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Background: Direct attachment of tendons to metallic implants is important in orthopedics. Tissue
integration depends on scaffold microstructure and composition. This study evaluated the effect of pore
size of titanium on the viability and function of fibroblasts and tenocytes in a dynamic bioreactor.
Methods: Standardized Ti porous cylinders with 3 pore sizes (400, 700, and 1000 mm) were seeded with
fibroblasts or tenocytes (4500 cells/mL) in silicon tubes. Cells were analyzed via alamarBlue (AB) assay in
addition to scanning electron microscopy at day 7 (fibroblasts) or day 8 (tenocytes) and day 15. AB
functions as a cell health indicator where functional living cells reduce the resazurin dye (blue) in the
solution to resorufin (pink), and cell viability can be quantified via spectroscopy.
Results: At day 7, fibroblasts cultured on all sizes reduced AB, with significant differences noted between
400 vs 1000 mm (P ¼ .013) and 700 vs 1000 mm (P ¼ .001). At day 15, fibroblasts reduced AB on all sizes
with a significant difference noted between 700 vs 1000 mm (P ¼ .004). Fibroblasts on all 3 pore sizes
increased AB reduction from day 7 to day 15. Tenocytes reduced AB with significant differences between
the 400 vs 700 mm (P ¼ .049) and the 400 vs 1000 mm pore sizes at day 8. In contrast, tenocyte reduction
of AB decreased from day 8 to day 15. Scanning electron microscopy performed on fibroblast cylinders
showed fibroblasts reached the surface of the cylinders, confirming interconnectivity.
Conclusions: While both fibroblasts and tenocytes penetrated the pores, fibroblasts preferred larger size,
whereas tenocytes favored smaller size. Results are encouraging since soft-tissue attachment to a metallic
scaffold is difficult but clinically desirable. Future studies could be performed in an in vivo animal model.
© 2021 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Tendons are highly ordered structures that transfer forces from
muscle to bone to produce motion across a joint. The tendon-bone
junction consists of several different cell types including tenocytes,
the terminally differentiated cells of a tendon [1]. Tendons are
composed mostly of collagen and elastin, which are produced by
tenoblasts and tenocytes [2]. If injured, tendons do not fully
regenerate their initial properties [3]. Instead, scar tissue forms,
which is functionally inferior to native tendon [4]. Tendon injury or
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rupture around a total joint can be disastrous. For example,
repairing the extensor mechanism around a total knee arthroplasty
[5-9] or the abductor mechanism around a total hip arthroplasty
[10-12] is fraught with error, frequently unsuccessful, and func-
tionally debilitating. When the goal is to achieve attachment of a
tendon to an implant surface, there remains a significant me-
chanical and biologic challenge. With the introduction of porous
metallic implants, there was hope that ruptured or resected tendon
could be directly reattached to the implant. However, the cellular-
metallic pore interaction is not fully understood especially when
considering the effect of metallic micropore characteristics on cell
penetration and function.

The integration of soft tissue into a substructure depends on the
microstructure and composition of the scaffold. Cell ingrowth de-
pends on the porosity, pore size, pore interconnectivity, and the
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Figure 1. (a) Original cylinders (4 mm long with 4 mm diameter). (b) A sketch of a custom bioreactor with all 3 parts: oxygenator, culture chamber, and pump. (c) Sample of a 96-
well plate for AB readings. (d) Sample of AB calculation.
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surface characteristics of the implant [13-15]. Titanium (Ti) is a
successful implant material, particularly since it is bioinert. There
are several in vitro studies on the effect of porosity and/or rough-
ness of Ti scaffolds on cell attachment and function. Blinova et al.
found that the irregular porosity of Ti implants induced optimal
human dermal fibroblasts and rabbit bone marrow stromal cell
proliferation [16]. Oates found that surface roughness and wetta-
bility of Ti scaffolds affected the attachment and function of fibro-
blasts [17]. Borsari et al. found that MG63 osteoblast-like cells
proliferated and functioned better on the ultra-high-roughness and
ultra-high-dense Ti surface (PG60) than medium TI01 and high
TI60 roughness and open porous coatings [18].

