manufacturer’s protocol (Promega,
E4530). Luciferase values were normalized for DNA content quan-
tified by CyQUANT cell proliferation assay (Invitrogen).

2.11. Smad translocation assay

To assess the cellular localization of the Smad2/3 complex,
hamstring cells were seeded at 10,000 cells/cm? and incubated
for 24 h at 37 °C in a 5% CO, incubator. Samples were washed with
PBS and cells were fixed with 4% (w/v) paraformaldehyde/PBS for
15 min at room temperature. Samples were washed with PBS
and incubated with a filtered solution of 0,3% (w/v) Sudan Black
in 70% ethanol for 30 min with gentle agitation. Films were washed
three times for 5 min with PBS and the cell membrane was perme-
abilized with 0.1% Triton X-100/PBS for 15 min. After rinsing three
times with PBS, films were blocked with a solution of 2% (w/v) BSA
in 0.1% Triton X-100 in PBS at room temperature for one hour with
gentle agitation. Monoclonal mouse anti-Smad2/3 (clone 18, BD
Bioscience, 1:200) was incubated overnight at 4 °C in the blocking
solution with gentle agitation. The secondary antibody goat anti-
mouse Alexa Fluor 594 (DAKO, 1:200) was incubated at room tem-
perature for one hour in the blocking solution. Nucleic acids were
stained with DAPI (Life Technologies, 1:100) for 15 min at room
temperature. Samples were washed three times for 5 min with
0.1% Triton X-100/PBS, rinsed with PBS and dried with a N, stream
before mounting.

2.12. Gene expression analysis

For gene expression analysis, hamstring cells were seeded on
films at 5000 cells/cm? and cultured for 3, 7 and 14 days in cultur-
ing medium. RNA was then isolated using TRIzol combined with a
NucleoSpin RNA II kit (Bioke). Subsequently, 1 g of RNA was used
to synthesize cDNA using the SensiFast kit (Bioline). iQ SYBR Green
Supermix (Bio-Rad) was used for quantitative polymerase chain
reaction (qPCR) on a M] Mini™ thermal cycler (Bio-Rad). Gene
expression was normalized using the housekeeping gene B2M.
The primer sequences used are as follows: collagen I forward: 5'-
GTC ACC CAC CGA CCA AGA AAC C-3/, reverse: 5'-AAG TCC AGG
CTG TCC AGG GAT G-3'; collagen III forward: 5-GCC AAC GTC
CAC ACC AAA TT-3, reverse: 5'-AAC ACG CAA GGC TGT GAG
ACT-3’; sox9 forward: 5'-ATC CGG TGG TCC TTC TTG TG-3/, reverse:
5'-TGG GCA AGC TCT GGA GAC TTC-3’; aggrecan forward: 5'-AGG
CAG CGT GAT CCT TAC C-3/, reverse: 5-GGC CTC TCC AGT CTC
ATT CTC-3’; B2«M forward: 5-ACA AAG TCA CAT GGT TCA CA-3/,
reverse: 5'-GAC TTG TCT TTC AGC AAG GA-3'.

2.13. Collagen quantification

For the analysis of the amount of collagen produced, hamstring
cells were seeded on films at 5000 cells/cm? and cultured for 7 and
14 days in culture medium. Hydroxyproline quantification was
used as a direct method for the determination of the collagen con-
tent in the samples. Cells were washed with PBS, lysed with 12 N
HCI and scratched from the films. The lysate was transferred to a
pressure-tight Teflon-capped vial and hydrolysed at 120 °C for
three hours. After hydrolyzation, the amount of hydroxyproline

was quantified using the Hydroxyproline Colorimetric Assay Kit
(BioVision) according to manufacturer’s instructions.

2.14. Subcutaneous implantation mouse model

All of the animal experiments performed were approved by the
animal research ethics committee of the Chinese University of
Hong Kong. Eight 12-week-old Sprague Dawley male rats were
used in this study. The rats were anesthetized by intraperitoneal
injection of 10% ketamine/2% xylazine (Kethalar, 0.3 ml: 0.2 ml);
sedation was maintained by intramuscular injection of 10% keta-
mine (Sigma Chemical CO, St. Louis, MO). Subcutaneous implanta-
tion of PCL was performed. In brief, once the animals were
anesthetized, shaved and washed, two incisions were made and
native PCL and PCL functionalized with a TGF-p1 binging peptide
were inserted into the pockets and fixed to the fascia. The skin
wound was then closed using sutures. At day 3 and day 7 post
implantation, animals were sacrificed and samples were harvested.
Samples from the subcutaneous rat model were harvested at day 7
post implantation and rinsed with PBS. Harvested samples were
fixed with 10% buffered formalin for 10 min and further permeabi-
lized with PBST for 15 min. Samples were then washed with PBS
and blocked with 1% (w/v) BSA for 1 h in a shaker. Next, the sam-
ples were washed three times for 10 min with PBST and incubated
with a dilution of 1:100 of the primary antibody (rabbit polyclonal
anti TGF-B1, Santa Cruz Biotechnology) overnight at 4 °C. After pri-
mary antibody incubation, samples were washed with PBST and
incubated with a dilution of 1:100 of the secondary antibody (goat
anti rabbit IgG-PE, Santa Cruz Biotechnology) for one hour at room
temperature. Samples were washed with PBST before imaging.

2.15. Histology

At day 3 and day 7 post implantation, PCL implants and their
surrounding tissues were harvested and rinsed with PBS. Har-
vested samples were fixed with 10% buffered formalin overnight
and embedded in paraffin. Subsequently, 5 pm-thick paraffin sec-
tions along the transverse plane were collected. Haematoxylin
and eosin (H&E) stained sections were examined under light
microscopy (Leica Microsystems, Wetzlar, Germany).

2.16. Statistical analysis

The data were analysed using a Student’s paired t-test, a one-
way analysis of variance followed by a Tukey’s multiple compar-
ison test (p < 0.05) or a two-way analysis of variance. The values
represent the mean and standard deviation of three independent
measurements.

3. Results
3.1. Fabrication of PCL films presenting TGF-S1-binding peptides

In order to immobilize hTGF-B1 on the PCL film, a previously
reported TGF-B1-binding peptide sequence LPLGNSH was synthe-
sized and equipped with an extra lysine and a glycine at the
N-termini (Fig. A1) [20]. The extra glycine functioned as a spacer
between the film and the active sequence involved in the affinity
for hTGF-B1, whereas the extra lysine provided an amine group
to covalently immobilize the peptide to the film. The N-terminus
of the peptide was acetylated, and consequently the covalent
immobilization of the peptide to the film was solely achieved
through the free amine from the lysine side group.

To covalently bind the peptide to the film, the native PCL films
were initially treated with oxygen plasma to introduce carboxylic
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Fig. A1. Mass spectrometry of the TGF-B1-binding peptide after purification and respective analytical HPLC.

acid groups to the surface. Next, the carboxylic acids were acti-
vated with NHS/EDC treatment, leading to the formation of amine
reactive esters that were used for the covalent immobilization of
the TGF-B1 binding via the free amine present in the side chain
of the lysine amino acid.

