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Abstract

A simple method was developed for modifying commercially available sutures to improve the
delivery of growth factors. We demonstrated that micrometer-sized pores could be generated in the
sheath of a cable-type suture through a swelling and freeze-drying process. Tensile testing
indicated that the modification process did not compromise the mechanical integrity of the suture,
as the inner filaments remained intact. The capillary action caused by the porous structure greatly
enhanced the loading of biofactors into the void space among the filaments. We also demonstrated
that a sustained and controlled release of platelet-derived growth factor-BB (PDGF) from the
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modified sutures could be achieved using fibrin as a carrier material. The PDGF released from the
modified sutures retained its biologic activity and supported the proliferation of human
mesenchymal stem cells. This novel class of surgical sutures with highly porous sheaths offers a
promising platform for enhancing the repair of load bearing connective tissues.
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Surgical repair of connective tissues such as tendons remains a clinical challenge, primarily
due to the failure for the injured site to restore strength within the first three weeks. [1. 21
There are attempts to improve the outcome by increasing the strength of the suture material
and modifying the suture grasping method. Although these approaches can improve the
initial strength of the repair, they cannot regulate the subsequent biology of healing. In
comparison, the tissue engineering strategy, including the use of growth factors, stem cells,
and/or scaffolds, provides a great opportunity to improve the efficacy of repair. Specifically,
sustained delivery of growth factors to the injured site offers an important strategy for
controlling the healing process, which is directed by a complex cascade of biological events
modulated by a set of cytokines and growth factors such as platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), transforming growth factor  (TGF-p),
and basic fibroblast growth factor (bFGF). [3-6]

Sutures are ideal delivery vehicles for biofactors because they are ubiquitously used to
provide initial mechanical support for the repair site. Prior work on local delivery of
biofactors via sutures has primarily focused on coating the surface of a solid suture thread
with a biofactor or biofactor-containing material. [’~121 One major disadvantage of this
coating strategy is that almost all of the biofactors are exposed to the surrounding tissue,
resulting in the quick release of a large portion of the biofactor within the first few hours
after implantation. Sustained release of biofactors from sutures can be achieved using
various types of carriers, but most of the reported release profiles remain relatively

short. [10-12] For example, using a carrier based on fatty acid, antiseptic release from braided
sutures was only achieved over a period of 100 hours.[1% A second disadvantage of directly
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coating the surface of a suture is that the amount of biofactor that can be loaded is rather
limited. Typically, the biofactor is restricted to a thin coating layer, and the coating can
easily peel off during handling due to weak binding between the coating layer and the suture
surface. Despite these prior efforts and some marginal success in enhancing tendon healing
with biofactor-loaded sutures, [10-12] there is still a great potential for increasing the dose
and time course of suture-based biofactor delivery.

In the present work, we aim to modify commercially available sutures for improved delivery
of growth factors by achieving efficient loading and sustained release of growth factors
without compromising the mechanical integrity of the suture. Specifically, cable-type sutures
were partially swollen and then freeze-dried to generate micrometer-sized pores in the
sheaths. We focused on a class of commercially available polyfilament sutures commonly
used for tendon repair.[13: 141 The suture is characterized by a cable-type structure consisting
of fine inner nylon-66 filaments enclosed by a nylon-6 sheath with a smooth surface. After
modification, the sheath became highly porous while the inner filaments remained intact. As
such, the voids among the inner filaments could be fully accessed and employed for the
loading of biofactors while the porous sheath could serve as a physical barrier to slow down
the subsequent release process.

Figure Sla and b, shows a schematic illustration of the procedure, which involves swelling
and then freeze-drying the suture. In the first step, the sutures were swollen in a methanol
(CH30H) solution containing calcium chloride (CaCly). The Ca2* ions formed coordination
bonds with the carbonyl groups on nylon, breaking the hydrogen bonds between adjacent
nylon chains.[15] By controlling the incubation time, we were able to restrict most of the
swelling to the sheaths only before the Ca2* ions started to attack the inner filaments. To
confirm this, the distribution of calcium in a modified suture was characterized by EDX
mapping. As shown in Figure S1c, most of the calcium was confined to the sheath. In the
next step, the swollen sutures were quickly frozen by transferring them into liquid nitrogen
(-196 °C). The solvent molecules trapped in the sheaths were crystallized and phase-
separated from the polymer chains, eventually producing a highly porous structure once the
solvent molecules had been removed by sublimation. [16-18] The final products were sutures
with highly porous sheaths and intact inner filaments.