Most in vitro cell culture studies were performed under static
conditions with cells seeded on the surface of the material tested.
Biomedical engineering literature showed that cells proliferated
and functioned better when grown under dynamic vs static con-
ditions especially for three-dimensional matrices or scaffolds. Dy-
namic culture conditions are achieved using bioreactors and
continuous medium flow that enhances nutrient and oxygen
transport in the culture system [19-21]. Dolder et al. have shown
that using a dynamic culture system enhanced the proliferation and
matrix production of bone marrow cells seeded in Ti fiber mesh
[22]. Also, modifications of the flow and medium conditions in the
bioreactor system have been shown to affect the distribution of
extracellular matrix within the 3-D Ti mesh [23]. A specific biore-
actor design can be used to replicate an in vivo environment [24].

This study was undertaken to evaluate the effects of Ti pore size
on cellular behavior. We evaluated the impacts of 3-D printed Ti
cylinders with different pore sizes on the attachment and growth of
fibroblasts and tenocytes in vitro using a bioreactor approach.
Viability and function of cells are compromised in 3-D constructs
when the cells are 200-300 mm away from a nutrient source.
Therefore, a dynamic culture bioreactor was used to provide an
adequate nutrient and oxygenation supply for the cells within the
porous structures. We hypothesize that a specific pore size could
better encourage soft-tissue ingrowth into a metallic implant.

Material and methods

Ti cylinders

Custom Ti cylinders, with 3 different pore sizes (400, 700, and
1000 mm) were obtained from Stryker Orthopedics (Mahwah, NJ).
Pore sizes were selected based on a range that was manufacturable
while also encompassing the ranges used for ingrowth devices.
Cylinders measured 4 mm in length and 4 mm in diameter (Fig. 1a).



Figure 2. Graph of percent reduction of alamarBlue by fibroblasts and tenocytes at 7
(or 8) and 15 days when cultured in a bioreactor.
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To remove any free particles (residue), the cylinders werewashed in
70% ethanol by stirring for 30 minutes, followed by rinsing with
distilled water. Cylinders were then tightly fit into silicone tubing,
approximately 12 mm in length and autoclave sterilized.

Custom bioreactor

The bioreactor consisted of 3 main parts: a pump, a culture
chamber, and an oxygenator (Fig. 1b). The culture chamber and
Table 1
Average percent reduction (and standard deviation) of alamarBlue by fibroblasts and
tenocytes at 7 (or 8) and 15 days when cultured in a bioreactor.

Cell type Pore size (mm) % Reduction
at 7 (or 8) d
(±standard
deviation)

% Reduction
at 15 d
(±standard
deviation)

P-value

Fibroblasts 400 10.54 (±11.81) 23.70 (±20.02) .028b

700 4.30 (±6.17) 13.91 (±11.95) .010b

1000 28.09 (±23.36) 35.36 (±23.94) .392b

P value <.001a .011a

Tenocytes 400 34.51 (±7.69) 31.97 (±7.49) .376b

700 42.91 (±14.13) 32.06 (±8.32) .013b

1000 51.60 (±12.42) 28.15 (±6.04) <.001b

P value .002a .302a

a Statistics performed by one-way analysis of variance.
b Statistics performed by two-tailed T-test.
oxygenator were kept in the incubator during culture at 37�C, while
approximately 2 feet of tubing extended out of the incubator con-
necting it to the pump. Additional details regarding the custom-
ization of the bioreactor are described in the Appendix.

Cell preparation and seeding

Early passage human primary dermal fibroblasts (ATCC, Mana-
ssa, Virginia; PCS-201-012) and laboratory-isolated tenocytes from
Sprague Dawley rats were used in seeding the Ti cylinders [25].
When cells reached confluency, they were trypsinized, counted,
and concentrated to approximately 4500 cells per microliter.