Surface wettability (Fig. 1) and XPS measurements (Table 1
and Fig. A3) were used to keep track of the chemical modifica-
tions during the immobilization procedure. XPS measurements
of the native film showed an atomic composition close to the the-
oretical atomic composition for polycaprolactone. The native film
also exhibited an 77 + 2° that is consist with its hydrophobic char-
acter. After exposing the native PCL films to oxygen plasma for
5 min, the hydrophobicity of the surface decreased by 38 +2°
(p<0.0001) while the oxygen content increased by 3.6 +0.3%
(p<0.0001), whereas NHS/EDC treatment led to an increase of

19+ 2° (p < 0.0001) and the appearance of nitrogen at the surface.
Films with the amine reactive ester were then incubated with a
PBS solution alone or with 1 mM of the TGF-B1-binding peptide
in PBS. As expected, when the films with the NHS-activated acids
were incubated with PBS, no significant change in the water con-
tact angle was observed. In contrast, when the films were incu-
bated with a solution of PBS containing the TGF-B1-binding
peptide, a further increase of 10+ 1° (p <0.0001) in the contact
angle and an increase of 2.1 +0.1% (p <0.0001) in the nitrogen
content of the surface was observed by XPS, indicating that the
peptide was attached to the films. All films where characterized
using a tensile test, and the elastic modulus, maximum force
and the force at break were derived from the stress-strain curves
(Fig. A2 and Table Al) and remained in the same order of
magnitude.
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Fig. 1. (A) Water contact angle measurements of the films during the chemical functionalization procedure. (B) ‘Native film’ represents the PCL film without any chemical
modification; (C) ‘Film after OPT" is the native PCL film exposed for 5 min to oxygen plasma; (D) ‘Film Cov-NHS’ indicates the film with amine reactive esters after 1 h
incubation with NHS/EDC; (E) ‘PBS’ is the film with reactive amine esters incubated for 4 h with PBS; (F) ‘Peptide’ is the films with reactive amine esters incubated during 4 h
with a 1 mM of peptide in PBS. "'p < 0.0001 (ANOVA with Tukey’s post hoc). The data represent the mean * SD of two measurements per sample (n = 3).
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Table 1

XPS results of carbon (C), oxygen (O), nitrogen (N) and other elements (silica and sodium) for the films during the chemical functionalization procedure and theoretical
calculations with respective chemical formulas (excluding hydrogen) for PCL, NHS group and the peptide molecule. ‘Native film’ represents the PCL films without any chemical
modification; ‘Film after OPT’ is the native PCL films exposed for 5 min to oxygen plasma; ‘Film Cov-NHS’ indicates the film with amine reactive esters after 1 h incubation with
NHS/EDC; ‘Peptide’ is the film with reactive amine esters incubated during 4 h with a 1 mM of peptide in PBS. The data represent the mean + SD of four measurements per sample.

Element C [0} N Other elements
Native film 77.0+0.1 23.0+0.1 - -
Film after OPT 71317 26.6+0.5 - 2.1
Film Cov-NHS 75.5+0.3 232+03 0.8+0.2 0.5
Peptide 73.8+0.5 226+0.2 29+0.1 0.7
Calculated for PCL (Cs03) 75.0 25.0 - -
Calculated for -NHS group (C4NO3) 50.0 37.5 12.5 -
Calculated for peptide molecule (C42N14012) 61.8 17.6 20.6 -
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Fig. A2. (A) Stress-strain curve, (B) Elastic modulus, (C) Maximum force and (D) Force at break of different films. ‘Native film’ represents the PCL film without any chemical
modification; ‘Film after OPT’ is the native PCL film exposed for 5 min to oxygen plasma; ‘Film Cov-NHS’ indicates the film with amine reactive esters after 1 h incubation with
NHS/EDC; ‘Peptide’ is the film with reactive amine esters incubated during 4 h with a 1 mM of peptide in PBS. 'p < 0.05 (two-tailed unpaired t-test). The data is represented as

the mean * SD of triplicates (n = 3).

Table A1

Elastic modulus, maximum force and force at break of the different films. ‘Native film’
represents the PCL film without any chemical modification; ‘Film after OPT’ is the
native PCL film exposed for 5 min to oxygen plasma; ‘Films Cov-NHS' indicates the
film with amine reactive esters after 1 h incubation with NHS/EDC; ‘Peptide’ is the
film with reactive amine esters incubated during 4 h with a 1 mM of peptide in PBS.
‘p<0.05 "p<0.01 (two-tailed unpaired t-test). The data is represented as the
mean + SD of triplicates (n = 3).

Properties Elastic modulus Maximum force Force at break
(MPa) (MPa) (MPa)

Native film 351.7 £38.0 11.8+1.3 8.4+3.6

Film after OPT 172.5+30.5 6.8+04 57+0.5

Film Cov-NHS 156.5+£21.5 63+1.1 52+04

Film with Peptide 291+224 73+25 53+1.0

3.2. TGF-B1 immobilization on the functionalized PCL films

To confirm the attachment of the peptide to the films and the
subsequent binding of the GF to the functionalized films,

immunostaining was performed on both native and functionalized
films incubated either with or without hTGF-B1. These results
showed a statistically significant increase in functionalized films
incubated with the hTGF-B1 (Fig. 2A; p <0.0001). In addition,
immunostaining demonstrated a homogenous distribution of the
GF within the film (Fig. 2B and C). In addition to showing a specific
interaction of hTGF-B1 with the peptide, the absence of unspecific
interactions of the primary or secondary antibody with the func-
tionalized film was also demonstrated. When native PCL films were
incubated with hTGF-B1, no significant increase in the fluorescence
intensity was observed, indicating that the interactions occurred
between hTGF-f1 and the native films were negligible. To summa-
rize, the fluorescence signal reported for the functionalized films is
the result of the specific binding of hTGF-B1 to the TGF-B1-binding
peptide attached to the films.

In order to estimate the amount of hTGF-B1 bound to the TGF-
B1-binding peptide functionalized film, an ELISA assay against
hTGF-B1 was performed (Fig. 3). Our results show that no GF
remained on the native film after a one-hour incubation, which



J. Crispim et al. /Acta Biomaterialia 53 (2017) 165-178 171

A

100+
wn
h-
=
=] 80+
Fs)
9
=
=
"E 604
< ns
§ 404 ol *kx
b
§ 20_ B
o
=
=

0-

Native Film

E= Without TGF [ With TGF & With TGF-B1 and only
Secondary Antibody

Functionalized Film

B

Fig. 2. (A) Fluorescence quantification of the immunochemistry assay against hTGF-p1 immobilized on the films. The data represent mean + SD of two measurements per
sample (n=3). 'p<0.0001 (ANOVA with Tukey’s post hoc test) with functionalized films incubated with hTGF-p1 and immunochemistry performed with primary and
secondary antibodies. (B) Fluorescence image of the functionalized film without hTGF-B1 incubation (left) vs functionalized film with hTGF-B1 incubation (right) (bar:
1000 pm). (C) Fluorescence image of the native film with hTGF-B1 incubation (left) vs functionalized film with hTGF-B1 incubation (right) (bar: 1000 pm).
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Fig. 3. Quantification of the amount of immobilized hTGF-p1 by the TGF-p1-
binding peptide was analysed using an ELISA assay against hTGF-p1. ~p < 0.005
(two-tailed unpaired t-test) between native film and functionalized film. The
dashed line represents the hTGF-B1 concentration of the incubation solution. The
data are represented as mean * SD of two measurements per sample (n = 3).

is in agreement with the results from the immunostaining (Fig. 2).
In contrast, 37% of the initial amount of hTGF-B1 (1 pg/mL)
remained on the films functionalized with the TGF-B1-binding
peptide, giving a surface concentration of 123+ 16 ng/cm? of
hTGF-B1 (p < 0.005). The ELISA assay further confirmed the results
obtained in the immunostaining, indicating that it is possible to
specifically immobilize hTGF-B1 on the film functionalized with a
TGF-B1-binding peptide sequence.

