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Abstract

Current augmentative and reconstructive rhinoplasty surgeries utilize autologous tissue grafts or
synthetic bioinert materials to repair nasal trauma or attain an aesthetic shape. Autologous grafts
are associated with donor site trauma and morbidity. Synthetic materials are widely used but often
yield an unnatural appearance and are prone to infection or dislocation. There is an acute clinical
need for the generation of native tissues to serve as rhinoplasty grafts without the undesirable
features that are associated with autologous grafts or current synthetic materials. Here, we
developed a bioactive scaffold that not only recruited cells in the nasal dorsum in vivo, but also
induced chondrogenesis of the recruited cells. Bilayered scaffolds were fabricated with alginate
containing gelatin microspheres encapsulating cytokines atop a porous poly (lactic-co-glycolic
acid) (PLGA) base. Gelatin microspheres were fabricated to contain recombinant human TGFp3 at
doses of 200, 500 or 1000 ng with PBS-loaded microspheres as a control. We first created a rat
model of augmentation rhinoplasty by implanting bilayered scaffolds atop the native nasal
cartilage surface that was scored to induce cell migration. Tissue formation and chondrogenesis in
PLGA scaffolds were evaluated by image analysis and histological staining with Hematoxylin and
Eosin, Toluidine Blue, Verhoeff Elastic-Van Geison, and aggrecan immunohistochemistry.
Sustained release of increasing doses of TGF33 for up to the tested 10 wks promoted orthotopic
cartilage-like tissue formation in a dose dependent manner. These findings represent the first
attempt to engineer cartilage tissue by cell homing for rhinoplasty, and combine the advantage of
autologous tissue formation by cytotactic factors embedded in a biomaterial scaffold that could
potentially serve as an alternative material for augmentative and reconstructive rhinoplasty.
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Introduction

Reconstructive or augmentative rhinoplasty are surgical procedures to restore or alter nasal
shape or projection. Autologous grafts are typically harvested from the nasal septum, outer
ear or rib [1]. To create a nasal graft for reconstruction or augmentation, pieces of harvested
cartilage are sometimes stacked and sutured together [2]. The graft is shaped such that the
projecting end is wider than the proximal end, and is sutured in place at the caudal margin of
the medial crura. An undesirable feature of autologous nasal grafting is the need for
additional surgical procedures to harvest tissue, resulting in donor site trauma and morbidity
[3, 4]. In addition, mechanical properties of rib cartilage are inferior to native nasal cartilage
[5]. Another graft method involves the use of autologous fascia wrapped around diced
autologous cartilage [6]. Although this method only requires a smaller source of autologous
cartilage, harvesting autologous fascia increases the invasiveness of the procedure and
obtaining a large enough volume of fascia is often challenging [6]. Allogeneic sources of
cartilage circumvent the issue of donor site morbidity, but are difficult to obtain and require
the patient to take long-term immunosuppressants to avoid graft rejections [1].

As an alternative to harvesting autologous cartilage, a number of synthetic implants are
commercially available [4]. Medical grade silicone rubber has been widely used for nasal
augmentation. Silicone is nonporous, can be shaped by the surgeon, and does not undergo
enzymatic degradation. However, silicone does not integrate well with the surrounding
tissue, and may extrude and result in chronic inflammation [7]. High-density polyethylene
has also been extensively used for rhinoplasty. Polyethylene is flexible, easily carved and
porous to allow tissue ingrowth and implant fixation. However, polyethylene augmentation
is often unnatural in appearance and texture due to its high stiffness [7]. Lastly,
polytetrafluoroethylene is a polymer with 30-um pore size that allows limited tissue
ingrowth, can be contoured and layered. Despite short-term favorable outcomes, long-term
results suggest that polytetrafluoroethylene implants may be susceptible to infections and
extrusion [5].