Using disposable 1-mL syringes, approximately 90,000 cells
were injected into each Ti cylinder and incubated for 2-3 hours
at 37�C with 5% CO2 to allow cell attachment. The Ti cylinders
were then transferred to the custom-made bioreactor culture
chamber and cultured under dynamic conditions (circulating 50
mL media at 1.3 mL/min) for up to 15 days with full medium
change weekly.

alamarBlue Assay

During the culture period, cell viability and function could be
analyzed via alamarBlue (AB) assay. AB functions as a cell health
indicator where functional living cells reduce the resazurin dye
(blue) in the solution to resorufin (pink), and cell viability can be
quantified via spectroscopy. Cylinders were removed from the
bioreactor at 7 (fibroblasts) or 8 (tenocytes) days and cultured for
24 hours with a medium containing 10% AB substrate. Different
days were chosen because of laboratory workflow restrictions. Af-
ter culture with AB, 100 ml was transferred to a 96-well plate for
reading (Fig. 1c), and the cylinders are returned to the bioreactor
and cultured until 15 days after seeding. Cylinders were again
removed and cultured with AB for a second reading at 15 days.
Comparing AB readings from day 7 (or 8) to those from day 15 was
performed to determine cell viability and growth. We aimed for
approximately 5 cylinders of each pore size with each cell type. In
some instances, there was not enough cells to load equal numbers
of cylinders, resulting in a sample range of 13-17.

Absorbance was measured by a microplate reader (Synergy HT
Multi-Mode Microplate Reader; BioTek Instruments, Winooski,
Vermont) at 570 nm and 610 nm. To calculate the percent reduc-
tion, a correction factor was needed to adjust the data set around
the absorbance of the fully oxidized form of AB in various media
(presence of phenol red). The raw absorbance values were calcu-
lated as shown in Figure 1d.

Scanning electron microscopy

At the end of each culture, the seeded cylinders were fixed in
70% ethanol for at least 24 hours. Before scanning, they were air
dried overnight and the surface scanned using an environmental
scanning electron microscope (ESEM; Quanta 450FEG). Images
Table 2
P values for pore size comparisons at each time point.

Cell type Pore size (um) P value on d 7 (or 8) P value on d 15

Fibroblasts 400 vs 700 .085 .101
400 vs 1000 .010 .139
700 vs 1000 .001 .003

Tenocytes 400 vs 700 .051 .976
400 vs 1000 <.001 .159
700 vs 1000 .094 .168

Bold indicates statistics were performed by two-tailed post hoc T-test with Bonferroni
correction.



Figure 3. Fibroblast attachment on cylinders with pore diameters 400 mm (a), 700 mm (b), and 1000 mm (c) at 1000� magnification. Arrowheads show cell bodies, and arrows show
cellular extensions.
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were captured to show the morphology of attached cells on the
surface of the porous material.

Statistical analysis

Three independent trials with each cell type were performed
(total n ¼ 13-17 for each pore size). Using the Microsoft Excel data
analysis tool pack, one-way analysis of variance and paired two-
tailed T-tests were used to compare AB data for all pore sizes. P
values less than .05 was considered significant.

Results

At day 7, fibroblasts cultured on the 400-, 700-, and 1000-mm
pore size Ti cylinders reduced AB by 11%, 4%, and 28% (Fig. 2),
respectively; significant differences were noted between the 400 vs
1000 mm (P¼ .010) and the 700 vs 1000 mm (P¼ .001) pore sizes but
no differences between 400 vs 700 mm (P ¼ .085) (Table 2). At day
15, fibroblasts cultured on the 400-, 700-, and 1000-mm pore size
cylinders reduced AB by 24%, 14%, and 35%, respectively; significant
differences were noted between 700 vs 1000 mm (P ¼ .003), but not
between the other pore sizes, 400 vs 700 mm (P ¼ .101) and 400 vs
1000 mm (P ¼ .139).

Fibroblasts grown on all 3 pore sizes showed increased AB
reduction from day 7 to day 15 (Fig. 2). Fibroblasts grown on the
Figure 4. Tenocyte attachment on cylinders with pore diameters 400 mm (a), 700 mm (b), an
cellular extensions.
400-mm pore size cylinders reduced AB by 11% on day 7 and by
24% on day 15; this is a significant increase in AB reduction
(P ¼ .028) (Table 1). On the 700-mm cylinders, the cells reduced AB
by 4% on day 7 and by 14% on day 15, also a significant difference
(P ¼ .010). Although there was an increase in AB reduction on the
1000-mm pore size cylinders at day 7 and day 15, 28% and 35%,
respectively, this was not a significant difference (P ¼ .392).