3.3. Bioactivity of the immobilized TGF-$1 in a TGF-$1 reporter cell
line

A TGF-B1 reporter cell line was used in order to assess whether
the immobilized GF retained its bioactivity. The films were first
incubated with a solution containing 0 or 50 ng of hTGF-p1, the
cells were seeded in the absence or presence of 10 uM of a specific
TGF-B1 inhibitor (SB-431452) and the amount of luciferase was
quantified and normalized to the amount of DNA (Fig. 4).

When both native and Cov-NHS films were incubated with
hTGF-B1 before cell seeding, no increase in the luciferase activity
was observed when compared with the values obtained for the
same films without hTGF-B1 incubation. However, when the films
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Fig. 4. Effect of immobilized hTGF-B1 on the expression of luciferase by a TGF-f
reporter cell line. Relative luminescence units (RLU) were corrected for the amount
of DNA and normalized to the condition without incubation of hTGF-B1 prior to cell
seeding. ‘p<0.05 and “p <0.01 (two-tailed unpaired t-test). The data are repre-
sented as mean * SD of two measurements per sample (n = 3).

functionalized with a TGF-B1-binding peptide were incubated with
hTGF-B1 before cell seeding, a 9 +3-fold increase in luciferase
activity was observed (p < 0.01). In order to demonstrate that the
interaction of the GF was specifically mediated by the TGF-
binding peptide, a nonbinding, scrambled peptide (Fig. A4)
sequence was included as a control. When these films were
incubated with hTGF-B1 before cell seeding, an increase of 3 +1
in luciferase activity was also observed (p <0.05). The inclusion
of a TGF-B1 inhibitor completely suppressed the observed lucifer-
ase activity (p < 0.05).

3.4. Immobilized hTGF-p1 activates the TGF pathway via Smad2/3 in
human hamstring cells

The bioactivity of the immobilized hTGF-B1 was evaluated in
human hamstring-derived cells, which were isolated from
the hamstring graft - the most commonly used graft for ACL
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Fig. A4. Mass spectroscopy of the TGF-B1 scramble peptide after purification and respective analytical HPLC.

reconstruction. To that end, the intracellular localization of the
SMAD?2/3 complex, a key player in the TGF-B1 signalling pathway,
was monitored (Fig. 5). Upon phosphorylation, this complex binds
to SMAD4 and translocates from the cytoplasm into the nucleus,
activating the transcription of TGF-B1 target genes [24]. When
the cells were seeded on functionalized films without pre-

incubation with hTGF-B1, the SMAD2/3 complex was found both
in the cytoplasm and in the nucleus. In contrast, when the cells
were seeded on the functionalized films that were previously incu-
bated with hTGF-B1, the SMAD2/3 complex was mostly detected in
the nucleus, clearly demonstrating a TGFb1-mediated transloca-
tion mechanism.
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Fig. 5. Immobilized hTGF-p1 induces the translocation of Smad2/3 into the nucleus in human-derived hamstring cells. Scale bar: 50 um.

3.5. Immobilized hTGF-$1 specifically activates TGF-p1 target genes

In tissue healing, various components of the extracellular
matrix (ECM), such as collagens and proteoglycans, are responsible
for the restoration of tissue homeostasis. Given that the immobi-
lized hTGF-B1 promotes SMAD2/3 translocation to the nucleus,
the expression of TGF-B1 target genes in human-derived hamstring
cells was evaluated. The expression of collagen types I and III,
which are the major components of T/L, and aggrecan (Acan),
which is a component of ECM and Sox9 and a chondrogenic differ-
entiation marker, were studied by qPCR (Fig. 6). Our results show
that the expression of collagen type I, Acan and Sox9 are similar
over time. A statistically significant upregulation was observed at
day 3 for the three genes on the functionalized films with immobi-
lized hTGF-B1. For later time points (days 7 and 14), a downregu-
lation was observed in the expression of these genes for all
conditions tested. In the case of collagen type III, an upregulation
was observed in the case of functionalized films with immobilized
hTGF-B1, which, in contrast to the previously-mentioned genes,
was maintained over time. These data show that the immobilized
hTGF-B1 is regulating the transcription of TGF-p1-target genes, as
previously reported [25-28]. Interestingly, in the case of collagen
type III, this activation is sustained without needing to add exoge-
nous hTGF-B1 to the cells.

3.6. Effects of immobilized hTGF-$1 on endogenous collagen
production

In order to ascertain whether the upregulation observed for col-
lagen at the gene level was effectively leading to protein upregula-
tion, the total amount of hydroxyproline was quantified as a direct
measure of total collagen protein production (Fig. 7). No differ-
ences were observed in the amount of collagen between day 7
and day 14 for the films where no immobilized hTGF-31 was pre-
sent. In contrast, when the cells were seeded on functionalized
films with immobilized hTGF-p1, a 2.5+ 0.4-fold increase was
observed after 14 days for the amount of collagen (p < 0.01).

3.7. TGF-B1-binding peptide captures native circulating TGF-f1
leading to its accumulation on the implanted functionalized polymer

We hypothesized that once implanted in vivo, the TGF-B1-
binding peptide would capture and accumulate the native circulat-
ing TGF-B1 GFs that are released during the inflammatory stage
and induce a more pronounced tissue response around the
implant. Both native and functionalized PCL films were subcuta-

neously implanted in the backs of rats, facing the fascia. Each ani-
mal, with a total of three animals per time point, was implanted
with both native and functionalized film. At day 3 and day 7 after
implantation, samples were harvested and used for immunofluo-
rescence against TGF-B1 and histology. Only the samples from
day 7 were used for immunofluorescence against TGF-B1.
Immunostaining against TGF-p1 showed a higher fluorescence sig-
nal in the films functionalized with the TGF-B1-binding peptide
when compared with the native films after 7 days of implantation
in all three animals (Fig. 8). This accumulation of the native TGF-p1
in the films functionalized with the TGF-B1-binding peptide led to
a higher cellularity around the implant (mostly inflammatory cells)
at day 3 when compared with the native films (Fig. 9A-D). At day 7,
much higher amounts of inflammatory and fibroblast-like cells
(indicated with yellow arrows) were observed around the func-
tionalized films when compared with the control (Fig. 9E-H). Addi-
tionally, an increased number of blood vessels (indicated with v)
were found around the functionalized PCL implant after 7 days
(Fig. 9H). Overall, these results show that the TGF-B1 captured by
the peptide led to a more pronounced inflammatory response, ulti-
mately leading to the increased recruitment of inflammatory cells,
the fibrogenic response and vascularization around the implant.