Despite the conceptual advantages of tissue-engineered nasal cartilage relative to autologous
grafts or synthetic materials, few studies have attempted nasal cartilage regeneration to date
[8-20]. Rabbit bone marrow precursor cells were expanded in vitro with TGFB1 and
wrapped around a nasal alar shaped poly(lactic-co-glycolic acid) (PLGA) scaffold, followed
by implantation ectopically in the dorsum of nude mice for 4 weeks, resulting in positive
cartilage markers [9]. Human nasal septum chondrocytes in fibrin were injected into the
dorsal subcutaneous pocket of nude mice for 3 weeks and resulted in positive histological
staining for chondrogenesis [10]. However, previous work on ectopic nasal cartilage
regeneration invariably involved time-consuming and costly primary cell isolation and
culture procedures, which carry the risk of immune rejection, pathogen transmission and
possible mutagenesis [21]. Recently, we reported that host endogenous cells were recruited

Plast Reconstr Surg. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mendelson et al.

Page 3

by TGFpB3 and were responsible for the regeneration of an entire articular surface of a
synovial joint [22]. We also showed that multiple stem/progenitor cell types could be
recruited into a bioactive scaffold and chondrogenically differentiated in vitro with TGFB3
[23]. The great majority of previous nasal cartilage regeneration studies have taken the
approach of cell transplantation. The potential of cell homing as a tissue engineering method
for rhinoplasty reconstruction or augmentation has not been investigated. We hypothesized
that TGFB3 would recruit cells around the nasal dorsum into the scaffold, followed by
chondrogenic differentiation of the recruited cells. To this end, we developed a cell homing
approach to promote the recruitment and chondrogenic differentiation of host endogenous
cells into a bioactive, biomaterial-based scaffold that can be readily shaped for nasal
reconstruction or augmentation.

Materials and Methods

Design and fabrication of the bioactive scaffolds

Bilayered scaffolds were fabricated with a top 2% w/v alginate layer containing gelatin
microspheres encapsulating TGFB3 and an underlying porous PLGA substrate (Fig. 1).
Porous poly (lactic-co-glycolic acid) (PLGA) cylinders with varying polymer concentrations
(10 — 40% wt/vol) were fabricated using salt leaching [24, 25]. Briefly, PLGA 50:50 crystals
(Sigma, St. Louis, MO) weighing 1-4 g were dissolved in 30 mL dichloromethane.
Dissolved PLGA solution was mixed with sodium chloride (Sigma, St. Louis, MO) that was
sieved to ensure a particulate diameter between 150-500 pm. Solutions were created with a
PLGA:NaCl weight ratio of 1:10, poured into a teflon coated 10-cm plate and allowed to air-
dry overnight. Scaffolds were punched out of the PLGA sheet using a 6-mm diameter biopsy
punch, salt leached with distilled water and dried using a lyophilizer. PLGA was selected as
a scaffold due to its high porosity and a stiffness of approximately 200 MPa [26],
representing a valid material for non-weight bearing nasal cartilage.

Gelatin microspheres were fabricated using a water-in-oil emulsion per our prior methods
[23]. Briefly, gelatin solution (Sigma, St. Louis, MO) was dispersed in oil using a propeller
and washed with acetone to remove residual oil. Microspheres were chemically cross-linked
with 0.5% wi/v glutaraldehyde and washed with 0.75% wi/v glycine containing tween to
block residual aldehyde groups on unreacted glutaraldehyde. Following lyophilization,
gelatin microspheres were sterilized using ethylene oxide.