On day 8, the tenocytes cultured on the 400-, 700-, and
1000-mm pore size Ti cylinders reduced AB by 35%, 43%, and
52% (Fig. 2), respectively. There was a significant difference
between 400 vs 1000 mm (P < .001) but not between 400 vs
700 mm (P ¼ .051) or 700 vs 1000 mm (P ¼ .094) (Table 2). On
day 15, the tenocytes reduced AB by 32%, 32%, and 28% for the
400-, 700-, and 1000-mm pores sizes, respectively. No signifi-
cant differences were noted.

In contrast to the fibroblast cells, tenocyte reduction of AB
decreased from day 8 to day 15 (Fig. 2).When grown on the 400-mm
pore size cylinders, tenocytes reduced AB by 35% at day 8 and by
32% at day 15 (P ¼ .376). For the 700-mm cylinders, AB reduction
was 43% on day 8 and 32% on day 15, a significant decrease in
reduction (P ¼ .013). Similarly, when tenocytes were grown on the
1000-mm pore size cylinders, AB reduction at day 8 was 52% and
decreased to 28% by day 15 (P < .001).

ESEM was performed on fibroblast- and tenocyte-seeded cyl-
inders for each pore size and showed that some cells had reached
d 1000 mm (c) at 1000� magnification. Arrowheads show cell bodies, and arrows show
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the outer surface of the cylinders, thus confirming the inter-
connectivity of the pores and that those cells attached and spread
on the surface. There was some difference in the cell bodies of the
attached cells. The fibroblasts were more elongated while the
tenocytes were more rounded (Figs. 3 and 4).

Discussion

There is a clinical need in orthopedic surgery for the ability to
attach tendons directly to metallic implants. The mechanical and
biologic mechanisms to achieve this attachment are yet unclear.
With the advent of printed Ti technology, there is an ability to
specifically define the pore size in any particular area of an implant.
We hypothesize that defining a specific pore size or potentially
even a defined variable or graded pore size could better encourage
soft-tissue ingrowth into a metallic implant. Tendon biology is
complex. We chose to begin our investigations using 2 different cell
types, fibroblasts and tenocytes. Our study purpose was to evaluate
the effect of specific pore sizes of 3-D printed Ti cylinders on the
viability and function of fibroblasts and tenocytes. Both fibroblasts
and tenocytes penetrated the pores and readily attached to the
printed Ti material (Fig. 2). The fibroblasts had a preference to grow
within the larger pore sizes and had significantly more living cells
in the 700- and 1000-mm porous Ti. Based on the cell growth
pattern, the interconnectivity of the pores was confirmed by ESEM
imaging. During seeding, the outer surface of the cylinders was
blocked by silicone tubing. Hence, cells shown on the surface after
removal of the tube either proliferated or traveled through the open
pores during seeding.

The key point herein was that the individual cell types had
preference for different pore sizes within the same substrate, a
printed Ti surface. Additional studies would be required to assess
the impact of factors such as the addition of growth factors
including conditioned media from bone marrow stem cells as well
as the effect of combining cells into porous cylinder in the biore-
actor setting.

The observed decrease of AB reduction by tenocytes fromday 8 to
day 15 (Fig. 2) suggested a decline in cell proliferation or an increase
in cell death. One potential reason could be related to the low
seeding density relative to the available surface area within the
cylinders and that these cells may require closer contact for survival.
A previous study using a collagen-glucosaminoglycan scaffold found
that higher crosslinking densities and smaller pore sizes were able to
maintain tenogenic gene expression profiles [26]. This could explain
the more profound decrease on the 700-mm and 1000-mm samples
or could be related to cell passage and source (primary vs cell line).

A limitation of this study was the fact that we studied the
cell types independently. In addition, the pores while defined
in size and shape were not “optimized” for any cell type. As an
example, Zhao et al. found that the pore shape tetrahedron vs
octahedron affected spreading of MC3T3-E1 cells in vitro [27].
The cells spread better on the scaffolds with the octahedron
unit [27]. Another limitation of the study was that human fi-
broblasts were used while tenocytes were harvested from
Sprague Dawley rats. For optimal application of how this
concept would be applicable in orthopedics, human tenocytes
would need to be considered in the future especially if dual
cell types were to be studied together.