4. Discussion

In this work, we hypothesized that the immobilization of hTGF-
B1 via the interaction with a TGF-B1-binding peptide covalently
bound to PCL would allow the presentation of hTGF-B1 over time
and induce a cellular response without needing to add exogenous
hTGF-B1. Our study shows that it is possible to non-covalently
immobilize hTGF-1 on PCL functionalized with a TGF-p1-
binding peptide, and that the immobilized hTGF-B1 retains its
bioactivity by activating target genes and inducing collagen
synthesis on human-derived hamstring cells in vitro, and promotes
tissue healing in vivo.

TGF-B1 is known to play a key role in several cellular mecha-
nisms during wound healing [29]. It is known that TGF-p1 is active
during all stages of T/L healing, effecting the regulation of cell
migration, cell proliferation, stimulation of cell-matrix interac-
tions, collagen synthesis and the termination of cell proliferation
[11]. Several studies have indicated that the administration of
TGF-B1 promotes and accelerates T/L healing. Klein et al. (2002)
showed that the administration of TGF-B1 significantly increased
collagen I and III production in sheath fibroblasts, epitenon and
endotenon tenocytes isolated from rabbit flexor tendons [30].
DesRosiers et al. (1996) demonstrated that TGF-B1 increased the
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production of both collagen and non-collagen proteins in canine
ACL fibroblasts [31]. Despite the importance of GF during wound
healing, soluble administration is not an efficient strategy because
it is associated with diffusion problems, low stability of the GF and,
to achieve long-term effects, supraphysiological concentrations
and systematic administration are often needed. In order to over-
come these problems, GF incorporation onto biomaterials can be
an alternative to locally delivering the desired GFs in a sustained
approach. However, no study has yet been performed assessing
the effects of immobilized TGF-B1 in T/L repair. Herein, we
described a system to non-covalently deliver hTGF-B1 and thus
accelerate T/L healing. We chose PCL, a biodegradable and FDA-
approved polymer, and functionalized it with a previously reported
TGF-B1-binding peptide in order to immobilize hTGF-f1 in the
polymer.

We first synthetized the TGF-B1-binding peptide with sequence
KGLPLGNSH and acetylated the N-termini. The fact that the cova-
lent immobilization of the TGF-B1-binding peptide only occurs
through the amine group from the side chain of the lysine amino
acid allowed us to achieve a homogeneous orientation of the pep-
tide on the film and consequently of the GFs. This overcame prob-
lems related to the heterogeneous presentation of the GFs to the
cells, which is a major disadvantage of the methods commonly
employed for the immobilization of GF. The wettability and XPS
measurements of the films were used to assess the chemical mod-
ifications during the immobilization procedure. The water contact
angle for native PCL films was 77 +2° consistent with the
hydrophobic character of the polymer due to the presence of
hydrophobic aliphatic hexane units [32]. XPS measurements of this
film showed an atomic composition of 77 +0.1% of carbon and
23 +0.1% of oxygen which is similar to the theoretical atomic com-
position for PCL. After 5 min of oxygen plasma treatment, the oxy-
gen content of the film increased to 26.6 + 0.3% presumably due to
the appearance of carboxylic and hydroxyl groups on the film. This
change on the oxygen content at the surface led to a decrease of
the hydrophobicity to 39 + 5°, which is in agreement with results
reported in the literature [33]. Treatment with NHS/EDC led to
the appearance for the first time of nitrogen at the surface due
to the immobilization of NHS groups on the films. Replacement
of the hydrophilic carboxylic groups by a more hydrophobic ester
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Fig. 8. (A) Fluorescence quantification of the immunochemistry assay against TGF-B1 immobilized on implanted films. The data represent mean + SD of five measurements
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functionalized with TGF-B1-binding peptide implanted subcutaneously in rats.

group led to an increase to 58 + 3° in the contact angle of the film,
consistent with work previously reported [34]. After incubation of
the films containing the amine reactive esters with PBS, no change
in the wettability of the film was reported. This was expected since
no chemical modification of the film occurred. In contrast, when
the films were incubated with the TGF-p1-binding peptide in PBS
for 4 h, an increase in the hydrophobicity of the film was reported.
This increase in hydrophobicity could be explained by the presence
of hydrophobic amino acids such as proline and leucine in the pep-
tide sequence. In addition, reaction of the NHS groups with the
peptide led to an increase in the nitrogen content at the surface.
This change in the nitrogen content was expected due to the higher
atomic fraction of nitrogen in the peptide molecule when com-
pared with the NHS group. The chemical modifications performed
at the surface of the polymer did not drastically affect the mechan-
ical properties. The oxygen plasma treatment was the step with
bigger impact in the mechanical properties, leading to a significant
decrease in the elastic modulus and the maximum force. The fol-
lowing chemical modifications did not significantly change the
mechanical properties, except in the step to covalently attach the
peptide which led to a significant increase in the elastic modulus.

The TGF-B1-binding affinity of the peptide was further con-
firmed by immunochemistry and ELISA quantification. From the
immunochemistry and ELISA, we concluded that negligible hTGF-
B1 remained non-specifically immobilized on the native PCL. In
contrast, incubation of the PCL functionalized with a TGF-B1-
binding peptide with hTGF-B1 led to an increase in the fluores-
cence intensity, which was in agreement with the ELISA quantifica-
tion data. These results show that the immobilization of the hTGF-
B1 in the films is solely mediated by interaction with the TGF-B1-
binding peptide.

The majority of the strategies used to immobilize GFs are asso-
ciated with a loss of GF bioactivity. In order to confirm that the
immobilized hTGF-B1 retained its bioactivity, the response of a
TGF-B reporter cell line to the immobilized hTGF-B1 was studied
and the intracellular localization of the SMAD2/3 complex in
human-derived hamstring cells was assessed. Abe et al. (1994)
described for the first time a cell line efficiently transfected with
an expression construct containing a PAI-1 promoter fused to the
firefly luciferase reporter gene. PAI-1 is involved in the regulation
of ECM homeostasis and cell mobility, and is a target gene of
TGF-B1 [35]. We hypothesized that if the immobilized TGF-B1
retained its bioactivity, it would activate the PAI-1 promoter and
induce the production of luciferase, which could then be easily