Figure 1 shows typical scanning electron microscopy (SEM) images of the sutures before
and after the modification. The original cable-type structure was retained during the
modification, with packed filaments bundled by an outer sheath with a thickness of ~10 pm
(Figure 1la and b). The pristine suture showed smooth surfaces. In contrast, the modified
suture had a highly porous surface, with pore sizes in the range of 0.5-5 um (Figure 1c and
d). The micrometer-sized pores were generated through the entire cross-section of the sheath
(Figure S2). By varying the CaZ* concentration, we were able to control both the porosity
and pore size (Figure S3). Since the inner filaments are the major contributors to the
mechanical properties of a suture, our initial goal was to avoid modifying these inner
filaments. Indeed, there were very few pores on the surfaces of the inner filaments.

We then evaluated the mechanical properties of the sutures, with and without modification,
and the results are shown in Figure 2. The two groups of stress-strain curves show similar
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patterns, indicating that the modification did not have a substantial impact on the mechanical
properties of the sutures. There was no significant difference in modulus when comparing
the pristine and modified sutures. The moduli were 1.49 + 0.03 GPa and 1.59 + 0.13 GPa for
the pristine and modified sutures, respectively. The maximum stress increased slightly, from
506.6 + 17.2 MPa for the pristine sutures to 530.4 + 14.5 MPa for the modified sutures (p <
0.05), likely due to the formation of Ca2*-nylon 6 complex.[*®] The strain at maximum stress
and the yield strain of the modified sutures also increased by ca. 16% when compared to the
pristine sutures (p < 0.05). As expected, the lack of modification to the inner filaments of the
suture resulted in retention of mechanical properties, despite the creation of pores in the
outer sheath.

A major objective of this study was to increase the amount of a biofactor that could be
loaded into a suture. Upon modification, infiltration of biofactor molecules into the voids
among the inner filaments could be readily achieved viathe interconnected pores created in
the sheath. To validate the loading mechanism, we used a water-soluble dye (Rhodamine B)
and a dye-labeled protein (FITC-BSA) as model systems of small and large molecules,
respectively, to compare the pristine and modified sutures. Figure 3 shows fluorescence
micrographs of the cross-sections of loaded sutures. Both the dye and dye-labeled protein
could be clearly observed inside the modified suture, filling the void space among the
filaments. For the pristine sutures, however, even the small dye molecules could only be
observed on the outer surface. This result indicates that the dense sheath surrounding the
filaments in the pristine sutures could not be easily penetrated by molecular species, whereas
the highly porous sheath of the modified sutures could be used to access the voids among the
inner filaments for the quick loading of even macromolecules. In the modified suture, the
capillary effect resulting from the interconnected pores and the concentration gradient of
molecules in the solution effectively drove these molecules through the pores and into the
voids inside the sutures (Figure 3e and f). The capillary action caused by the porous
structure enhanced the loading of biofactors into the sutures. A simple demonstration of this
capillary effect is shown in Figure S4. Quantification of the released dye demonstrated a
nearly four-fold increase of dye loading for the modified sutures compared to the pristine
sutures (Figure S5). Furthermore, the integrity of the porous sheath was demonstrated by the
retention of loaded dye in modified sutures that were passed through a bovine tendon ten
times (Figure S6).

A second major objective of this study was to release biofactors in a sustained manner from
sutures. We expected that the porous sheath on the modified suture, which allowed the
biofactors to infiltrate into the suture through capillary action, could also serve as a physical
barrier to slow the subsequent release process. To demonstrate this, we used recombinant
human PDGF as a model growth factor and fibrin as a carrier material. PDGF promotes
chemotaxis and mitogenesis of mesenchymal cells, including tendon fibroblasts and
mesenchymal stem cells. [1-21] PDGF has been successfully used to promote tendon
healing, including enhancing the collagen organization, mechanical function, and
vascularity.[4 22 23] Fibrin was used as a carrier material owing to its current clinical
acceptance and the interactions it can have with endogenous factors, such as PDGF, TGF-3
and VEGF, among others.[24] To determine the release characteristics of the growth factor
from the modified sutures, PDGF (10 pg/mL) was loaded into the sutures together with
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fibrin (see Figure S7 for a typical SEM image of the surface of a modified suture after fibrin
loading). Figure 4 shows the cumulative release of PDGF from the modified sutures as
determined over a period up to 11 days. The release kinetics can be described using a two-
stage model. The first stage shows a burst release and the second stage is characterized by a
sustained release. For the first stage, approximately 38% of the loaded growth factor was
released within the first 24 hours for modified sutures. In contrast, 81% of the growth factor
was released from the pristine sutures within only 24 hours. In the second stage of release,
for modified sutures, the growth factor (presumably trapped in the spaces among the inner
filaments) was released through the fibrin network via the porous sheath in a sustained
manner from day 2 to day 11. Furthermore, the total released growth factor from the
modified sutures, that is, the dosage, was linearly dependent on the initial concentration of
PDGF used for lading, in the range of 50 ng/mL to 10 pg/mL for this study (R = 0.99; n=3
for each group). Delivery of growth factors at specific dosages within the first three weeks is
critical for tendon healing. Therefore, the sustained and controlled release of biofactors from
sutures presented here has a great potential for enhancing tendon repair.