The results of this study suggest that tenocytes and fibroblasts
can grow into a 3-D printed Ti substrate and each cell type has a
preferential pore size. This work highlighted the differing behavior
of living cells relative to a 3-D printed Ti substrate. This and future
work may help to determine the specific structure that would best
promote tendon healing into an implant clinically because 3-D
printing of orthopedic materials is becoming common. It would
be possible to make the porous structure most advantageous to
tendon ingrowth situated at the point of tendon repair such as at
the greater trochanter or at the tibial tubercle.

Conclusions

While both fibroblasts and tenocytes penetrated the pores, fi-
broblasts preferred the 1000 mm pore size, whereas tenocytes
favored smaller pore size. Although this is a small sample size, re-
sults are encouraging because soft-tissue attachment to a metallic
scaffold is difficult but clinically desirable. Future studies could be
performed in an in vivo animal model.
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Appendix

Custom bioreactor

All parts of the bioreactor that came in contact with media/cells
were sterilized by autoclave before assembly. The bioreactor con-
sisted of 3 main parts: a pump, a culture chamber, and an
oxygenator (Fig. 1b). The pump was a Fisherbrand FH100M Multi-
channel Peristaltic Pump (Fisher HealthCare, Houston, TX; Cat. No.
13-310-661). Glass bottles with maximum capacity of 100 mL were
used as culture chambers, with a perforated lid that serves to
connect the inlet and the outlet tubing. An oxygenator was created
by coiling approximately 2 meters of silicone tubing, which is
permeable to oxygen, and placing it in a plastic bag with a CO2
source. The culture chamber and oxygenator were kept in the
incubator during culture, while approximately 2 feet of tubing
extended out of the incubator connecting it to the pump.

Cell preparation and seeding

Early passage human primary dermal fibroblasts (ATCC, Manassa,
Virginia; PCS-201-012) were grown to confluence. Cells were grown
in Fibroblast Basal Medium (ATCC; PCS-201-030) supplemented
with Fibroblast Growth Kit-Low Serum (ATCC; PCS-201-041) and 1%
penicillin/streptomycin. Tenocytes were isolated from patellar ten-
dons of SpragueDawley rats [25]. The tendon sampleswere collected
from themid portion of the tendons and placed in sterile phosphate-
buffered saline solution (PBS). Samples were washed 3 times, then
the epitenon layer was removed using a sterile scalpel. The tendon
was cut into small pieces (~2-3 mm), then the pieces were placed in
35-mm culture dishes and supplemented with culture medium. The
medium was changed every 33 to 4 days. Tenocytes were grown in
Dulbecco's Modified Eagle Medium (DMEM)dlow glucose (Sigma
Aldrich, St. Louis, MO; D6046-500ML) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Cells were
incubated at 37�C with 5% CO2, and the mediumwas changed every
33 to 4 days. When cells reached confluency, they were trypsinized,
counted, and diluted to a concentration of approximately 4500 cells
per microliter.

Disposable 1-mL syringes were used for cell seeding. Syringes
were filled with 0.020mL of cell suspension (themaximum amount
the 400-mm-pore cylinder could hold). Cylinders were directly
seeded with fibroblasts or tenocytes (approximately 4500 cells/ml)
by injecting the cell suspension using the 1-mL syringes fitted onto
one end of the tubing, thus preventing the cells from escaping
through the open pores on the surface. The whole syringe/cylinder
apparatus was placed horizontally in a sterile dish and incubated
for 2-3 hours at 37�C with 5% CO2 to allow cell attachment. Once
incubation was complete, the cylinders, still surrounded in silicone
tubing, were cut from the syringe and transferred to the custom-
made bioreactor culture chamber and cultured under dynamic
conditions (circulating 50 mL of media at 1.3 mL/min) for up to 15
days with full medium change every week. To verify how many
cells remained in each cylinder after the transfer, the remaining
cells in the tips of each syringewerewashed and combined in 1-mL
PBS and then counted again to verify approximately the number of
cells. Each cylinder held about 200,000 (tenocytes) or 300,000
(fibroblasts) cells on day 0.
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