quantified using a luciferase assay. No production of luciferase
was observed when films without a TGF-B1-binding peptide were
incubated with hTGF-B1 before cell seeding. This can be explained
by the fact that these films lack affinity for TGF-B1, and therefore
no hTGF-p1 is available to activate the PAI-1 promotor. In contrast,
when the films functionalized with a TGF-B1-binding peptide and a
scramble peptide were incubated with hTGF-B1 before the cell
seeding, an increase in luciferase activity was observed, reaching
a maximum for the film functionalized with a TGF-B1-binding pep-
tide. The scramble peptide may display some residual affinity
towards hTGF-B1 and consequently immobilize it on the film, lead-
ing to the activation of the PAI-1 promotor. However, luciferase
activity was maximal in the film functionalized with the TGF-B1-
binding peptide, which can be explained by a higher affinity for
hTGF-B1 when compared with the scramble peptide and conse-
quently a higher surface concentration of TGF-B1 available to the
cells. When the cells were seeded in the presence of SB-431452,
a specific inhibitor of TGF-B type I receptors [36], the luciferase
produced in response to the immobilized hTGF-B1 was completely
suppressed. Upon binding to cell surface receptors type I and II,
phosphorylation of the type I receptor by the type Il receptor
kinases occurs [24]. The activated type I receptor phosphorylates
Smad2 and Smad3, which then form a complex with Smad [24].
The entire complex translocates into the nucleus where they regu-
late gene expression [24]. Since the hamstring tendon is one of the
most common grafts used for ACL reconstruction, we assessed
whether the immobilized TGF-B1 was activating the TGF-B path-
way by following the intracellular localization of the SMAD2/3
complex in human-derived hamstring cells. In fact, when these
cells were cultured on functionalized films with immobilized
hTGF-B1, the SMAD2/3 complex was found in the nucleus, clearly
showing activation of the pathway. These results are in agreement
with the luciferase assays, showing that the immobilized GFs are
bioactive and capable of activating the TGF-p1 pathway through
the Smad signalling mechanism.

Upon confirmation of the bioactivity of the immobilized TGF-
B1, we assessed the expression of known TGF-B1 target genes in
human-derived hamstring cells. Our qPCR results showed an
upregulation of both aggrecan and Sox9 in the presence of immo-
bilized hTGF-B1 at day 3, with a downregulation at later time
points reaching the values of the films without immobilized
hTGF-B1. Lorda-Diez et al. (2009) analysed the effects of TGF-B
supplementation in developing limb mesenchymal micromass cul-
tures to study the role of TGF-p signalling in chondrogenesis and
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fibrogenesis [37]. It was shown that the addition of TGF-§ to the
cultures downregulated the expression of aggrecan and Sox9 while
upregulating the expression of scleraxis and tenomodulin. It was
also shown that blocking Smad with SB-431542 restores the
chondrogenic potential of the cultures treated with TGF-Bs. Our
results show that the immobilized hTGF-B1 does not induce chon-
drogenic differentiation in hamstring cells, which could lead to the
formation of undesired ectopic cartilage in T/L reconstruction. For
collagen types I and III, an upregulation at day 3 was also observed
in the presence of immobilized hTGF-p1. However, for collagen
type I, a downregulation was observed at later time points, while
in the case of collagen type III, the expression was sustained over

time. Klein et al. (2002) reported an upregulation in the expression
of type I and III collagen at the protein level in rabbit tendon cells
upon exposure to any TGF-p isoform [30]. Although collagen type I
is the major constituent of T/L, the downregulation observed at
later is formed from collagen type I [38]. While not being a major
component of T/L, collagen type Il is crucial for tissue time points
for collagen type I in the presence of immobilized hTGF-B1 may be
beneficial for the wound healing, since mature scar tissue healing
due to its ability to rapidly crosslink and stabilize the repair site
[39]. One study showed that subcutaneous wounds in collagen
type Illl-deficient mice had significantly more scar tissue
area at 21 days post wound compared to wild-type mice [40].
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In conclusion, the downregulation of collagen type I observed over
time in the presence of immobilized TGF-B1 may reduce the forma-
tion of scar tissue, which would compromise the biomechanical
properties of the tissue, whereas the sustained expression of colla-
gen type III could help in stabilizing the wound site and promote
graft-to-bone integration. From the hydroxyproline quantification,
we confirmed that the upregulation of collagen gene levels in
response to the immobilized hTGF-B1 was being translated to a
higher content of collagen protein.

Despite the known role of GFs in the healing process, only BMP-
2, BMP-7 and platelet derived growth factor BB (PDGF-BB) are cur-
rently FDA approved to be used in clinical situations [41,42]. The
unknown effect of the administration of GFs, a lack of suitable
delivery vehicles that lower the amount of GFs needed and the
costs associated with these therapies are all drawbacks that must
be optimized in order to implement an efficient and safe therapy
based on these proteins and therefore get approval from the med-
ical authorities. Several groups tried to engineer biomaterials to
sequester endogenous GFs and promote cellular responses, with-
out the need to administer exogenous GFs. Hudalla et al. (2011)
modified self-assembly monolayers (SAMs) with a heparin-
binding peptide [43,44]. These modified (SAMs) captured the hep-
arin and soluble GFs present in serum. These substrates enhanced
human mesenchymal stem cell (hMSC) proliferation by amplifying
the signalling of endogenous basic fibroblast growth factor (bFGF)
and osteogenic differentiation of hMSC by enhancing endogenous
BMP signalling. These cellular responses were observed in media
supplemented only with serum, suggesting that capture of endoge-
nous GFs may overcome the need of supraphysiological concentra-
tions of GFs. Another study developed poly(ethylene glycol) (PEG)
gels functionalized with fluvastatin-releasing grafts, to promote
BMP-2 and ALP production by encapsulled hMSC, and growth fac-
tor binding heparin domains, to sequester the BMP-2 produced by
the hMSC [45]. This design allowed the authors to locally enhance
the production of BMP-2 and control its retention. Ghanaati et al.
(2009) showed that mixing heparin binding peptide amphiphile
(HBPA) nanofiber gels with heparan sulfate (HS), promoted vascu-
larization when injected subcutaneously [46]. The authors justified
the observations by claiming that the HS, captured by the HBPA,
bound and retained endogenous GFs such as vascular endothelial
growth factor (VEGF) and FGF-2. Shah et al. (2010), developed pep-
tide amphiphiles (PA) nanofibers containing a TGF-1 binding pep-
tide to promote cartilage regeneration in a articular cartilage defect
rabbit model [20]. They observed no difference between the groups
treated with the TGF-binding PA with or without additional GF.
The authors suggested that enhancement in cartilage observed in
defects without addition of exogenous TGF-p1 was due to capture
of endogenous TGF-B1 by the TGF-B1 binding peptide present in
the PA nanofibers. Strategies that use GF-binding molecules to
sequester endogenous GFs, can overcome the risks associated with
the administration of high doses of exogenous GFs and conse-
quently increase the safety and decrease the associated costs.
Everything together can potentially accelerate the translation into
pre-clinical and clinical studies. In this study, we hypothesized that
functionalizing biomaterials with a TGF-B1-binding peptide would
turn the implanted biomaterial into an anchor point for the
endogenous TGF-B1, leading to its accumulation, consequently
enhancing the healing response of the surrounding tissue without
needing to administer exogenous TGF-B1. Upon cutaneous injury, a
blood clot forms to stop the blood leaking from the damaged blood
vessels. Platelets within this clot release several cytokines, includ-
ing TGF-B1 [47]. In turn, this TGF-p1 will attract inflammatory
cells, such as leukocytes and macrophages, which will release more
TGF-B1 and initiate the inflammatory phase. To test this hypothe-
sis, films of native and functionalized PCL were subcutaneously
implanted in the backs of rats. After 3 and 7 days, the implants