To evaluate potential cytotoxity of the modified sutures and the PDGF-loaded modified
sutures, human mesenchymal stem cells (hMSCs) were cultured on and around sutures and
viability was assessed after 72 h. As shown in Figure 5, the hMSCs were viable after culture,
indicating that the effects of any remaining chemicals during the preparation of porous
sutures were negligible. To verify that the loading/release processes did not alter the
bioactivity of the released growth factor, hMSCs were cultured in the presence of 10 ng/mL
PDGF and PDGF-loaded sutures (Figure S8). The results indicate that the released PDGF
retained its biologic activity and supported the proliferation of hMSCs. Recent reports have
successfully demonstrated the potential for combinatory use of growth factors (e.g., bFGF
and PDGF) and stem cells (e.g.adipose-derived mesenchymal stem cells and bone marrow
stromal cells) for tendon repair 77 vivo.[25 261 The suture-based release of these growth
factors would simplify the delivery of these factors alone or in combination with stem-cell
therapies for more effective tendon repair.

In summary, we have developed a simple and versatile method for generating surgical
sutures with highly porous sheaths without compromising their mechanical properties. The
capability of this method could also be extended to generate pores on the surface of
monofilament sutures (Figure S9). The modified sutures showed a great improvement in
loading capacity and a sustained release of biologically active PDGF over a period of at least
11 days. This novel delivering system based on porous sutures has great potential for the
repair of load-bearing connective tissues such as tendons. Additionally, it can be readily
extended to other applications, including the delivery of antimicrobials after wound closure
and long-term pain relief post-surgery.

Experimental Section

Preparation of Modified Sutures

Pristine sutures (Supramid 4-0, cable-type) were purchased from S. Jackson Inc.
(Alexandria, VA). The inner filaments are made of nylon 66 while the sheath is comprised of
nylon 6. Sutures with porous sheaths were prepared using a swelling and freeze-drying

Adv Mater. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 6

procedure. Briefly, the pristine sutures were cut into a certain length and soaked in a 500
mM CacCls, solution in methanol for 24 h at room temperature. Afterwards, the swollen
sutures were quickly frozen in liquid nitrogen and then freeze-dried in a vacuum overnight.
Since all the reagents used in this process are water-soluble, their residues could be readily
removed by rinsing the samples with water.

Mechanical Testing

The pristine and modified sutures were pulled in uniaxial tension using a material testing
machine (5866; Instron Corp.), as described previously.[27] A suture was carefully placed in
a jig consisting of a low friction spool and a clamp grip, which was pulled upward at 1.0
mm/s to apply tension to the suture. The gauge length between the suture grips was 110 mm
for all the samples at the beginning of the test. Maximum stress, yield strain, strain at
maximum stress, and modulus were determined from the stress-strain curves.

Preparation and Characterization of Biofactor-loaded Sutures

The biofactor-loaded sutures were prepared in a biological safety cabinet and all the
solutions were filtered through 0.22-pm filters to ensure sterility. The pristine and modified
sutures were sterilized with 75% ethanol and then immersed in Tris-buffered saline (TBS,
pH=7.2) containing 20 mg/mL fibrinogen and recombinant human platelet-derived growth
factor-BB (PDGF) at varying concentrations (0.05, 0.1, 0.2, 1, 3, 10 ug/mL) overnight at

4 °C. The sutures loaded with fibrinogen and PDGF were then soaked in TBS containing 2
U/mL thrombin, 40 mM CacCly, and the same concentration of PDGF used in the previous
step at room temperature for 2 h. The samples were stored in a sterile tube at 4 °C prior to
further use. We used both small dye molecules (Rhodamine B) and proteins (FITC-labeled
bovine serum albumin, BSA) to evaluate the loading capacity of the sutures, the loading
procedures of which were the same as PDGF. Laser confocal fluorescence microscopy
(Zeiss LSM 700) was used to resolve the distribution of the dyes and dye-labeled proteins in
each suture.