Microsphere aliquots (30 mg) were rehydrated in 30-uL phosphate-buffered saline (PBS)
containing recombinant human TGFS3 (Cell BioSciences, Santa Clara, CA) or PBS. At pH
7.4, the positively charged TGFB3 was electrostatically bound to the negatively charged
gelatin microspheres. TGFB3 release profiles from gelatin microspheres were reported in our
previous work [23]. PLGA discs were sterilized in 70% ethanol for 10 min and washed with
distilled water. Sodium alginate (2% w/v, FMC BioPolymer, Philadelphia, PA) was mixed
with 30 mg (dry wt) microspheres containing TGFB3, dispensed onto a PLGA disk and
cross-linked with calcium chloride. The total dimensions of the bi-layered bioscaffold were
6x4 mm (diameterxheight).
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Control conditions were tested to isolate the effects of cartilage scoring alone (Group 1) as
well as to delineate the role of the cytokines in tissue formation from that of the biomaterials
alone (Group 2). Groups 3-5 tested three different doses of TGFB3 delivery (200 ng, 500 ng
and 1000 ng) to determine the optimal dose that promotes cell migration and
chondrogenesis. At the time of scaffold implantation, the native tip cartilage tissue was
scored for all groups. Three rats were tested in each group and harvested after 10 wks for
analysis of cell recruitment and chondrogenesis.

PLGA degradation characterization

PLGA degradation profiles were characterized to determine the optimal bulk concentration
that promotes uniform degradation. PLGA discs were sterilized for 10 min in 70% ethanol
with wet weights measured. PLGA disks were placed in each of 12-well tissue culture plates
and submerged in 2-mL PBS containing 1% AB/AM followed by harvest after 0, 7, 17, 22,
27, 34 and 38 days and measurements of wet and dry weights. Scaffold morphology was
examined at varying time points to observe internal pore structure using SEM.

Surgical implantation

Histological

Following IACUC approval, 10-month-old Sprague Dawley rats (Harlan, Indianapolis, IN)
were anesthetized and maintained with 3-4% isoflurane (Fig. 2A). Lidocaine was
administered subcutaneously and Carprofen was injected interperitoneally for pain relief. An
incision was made on the head and the soft tissue was dissected down to the bone, forming a
subcutaneous pocket (Fig. 2B). Scaffolds were positioned over the native nasal cartilage
(Fig. 2B). However, due to the small size of the native cartilage relative to the size of the
scaffold, half of the implant covered the native cartilage and the other half covered the
native bone. The incision was sutured closed and one extra suture was placed over the top of
the implant to secure it in place (Fig. 2C-D). Animals were sacrificed 10 weeks
postoperatively. Harvested scaffolds were analyzed by gross morphology, histology and
immunohistochemistry to evaluate cell recruitment and chondrogenesis.

analysis of cell migration and chondrogenesis

Scaffolds were fixed in 10% buffered formalin, dehydrated, embedded in paraffin and
sectioned at 5-um thickness. Sections were chemically stained with hematoxylin and eosin
(H&E), 0.1% toluidine blue (Sigma, St. Louis, MO), and modified Verhoeff Elastic-Van
Gieson (Electron Microscopy Sciences, Hatfield, PA) to assess cartilage matrix formation,
sulfated polysaccharides and elastic tissue fibers respectively.

For aggrecan immunohistochemistry, sections were blocked with peroxidase for 10 minutes
to reduce background staining and digested with chondroitinase ABC (0.0015u/mL) for 60
minutes. Sections were subsequently incubated with primary antibody overnight at 4°C
(10ug/mL, Millipore, Billerica, MA). After incubation with HRP polymer, sections were
developed using AEC chromogen, due to a peroxidase catalyzed reaction with hydrogen
peroxide. All sections were counterstained with hematoxylin and compared against a
positive control of normal healthy rat nasal cartilage.
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Statistical analysis

Quantitative data for each condition were pooled and upon confirmation of a normal data
distribution, a one-way ANOVA with post hoc LSD test was used with a a value of p <
0.05.