were harvested and histologically stained. The implants harvested
7 days after implantation were also immunostained against TGF-
B1. From our immunochemistry against TGF-p1, a higher fluores-
cence signal was reported in the functionalized PCL, showing that
the TGF-B1-binding peptide captured the TGF-B1 released during
the inflammation, which led to its accumulation on the functional-
ized film. This accumulation eventually led to a more pronounced
healing response at the injury site. There was a higher cellularity
around the functionalized films in all the animals at day 3, which
was largely composed of inflammatory cells. After 7 days, the cel-
lularity was once again higher around the functionalized films. In
addition to inflammatory cells, fibroblast-like cells and a denser
blood vessel network were, after 7 days, solely found around the
functionalized PCL. In conclusion, these results show that the
TGF-B1-binding peptide captured the endogenous TGF-B1, leading
to its accumulation on the PCL. This higher local accumulation of
TGF-B1 induced a more pronounced inflammatory response due
to the recruitment of more inflammatory cells to the injury site,
which consequently led to a more robust tissue formation phase,
characterized by the recruitment of fibroblast cells and neovascu-
larization. These results show the potential of using the TGF-p1-
binding peptide in the design and improvement of biomedical
devices, giving them the capacity to function as an anchor point
for the patient’s natural circulating TGF-B1. This would allow the
TGF-B1 that is naturally circulating or that is produced and
released during the inflammatory stage to be captured and conse-
quently to locally enhance its concentration, leading to a more
robust healing process without needing to add exogenous GFs. This
strategy could be potentially easier to translate into pre-clinical
and clinical studies since it avoids the use of supraphysiological
concentrations of exogenous GFs, making a safer, easier and
cheaper approach when compared with strategies that rely in the
administration of exogenous GFs.

5. Conclusions

A strategy to immobilize hTGF-p1 in PCL has been detailed
through the interaction with a TGF-B1-binding peptide. The immo-
bilized hTGF-B1 presented to the cells is bioactive and capable of
activating the TGF-B pathway in primary human-derived ham-
string cells. This is the first time that a method for the immobiliza-
tion and delivery of hTGF-B1 for T/L healing has been described.
Our in vitro studies showed that the immobilized hTGF-1 induced
the expression of collagen types I and III in human-derived ham-
string cells without effecting chondrogenic related genes (Sox9
and aggrecan). In vivo studies showed that there was a higher accu-
mulation of native TGF-B1 on the films functionalized with a TGF-
B1-binding peptide, which led to a more pronounced recruitment
of inflammatory cells, a fibrotic response and neovascularization
around the implant. This highlights the potential of using this pep-
tide sequence in the design of improved medical devices through
adding the capacity to capture the patient’s native TGF-B1 to the
device and therefore locally enhance the effect that this GF has
in tissue repair.

Disclosures

The authors have no conflicts of interest.
Acknowledgments

We would like to acknowledge Smith&Nephew for providing
financial support, and Dr. Bruma Fu and Angel Lee from the Univer-
sity of Hong Kong for their collaboration in the in vivo experiments.

We would also like to acknowledge Joyce Mulder for her contribu-
tion to the laboratory work.



178 J. Crispim et al./Acta Biomaterialia 53 (2017) 165-178

References

[1] N.A. Mall, P.N. Chalmers, M. Moric, M.J. Tanaka, B.J. Cole, B.R. Bach, G.A. Paletta,
Incidence and trends of anterior cruciate ligament reconstruction in the United
States, Am. J. Sports Med. 42 (2014) 2363-2370, http://dx.doi.org/10.1177/
0363546514542796.

[2] K.W. Janssen, J.W. Orchard, T.R. Driscoll, W. van Mechelen, High incidence and
costs for anterior cruciate ligament reconstructions performed in Australia
from 2003-2004 to 2007-2008: time for an anterior cruciate ligament register
by Scandinavian model?, Scand J. Med. Sci. Sports 22 (2012) 495-501, http://
dx.doi.org/10.1111/j.1600-0838.2010.01253 .

[3] M. Lind, F. Menhert, A.B. Pedersen, The first results from the Danish ACL
reconstruction registry: epidemiologic and 2 year follow-up results from 5,818
knee ligament reconstructions, Knee Surg. Sports Traumatol. Arthrosc. 17
(2009) 117-124, http://dx.doi.org/10.1007/s00167-008-0654-3.

[4] S.M. Gianotti, S.W. Marshall, P.A. Hume, L. Bunt, Incidence of anterior cruciate
ligament injury and other knee ligament injuries: a national population-based
study, J. Sci. Med. Sports 12 (2009) 622-627, http://dx.doi.org/10.1016/j.
jsams.2008.07.005.

[5] L.-P. Granan, R. Bahr, K. Steindal, O. Furnes, L. Engebretsen, Development of a
national cruciate ligament surgery registry: the Norwegian National Knee
Ligament Registry, Am. ]. Sports Med. 36 (2008) 308-315, http://dx.doi.org/
10.1177/0363546507308939.

[6] L.-P. Granan, M. Forssblad, M. Lind, L. Engebretsen, The Scandinavian ACL
registries 2004-2007: baseline epidemiology, Acta Orthop. 80 (2009) 563-567,
http://dx.doi.org/10.3109/17453670903350107.

[7] M.C. Singhal, J.R. Gardiner, D.L. Johnson, Failure of primary anterior cruciate
ligament surgery using anterior tibialis allograft, Arthroscopy 23 (2007) 469-
475, http://dx.doi.org/10.1016/j.arthro.2006.12.010.

[8] K. Lee, E.A. Silva, D.]. Mooney, Growth factor delivery-based tissue engineering:
general approaches and a review of recent developments, J. R. Soc. Interface 8
(2011) 153-170, http://dx.doi.org/10.1098/rsif.2010.0223.

[9] K.S. Masters, Covalent growth factor immobilization strategies for tissue repair
and regeneration, Macromol. Biosci. 11 (2011) 1149-1163, http://dx.doi.org/
10.1002/mabi.201000505.

[10] J. Cabanas-Danés, J. Huskens, P. Jonkheijm, Chemical strategies for the
presentation and delivery of growth factors, J. Mater. Chem. B 2 (2014)
2381-2394, http://dx.doi.org/10.1039/C3TB20853B.

[11] T. Molloy, Y. Wang, G. Murrell, The roles of growth factors in tendon and
ligament healing, Sports Med. 33 (2003) 381-394.

[12] M. Pakyari, A. Farrokhi, M.K. Maharlooei, A. Ghahary, Critical role of
transforming growth factor beta in different phases of wound healing, Adv.
Wound Care 2 (2013) 215-224, http://dx.doi.org/10.1089/wound.2012.0406.

[13] RE. Marx, E.R. Carlson, RM. Eichstaedt, S.R. Schimmele, J.E. Strauss, KR.
Georgeff, Platelet-rich plasma: Growth factor enhancement for bone grafts,
Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 85 (1998) 638-646.

[14] C.H. Chen, Y. Cao, Y.F. Wu, AJ. Bais, ].S. Gao, ].B. Tang, Tendon healing in vivo:
gene expression and production of multiple growth factors in early tendon
healing period, ]J. Hand Surg. Am. 33 (2008) 1834-1842, http://dx.doi.org/
10.1016/j.jhsa.2008.07.003.

[15] T. Natsu-ume, N. Nakamura, K. Shino, Y. Toritsuka, S. Horibe, T. Ochi, Temporal
and spatial expression of transforming growth factor-beta in the healing
patellar ligament of the rat, ]. Orthopaedic Res. 15 (1997) 837-843, http://dx.
doi.org/10.1002/jor.1100150608.