Quantification of PDGF Release

Different groups of PDGF/fibrin/sutures (porous suture with 0.05, 0.1, 1, 3, and 10 pug/mL
PDGF, n=3 and pristine suture with 10 ug/mL PDGF, n=3 per group) with a length of 3 cm
each were incubated in 0.2 mL of PBS at 37 °C and an aliquot of the solution was collected
at each time point. After each collection, 0.2 mL of fresh PBS was added to retain the
solution at a fixed total volume. The collected aliquots were stored at -20 °C before the
amount of PDGF from each sample was quantified using an enzyme-linked immunosorbent
assay (ELISA). The absorbance was read with a microplate reader (Synergy H4 Multi-Mode
Plate Reader, Biotek). The concentration of PDGF from each sample was determined from a
calibration curve derived from PDGF solutions with known concentrations.

Cell Culture and Live/Dead Staining

Human mesenchymal stem cells (hnMSCs) were cultured in basal medium containing low
glucose Dulbecco’s Modified Eagle Media, supplemented with 10% fetal bovine serum.
Live/Dead staining of hMSCs on pristine suture, modified suture and 10 ug/mL PDGF-
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loaded porous suture using a Live/Dead staining kit (Invitrogen). After 72 hours, the culture
medium was removed and the samples were washed gently with Dulbecco's Phosphate-
Buffered Saline (DPBS). Then, 500L of Live/Dead stain was added per well, and incubated
for 30 min at 25 °C. Finally, the samples were washed with PBS and observed using a
fluorescence microscope (DMI 6000B, Leica) at excitation wavelengths of 488 nm (green)
and 533nm (red).

The data from mechanical testing were analyzed using Student’s t-tests in Microsoft Excel.
Cell proliferation results were compared using two-way analysis of variance test (ANOVA)
in GraphPad Instat software (GraphPad Software Inc.). Statistical significance was set at p <
0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SEM images of the (a, b) cross sections and (c, d) side surfaces of the pristine (a, ¢) and

modified (b, d) sutures. Scale bars: 50 um in (a, b) and 2 umin (c, d).
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Figure2.
Tensile mechanical testing of the pristine and modified sutures: (a) Stress-strain behavior,

(b) maximum stress, (c) yield strain, (d) strain at maximum stress, and () modulus. N=7 for
the pristine samples and n=6 for the modified samples; *p < 0.05 (by t-test) indicates
significant difference between the two types of samples.
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Figure 3.
Sutures with porous sheaths showed a much higher loading capacity for both (a, b) small

molecules (Rhodamine B) and (c, d) proteins (FITC-labeled BSA), as indicated by (a-d)
confocal fluorescence and (e, f) scanning electron micrographs taken from the cross sections
of (a, ¢, e) pristine and (c, d, f) modified sutures. The fibrin matrix and dye is evident in the
voids among the inner filaments of the modified suture. In contrast, dye is nearly absent
from the interior of the pristine suture. Scale bars: 50 pm in (a-d) and 10 pm in (g, f).
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Figure 4.

(@) Cumulative release of PDGF from the modified sutures incubated with PDGF at a
concentration of 10 pg/mL (n=3). The pristine sutures incubated with PDGF at a
concentration of 10 pg/mL served as a reference (n=3). (b) Correlation between the total
amount of PDGF released from the modified sutures for 11 days and the concentration of
PDGF used for the loading process (each point is represented by an average value from three
individual measurements; p < 0.01).
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— 0.2 mm

Figure5.
Live/Dead staining of hMSCs on the (a, b) pristine, (c, d) modified, and (e, f) PDGF-loaded

porous suture after culture for 72 h. The live and dead cells were stained green and red,
respectively. Note that the suture material also emits red fluorescence under the same
excitation light source. There were no dead cells (stained in red) seen, indicating that the
sutures were non-toxic to hMSCs.
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