Results

Scaffold Degradation Kinetics

A bilayered scaffold was fabricated with gelatin microsphere infused alginate gel atop a
porous PLGA base (Fig. 1A-B). SEM images revealed high porosity among scaffolds
fabricated with a 109%-40% PLGA concentration (Supp. Fig. 1). By day 7, PLGA underwent
degradation with increased pore edge roughness (Supp. Fig. 1E-H). By day 27, the internal
walls of PLGA scaffolds were engulfed with large pores (Supp. Fig. 11-L). Pores of 30%
and 40% PLGA scaffolds completely disintegrated by day 34 (Supp. Fig. 1M-P).

There was an inverse relationship between increasing PLGA concentrations and decreased
degradation time (Fig. 1C-D). The degradation of 10% PLGA scaffolds was remarkably
slow in comparison with 20%, 30% and 40% PLGA scaffolds. Scaffolds made with 20%—
40% PLGA underwent surface degradation with a substantial decrease in total mass over
time (Fig. 1C). Contrastingly, 10% PLGA scaffolds underwent bulk degradation with a
relatively slow decrease in mass over time with some remaining structure at day 38 (Fig.
1C), whereas 40% PLGA scaffolds completely degraded by day 31 (Fig. 1D). At each tested
time point, 20% PLGA scaffolds retained greater percent weight than 10% PLGA scaffolds
and therefore was selected for use in all in vivo experiments.

Tissue and Histological Evaluation

To test in situ chondrogenesis by cell homing with an ultimate goal of rhinoplasty
reconstruction and augmentation, 10%, 20% and 40% PLGA scaffolds with control-released
TGFB3 were implanted orthotopically on the surgically scored nasal cartilage in Sprague-
Dawley rats with TGF3-free scaffolds and defect alone as control groups. Surgical scoring
of the native tip cartilage was performed to expose resident stem/progenitor cells to TGF33
released from microspheres for recruitment into the porous PLGA base that was in direct
contact with the scored nasal cartilage surface. Facial profile images taken immediately
before and after scaffold implantation demonstrated that 20% PLGA scaffolds created an
elevated nasal augmentation (Fig. 3). Following a 10-wk orthotopic implantation, facial
profile images were taken immediately after animal euthanasia to reveal the level of
augmentation visibly remaining (Fig. 4A-F). Additionally, ectopic tissue formation was
imaged in situ (Fig. 4A’-F’) and after scaffold dissection to compare tissue size within
groups (Fig. 4A”-F"). No visible ectopic tissue could be seen in Group 1, which only
received cartilage scoring. Therefore, for this group perichondrium was isolated for use as a
control to distinguish engineered tissue in other groups from native perichondrium tissue
(Fig. 4A"). Group 2 control scaffolds displayed minimal ectopic tissue formation in two rats
and no visible ectopic tissue formation in the third rat (Fig. 4B”). Increasing doses of TGFf3
delivery induced an increase in tissue formation (Fig. 4C”, D” and E” respectively).
Remarkable glistening white tissue formation could be seen due to the highest dose of
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TGFpB3 delivery (Fig. 4E”). The combination of large ectopic tissue size and white tissue
color set this group apart from all other groups. After tissue removal in Group 5 (Supp. Fig.
2A and B), the presence of a smooth underlying bone confirmed that the tissue formation
was not causing negative pathology to the underlying bone (Supp. Fig. 2C). H & E staining
of harvested scaffolds revealed no significant differences in tissue morphology between the
perichondrium isolated in Group 1 (Fig. 5B) and the fibrous tissue isolated from the growth
factor-free scaffolds used in Group 2 (Fig. 5C). Scaffolds in Groups 3-5 (Fig. 6A-C)
however, had distinctly different tissue morphology compared to the Group 1 control (Fig.
5B). Chondrogenic differentiation was observed based on the presence of positive Toluidine
Blue staining (Fig. 5D-E and 6D-E), Verhoeff Elastic-Van Gieson staining (Fig. 5G-1 and
6G-I) and immunohistochemical staining for aggrecan (Fig. 5J-L and 6J-L). Control groups
did not display any positive staining for toluidine blue among Group 1 (Fig. 5E) and
minimal staining for Group 2 (Fig. 5F). Increasing levels of chondrogenesis was evident due
to increasing doses of TGFpB3 delivery (Fig. 6D, E and F respectively). Chondrogenic
differentiation was most prominent among Group 5 (Fig. 6F) tissue.