[16] R. James, G. Kesturu, G. Balian, A.B. Chhabra, Tendon: biology, biomechanics,
repair, growth factors, and evolving treatment options, J. Hand Surg. Am. 33
(2008) 102-112, http://dx.doi.org/10.1016/j.jhsa.2007.09.007.

[17] T. Yuan, C.-Q. Zhang, J.H.-C. Wang, Augmenting tendon and ligament repair
with platelet-rich plasma (PRP), Muscles Ligaments Tendons J. 3 (2013) 139-
149. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3838322/.

[18] S. Yamazaki, K. Yasuda, F. Tomita, H. Tohyama, A. Minami, The effect of
transforming growth factor-g1 on intraosseous healing of flexor tendon
autograft replacement of anterior cruciate ligament in dogs, Arthrosc. J.
Arthrosc. Relat. Surg. 21 (2005) 1034-1041, http://dx.doi.org/10.1016/j.
arthro.2005.05.011.

[19] T. Katsura, H. Tohyama, E. Kondo, N. Kitamura, K. Yasuda, Effects of
administration of transforming growth factor (TGF)-betal and anti-TGF-
betal antibody on the mechanical properties of the stress-shielded patellar
tendon, J. Biomech. 39 (2006) 2566-2572, http://dx.doi.org/10.1016/j.
jbiomech.2005.09.001.

[20] R.N. Shah, N.A. Shah, M.M. Del Rosario Lim, C. Hsieh, G. Nuber, S.I. Stupp,
Supramolecular design of self-assembling nanofibers for cartilage
regeneration, Proc. Natl. Acad. Sci. U.S.A. 107 (2010) 3293-3298, http://dx.
doi.org/10.1073/pnas.0906501107.

[21] AA. Kaspar, ].M. Reichert, Future directions for peptide therapeutics
development, Drug Discov. Today 18 (2013) 807-817, http://dx.doi.org/
10.1016/j.drudis.2013.05.011.

[22] M. Abe, ].G. Harpel, C.N. Metz, I. Nunes, D.J. Loskutoff, D.B. Rifkin, An assay for
transforming growth factor-beta using cells transfected with a plasminogen
activator inhibitor-1 promoter-luciferase construct, Anal. Biochem. 216 (1994)
276-284, http://dx.doi.org/10.1006/abio.1994.1042.

[23] C.A. Ghebes, C. Kelder, T. Schot, A.J. Renard, D.F.M. Pakvis, H. Fernandes, D.B.
Saris, Anterior cruciate ligament- and hamstring tendon-derived cells: in vitro
differential properties of cells involved in ACL reconstruction, ]. Tissue Eng.
Regen. Med. (2015), http://dx.doi.org/10.1002/term.2009.

[24] R. Derynck, Y.E. Zhang, Smad-dependent and Smad-independent pathways in
TGF-beta family signalling, Nature 425 (2003) 577-584, http://dx.doi.org/
10.1038/nature02006.

[25] C.G. Wilson, J.F. Nishimuta, M.E. Levenston, Chondrocytes and meniscal
fibrochondrocytes differentially process aggrecan during de novo
extracellular matrix assembly, Tissue Eng. Part A 15 (2009) 1513-1522,
http://dx.doi.org/10.1089/ten.tea.2008.0106.

[26] T. Furumatsu, T. Ozaki, H. Asahara, Smad3 activates the Sox9-dependent
transcription on chromatin, Int. J. Biochem. Cell Biol. 41 (2009) 1198-1204,
http://dx.doi.org/10.1016/j.biocel.2008.10.032.

[27] M.]. Reed, R.B. Vernon, I.B. Abrass, E.H. Sage, TGF-beta 1 induces the expression
of type I collagen and SPARC, and enhances contraction of collagen gels, by
fibroblasts from young and aged donors, J. Cell. Physiol. 158 (1994) 169-179,
http://dx.doi.org/10.1002/jcp.1041580121.

[28] NJ. Kenyon, RW. Ward, G. McGrew, ]J.A. Last, TGF-betal causes airway fibrosis
and increased collagen I and Il mRNA in mice, Thorax 58 (2003) 772-777.

[29] J.W. Penn, A.O. Grobbelaar, K.J. Rolfe, The role of the TGF-beta family in wound
healing, burns and scarring: a review, Int. ]. Burns Trauma. 2 (2012) 18-28.

[30] M.B. Klein, N. Yalamanchi, H. Pham, M.T. Longaker, J. Chang, Flexor tendon
healing in vitro: effects of TGF-beta on tendon cell collagen production, J. Hand
Surg. Am. 27 (2002) 615-620.

[31] E.A. DesRosiers, L. Yahia, CH. Rivard, Proliferative and matrix synthesis
response of canine anterior cruciate ligament fibroblasts submitted to
combined growth factors, J. Orthopaedic Res. 14 (1996) 200-208, http://dx.
doi.org/10.1002/jor.1100140206.

[32] JJ. Wurth, N.R. Blumenthal, V.P. Shastri, Hydrophilization of Poly
(Caprolactone) Copolymers through Introduction of Oligo(Ethylene Glycol)
Moieties, PLoS One 9 (2014), http://dx.doi.org/10.1371/journal.pone.0099157
e99157.

[33] V. Jokinen, P. Suvanto, S. Franssila, Oxygen and nitrogen plasma
hydrophilization and hydrophobic recovery of polymers, Biomicrofluidics 6
(2012) 16501-1650110, http://dx.doi.org/10.1063/1.3673251.

[34] N.E.Zander, J.A. Orlicki, A.M. Rawlett, T.P. Beebe, Surface-modified nanofibrous
biomaterial bridge for the enhancement and control of neurite outgrowth,
Biointerphases 5 (2010) 149-158, http://dx.doi.org/10.1116/1.3526140.

[35] S.M. Kutz, ]. Hordines, P.J. McKeown-Longo, P.]. Higgins, TGF-betal-induced
PAI-1 gene expression requires MEK activity and cell-to-substrate adhesion, J.
Cell Sci. 114 (2001) 3905-3914.

[36] S.K. Halder, R.D. Beauchamp, P.K. Datta, A specific inhibitor of TGF-p receptor
kinase, SB-431542, as a potent antitumor agent for human cancers, Neoplasia
7 (2005) 509-521. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1501161/.

[37] C.I Lorda-Diez, J.A. Montero, C. Martinez-Cue, J.A. Garcia-Porrero, ].M. Hurle,
Transforming growth factors beta coordinate cartilage and tendon
differentiation in the developing limb mesenchyme, ]. Biol. Chem. 284
(2009) 29988-29996, http://dx.doi.org/10.1074/jbc.M109.014811.

[38] M.A. Hardy, The biology of scar formation, Phys. Ther. 69 (1989) 1014-1024.

[39] S.H.Liy,R.S.Yang, R. Al-Shaikh, ].M. Lane, Collagen in tendon, ligament, and bone
healing. A current review, Clin. Orthopaedics Related Res. (1995) 265-278.