Bilayered Scaffolds Induce Chondrogenesis

The results of the toluidine blue staining were confirmed with the presence of positive
aggrecan immunohistochemical staining (Fig. 5J-L and 6J-L). Minimal aggrecan staining
was present among the control groups (Fig. 5K and L). Higher doses of TGFf3 delivery
(Fig. 6K-L) promoted enhanced aggrecan staining compared to lower delivery doses (Fig.
6J). Aggrecan staining was primarily located in the region surrounding the cytokine
releasing microspheres (Fig. 6 J-L). This could be an indication that the cytokines were only
able to diffuse a limited distance from the microspheres and promote chondrogenic
differentiation in this region. Elastic cartilage formation was determined based on the
presence of positive modified Verhoeff Elastic-Van Gieson staining (Fig. 5G-1 and 6 G-I).
Positive elastic cartilage formation was not evident in the control groups (Fig. 5H and I).
Increased elastic cartilage staining was observed among Groups 4-5, which delivered a
high-dose of TGFB3 (Fig. 6H-I1), compared to Group 3, which delivered a lower dose of
TGFB3 (Fig. 6G). In particular, positive elastic cartilage staining was concentrated around
cytokine-releasing microspheres as observed by the aggrecan staining.

TGFp3 alone was successful at inducing both cell homing and chondrogenesis with a dose
dependent effect as indicated by immunohistochemical and chemical staining. Thus, as
shown in a rat model, cells can be recruited into a predesigned bioscaffold and
chondrogenically differentiated in vivo, representing a potential alternative therapy for
rhinoplasty augmentation procedures.

Underlying bone does not display adverse effects from bioactive scaffold

Initially it was unknown if the high concentration of TGFB3 locally released from Groups 3-
5 would be toxic to surrounding cells and promote local tissue necrosis. However, after 10
weeks of implantation, visual inspection of the tissues surrounding the implant did not
reveal any necrotic tissue (Supp. Fig. 2). Furthermore, after the implants were removed, the
underlying bone surface appeared healthy (Supp. Fig. 2C). Therefore, high concentrations of
locally released TGFB3 do not appear toxic to surrounding tissues.
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Discussion

Orthotopic cartilage-like tissue was engineered in vivo on the surface of native scored nasal
cartilage using novel bioactive scaffolds with slow-releasing cytokines and without the use
of cell transplantation. To our knowledge, this is the first attempt at applying cell homing
approaches to engineer cartilage tissue for reconstructive and augmentative rhinoplasty.
Visible alterations in nasal projection from engineered cartilage-like tissues of bioactive
scaffold delivery group indicate the potential to capture endogenous cell sources by
combining the advantage of autologous cell source with synthetic, biocompatible materials.
This scaffold was designed with the possibility of a readily available off-the-shelf product.
Since implant shape is a critical factor for reconstructive and augmentative rhinoplasty
applications, PLGA was selected as the implant material for in vivo experiments because of
its marked rigidity. In addition to creating a pronounced alteration of nasal shape, PLGA
scaffolds promoted cell attachment and chondrogenic tissue formation. A major concern of
current biomaterial-based implants for reconstructive and augmentative rhinoplasty is graft
extrusion [4, 20]. Integration of the implanted bioactive PLGA scaffolds with the native tip
cartilage indicates the potential to reduce for implant extrusion.

Cartilage scoring in the present work likely contributed to mobilization of resident stem/
progenitor cells in the underlying native cartilage tissue. The approach was inspired by
current orthopedic practice of microfracture to induce marrow bleeding and promote limited
tissue repair [27, 28]. Gross examination of the harvested nasal tissue displays larger ectopic
tissue formation amongst groups that received cartilage scoring compared to groups that did
not receive cartilage scoring (data not shown). Histological analysis of harvested tissue
revealed increased cartilage matrix as evident by Toluidine Blue staining amongst groups
that received cartilage scoring (data not shown). Thus, cartilage scoring has a positive effect
of increased tissue size and chondrogenic differentiation.

An important feature for reconstructive and augmentative rhinoplasty is the ability to tailor
the graft to the individual patient [20]. Autologous grafts are stacked and sutured together in
a bundle before implantation [2]. The bioactive PLGA scaffolds can be easily modified to
create larger augmentations by varying the mold diameter used to create the PLGA scaffold
base. For an off-the shelf product, three different scaffolds could be created with small,
medium and large default sizes and easily trimmed for precise adjustments. Thus, the
bioactive scaffold could potentially be used as a novel alternative implant design to current
rhinoplasty treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
PLGA scaffold schematic, gross image and degradation profile. (A) Schematic of bilayered

implanted scaffolds. A top layer of alginate containing microspheres with slow releasing
cytokines was situated over a base PLGA disk. (B) Gross image of scaffold before
implantation. PLGA scaffolds with concentrations of 10%, 20%, 30% and 40% w/v were
subjected to PBS culture for up to 38 days. After each time point, collected scaffolds were
lyophilized and (C) imaged to observe scaffold structure. (D) Percent weight change over
time was also calculated.
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Figure 2.
Surgical methods used for scaffold implantation. (A) Rats were anesthetized and the surgical

incision site was shaved. (B) An incision was created on the top of the head, followed by
formation of a subcutaneous pocket leading to the nasal tip. Scaffolds were inserted into the
pocket and onto the nasal tip. (C) Incision was sutured closed and an additional suture was
placed above the implant to fix it in place. (D) Top-down view of finished surgery.
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Before After

Figure 3.
Profile pictures of rhinoplasty augmentation before and immediately after surgery. Rat

receiving Group 4 scaffold made from 20% PLGA containing 500ng of TGF3 is shown (A)
before surgery and (B) after implantation.
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Figure4.
Gross images of rhinoplasty harvests for groups 1-5. Profile images were taken immediately

after harvest for visualization of remaining augmentation (A—F) and any ectopic tissue
formation was dissected out (A’—F’). Harvested tissue from each rat in the experimental
group was imaged together (A”-F”). Note: harvested tissue in D”, E”, and F” consisted of
two parts for some rats. Groups 1, 4 and 5: Scale = 1 cm. Groups 2 and 3: Scale = 1 inch
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Page 14

Group 2

Histological evaluation of control groups. Control groups 1 and 2 were stained with H & E
(A-C), Toluidine Blue (D-E), modified Verhoeff Elastic-Van Gieson (G-I) and aggrecan
immunohistochemistry (J-L) to assess cartilage matrix formation, sulfated polysaccharides,
elastic tissue fibers, and aggrecan matrix protein respectively. Scale = 50um.
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Figure6.
Histological evaluation of experimental groups. Experimental groups 3, 4 and 5 were stained

with H & E (A-C), Toluidine Blue (D-E), modified Verhoeff Elastic-Van Gieson (G-I) and
aggrecan immunohistochemistry (J-L) to assess cartilage matrix formation, sulfated
polysaccharides, elastic tissue fibers, and aggrecan matrix protein respectively. Scale =
50um.
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Table 1

Experimental design and scaffold conditions.

Group 1 | Control: Cartilage Scoring

Group 2 | Control: Scaffold — GFs + Cartilage Scoring
Group 3 | Scaffold + 200ng TGFB3 + Cartilage Scoring
Group 4 | Scaffold + 500ng TGFB3 + Cartilage Scoring
Group 5 | Scaffold + 1000ng TGFB3 + Cartilage Scoring
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