[40] S.W. Volk, Y. Wang, E.A. Mauldin, K.W. Liechty, S.L. Adams, Diminished type III
collagen promotes myofibroblast differentiation and increases scar deposition
in cutaneous wound healing, Cells Tissues Organs 194 (2011) 25-37, http://dx.
doi.org/10.1159/000322399.

[41] TW. Axelrad, T.A. Einhorn, Bone morphogenetic proteins in orthopaedic
surgery, Cytokine Growth Factor Rev. 20 (2009) 481-488, http://dx.doi.org/
10.1016/j.cytogfr.2009.10.003.

[42] LA. Solchaga, CK. Hee, S. Roach, LB. Snel, Safety of recombinant human
platelet-derived growth factor-BB in Augment(®) Bone Graft, J. Tissue Eng. 3
(2012), http://dx.doi.org/10.1177/2041731412442668. 2041731412442668.

[43] G.A. Hudalla, N.A. Kouris, J.T. Koepsel, B.M. Ogle, W.L. Murphy, Harnessing
endogenous growth factor activity modulates stem cell behavior, Integr. Biol.
(Camb) 3 (2011) 832-842, http://dx.doi.org/10.1039/c1ib00021g.

[44] G.A. Hudalla, ].T. Koepsel, W.L. Murphy, Surfaces that sequester serum-borne
heparin amplify growth factor activity, Adv. Mater. 23 (2011) 5415-5418,
http://dx.doi.org/10.1002/adma.201103046.

[45] D.S.W. Benoit, S.D. Collins, K.S. Anseth, Multifunctional hydrogels that promote
osteogenic hMSC differentiation through stimulation and sequestering of
BMP2, Adv. Funct. Mater. 17 (2007) 2085-2093, http://dx.doi.org/10.1002/
adfm.200700012.

[46] S. Ghanaati, M.J. Webber, R.E. Unger, C. Orth, J.F. Hulvat, S.E. Kiehna, M.
Barbeek, A. Rasic, S.I. Stupp, CJ. Kirkpatrick, Dynamic in vivo biocompatibility
of angiogenic peptide amphiphile nanofibers, Biomaterials 30 (2009) 6202-
6212, http://dx.doi.org/10.1016/j.biomaterials.2009.07.063.

[47] X.-]. Wang, G. Han, P. Owens, Y. Siddiqui, A.G. Li, Role of TGF beta-mediated
inflammation in cutaneous wound healing, J. Investig. Dermatology. Symp.
Proc. 11 (2006) 112-117.


http://dx.doi.org/10.1177/0363546514542796
http://dx.doi.org/10.1177/0363546514542796
http://dx.doi.org/10.1111/j.1600-0838.2010.01253.x
http://dx.doi.org/10.1111/j.1600-0838.2010.01253.x
http://dx.doi.org/10.1007/s00167-008-0654-3
http://dx.doi.org/10.1016/j.jsams.2008.07.005
http://dx.doi.org/10.1016/j.jsams.2008.07.005
http://dx.doi.org/10.1177/0363546507308939
http://dx.doi.org/10.1177/0363546507308939
http://dx.doi.org/10.3109/17453670903350107
http://dx.doi.org/10.1016/j.arthro.2006.12.010
http://dx.doi.org/10.1098/rsif.2010.0223
http://dx.doi.org/10.1002/mabi.201000505
http://dx.doi.org/10.1002/mabi.201000505
http://dx.doi.org/10.1039/C3TB20853B
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0055
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0055
http://dx.doi.org/10.1089/wound.2012.0406
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0065
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0065
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0065
http://dx.doi.org/10.1016/j.jhsa.2008.07.003
http://dx.doi.org/10.1016/j.jhsa.2008.07.003
http://dx.doi.org/10.1002/jor.1100150608
http://dx.doi.org/10.1002/jor.1100150608
http://dx.doi.org/10.1016/j.jhsa.2007.09.007
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3838322/
http://dx.doi.org/10.1016/j.arthro.2005.05.011
http://dx.doi.org/10.1016/j.arthro.2005.05.011
http://dx.doi.org/10.1016/j.jbiomech.2005.09.001
http://dx.doi.org/10.1016/j.jbiomech.2005.09.001
http://dx.doi.org/10.1073/pnas.0906501107
http://dx.doi.org/10.1073/pnas.0906501107
http://dx.doi.org/10.1016/j.drudis.2013.05.011
http://dx.doi.org/10.1016/j.drudis.2013.05.011
http://dx.doi.org/10.1006/abio.1994.1042
http://dx.doi.org/10.1002/term.2009
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1089/ten.tea.2008.0106
http://dx.doi.org/10.1016/j.biocel.2008.10.032
http://dx.doi.org/10.1002/jcp.1041580121
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0140
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0140
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0145
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0145
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0150
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0150
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0150
http://dx.doi.org/10.1002/jor.1100140206
http://dx.doi.org/10.1002/jor.1100140206
http://dx.doi.org/10.1371/journal.pone.0099157
http://dx.doi.org/10.1063/1.3673251
http://dx.doi.org/10.1116/1.3526140
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0175
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0175
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0175
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1501161/
http://dx.doi.org/10.1074/jbc.M109.014811
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0190
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0195
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0195
http://dx.doi.org/10.1159/000322399
http://dx.doi.org/10.1159/000322399
http://dx.doi.org/10.1016/j.cytogfr.2009.10.003
http://dx.doi.org/10.1016/j.cytogfr.2009.10.003
http://dx.doi.org/10.1177/2041731412442668
http://dx.doi.org/10.1039/c1ib00021g
http://dx.doi.org/10.1002/adma.201103046
http://dx.doi.org/10.1002/adfm.200700012
http://dx.doi.org/10.1002/adfm.200700012
http://dx.doi.org/10.1016/j.biomaterials.2009.07.063
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0235
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0235
http://refhub.elsevier.com/S1742-7061(17)30075-2/h0235

	TGF-β1 activation in human hamstring cells through growth factor binding peptides on polycaprolactone surfaces
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Peptide synthesis and purification
	2.3 Preparation of peptide displaying PCL films
	2.4 Water contact angle measurements
	2.5 XPS measurements
	2.6 Tensile testing
	2.7 TGF-β1 binding and immunofluorescence
	2.8 In vitro quantification of bound TGF-β1
	2.9 Cell culture
	2.10 Luciferase assay
	2.11 Smad translocation assay
	2.12 Gene expression analysis
	2.13 Collagen quantification
	2.14 Subcutaneous implantation mouse model
	2.15 Histology
	2.16 Statistical analysis

	3 Results
	3.1 Fabrication of PCL films presenting TGF-β1-binding peptides
	3.2 TGF-β1 immobilization on the functionalized PCL films
	3.3 Bioactivity of the immobilized TGF-β1 in a TGF-β1 reporter cell line
	3.4 Immobilized hTGF-β1 activates the TGF pathway via Smad2/3 in human hamstring cells
	3.5 Immobilized hTGF-β1 specifically activates TGF-β1 target genes
	3.6 Effects of immobilized hTGF-β1 on endogenous collagen production
	3.7 TGF-β1-binding peptide captures native circulating TGF-β1 leading to its accumulation on the implanted functionalized polymer

	4 Discussion
	5 Conclusions
	Disclosures
	Acknowledgments
	References


