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A New Vertebral Body Replacement Strategy
Using Expandable Polymeric Cages

Xifeng Liu, PhD,1,2 Alex Paulsen, BS,2 Hugo Giambini, PhD,2 Ji Guo, MD,2 A. Lee Miller II, PhD,2

Po-Chun Lin, MD,2 Michael J. Yaszemski, MD, PhD,1,2 and Lichun Lu, PhD1,2

We have developed a novel polymeric expandable cage that can be delivered via a posterior-only surgical
approach for the treatment of noncontained vertebral defects. This approach is less invasive than an anterior-
only or combined approach and much more cost-effective than currently used expandable metal cages. The
polymeric expandable cage is composed of oligo poly(ethylene glycol) fumarate (OPF), a hydrogel that has
been previously shown to have excellent nerve and bone tissue biocompatibility. OPF hydrogel cages can
expand to twice their original diameter and length within a surgical time frame following hydration. Modulation
of parameters such as polymeric network crosslink density or the introduction of charge to the network allowed
for precise expansion kinetics. To meet specific requirements due to size variations in patient vertebral bodies,
we fabricated a series of molds with varied diameters and explored the expansion kinetics of the OPF cages.
Results showed a stable expansion ratio of approximately twofold to the original size within 20 min, regardless
of the absolute value of the cage size. Following implantation of a dried OPF cage into a noncontained vertebral
defect and its in situ expansion with normal saline, other augmentation biomaterials, such as poly(propylene
fumarate) (PPF), can be injected to the lumen of the OPF cage and allowed to crosslink in situ. The OPF/PPF
composite scaffold can provide the necessary rigidity and stability to the augmented spine.
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Introduction

Multiple pathologies can affect vertebral bodies,
including tumor, fractures, and infection, reducing

spinal stability and increasing risk for further vertebral or
nervous tissue injury.1 The spinal column is the most
common site of bone metastasis and occurs in one-third of
cancers.2–5 Vertebral body injury has historically been
treated with corpectomy of the affected body and adjacent
intervertebral discs. This defect can then be replaced with
autografts, allografts, or a variety of fixed and expandable
titanium or polymeric cages6 with the purpose of reducing
pain, decompression of neural elements, spinal stabilization,
and resection of the malignancy.7

Bone grafts used to reconstruct the anterior column have
been associated with complications such as pseudoarthrosis,
graft collapse, kyphotic deformity, and graft extrusion.8,9

Titanium cages have proven to be an effective method of
treatment, providing instantaneous stability, correction of
kyphotic deformity, and relief of cord compression. How-
ever, these implants sometimes require both an anterior and a

posterior surgical exposure. On the contrary, the use of ex-
pandable titanium cages has enabled an alternative posterior-
only surgical approach to the more invasive anterior-only or
combined approach.10 Yet, in addition to its high costs, tita-
nium instrumentation does not allow for natural healing in
those patients for whom a biologic reconstruction is desired.
In addition, the modulus is much higher compared to natural
bone, which may lead to injury of adjacent vertebral bodies.
These open surgical procedures become difficult to bear by
these delicate patients, posing a greater surgical risk and a
challenging recovery.11 With a demographic shift toward an
elderly population, there exists a need for a less invasive
surgical approach for the repair of vertebral body defects so
commonly present in this population.12

Biocompatible and biodegradable polymers, such as poly(L-
lactic acid) (PLLA),13 poly(e-caprolactone),14–16 poly(propyl-
ene fumarate) (PPF),17,18 poly(ethylene glycol) (PEG),19 and
oligo poly(ethylene glycol) fumarate (OPF),20 have been used
for various tissue engineering applications showing excellent
in vitro and in vivo results. For example, PLLA polymer was
reported to have desirable biocompatibility and biodegradability
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in in vitro studies, and attractive tissue affinities without
inflammation in in vivo studies.21,22 With inherent cross-
linkable fumarate bonds, PPF polymer can be photo-
crosslinked or chemical-crosslinked to form a biocompatible
network.23 A number of copolymers/blends developed on the
basis of crosslinkable PPF were explored for bone tissue
engineering applications.17,24–26 Good biocompatibility and
cellular behavior were reported in in vitro studies and en-
couraging results were demonstrated supporting bone re-
generation in animal work.27–30

PEG is a biocompatible hydrophilic polymer that has
been studied for many years in the bone tissue engineering
field.22,31 As a derivative of PEG, the OPF polymer has been
synthesized by esterification of PEG with fumaric acid.32

The double bonds in the fumaric acid segments provide a
crosslinking ability to the OPF chains, whereas the PEG
segments allow a high degree of swelling when exposed to
an aqueous environment. The hydrated OPF gel is bio-
compatible and biodegradable through hydrolysis of inher-
ent ester bonds.33,34 The water content, crosslinking density,
and modulus of crosslinked OPF hydrogel can be further
modulated based on specific purposes and goals.35

To overcome the current spine surgery limitations using
metal cages, in this study, we developed a novel biode-
gradable polymeric containment device to replace the
missing structural portion of a vertebral body that has a
noncontained metastatic defect. The OPF cages were fab-
ricated by photocrosslinking OPF blend in a mold. As de-
scribed in Figure 1a, on rehydration, these cages were able
to expand in size to a predetermined diameter and length.
This degree of expansion would enable a less invasive
posterior-only surgical approach for insertion of the scaffold
(Fig. 1b). Once expanded in vivo, the implant would be
filled with PPF to provide structural support and rigidity to
the spine, allow for bone regeneration, and sustained release
of chemotherapeutic and/or antibiotic agents (Fig. 1b).

Materials and Methods

The expansion kinetics of OPF cages were explored by
altering the molecular weight, charge, and scaffold mold
diameter. The effects of these changes were quantified by
observing the expansion rates of scaffold length, diameter,
and mass under physiologic conditions.

Materials

PEG, fumaryl chloride, potassium carbonate (K2CO3),
benzoyl peroxide (BPO), N,N-dimethyl-o-toluidine (DMT),
and 1-vinyl-2-pyrrolidinone (NVP) were purchased from
Sigma Aldrich Co. (Milwaukee, WI). Methylene chloride
(CH2Cl2) and other common solvents were purchased from
Fisher (Pittsburgh, PA) and used as received. All other reagents/
chemicals were purchased from Fisher or Sigma unless noted
otherwise.

Synthesis of OPF

OPF2k and OPF10k were synthesized using fumaryl
chloride and PEG with number-average molecular weight
(Mn) of 2000 and 10,000, respectively, according to pre-
vious reports.36–38 Briefly, PEG (50 g) with designated
molecular weight was azeotropically distilled in toluene and

dissolved in anhydrous CH2Cl2 (500 mL) in a three-neck
flask. The PEG/CH2Cl2 reaction system was placed in an ice
bath and purged with nitrogen for 10 min. K2CO3 powder
(20 g) was first added, with a subsequent dropwise addition
of fumaryl chloride (1:1 in molar ratio to PEG) under stir-
ring conditions. The reaction was kept at room temperature
for 48 h and then centrifuged to remove the solid K2CO3

powder. The filtrate was concentrated by rotary evaporation,
precipitated in cold diethyl ether, fully dried in vacuum, and
stored at -20�C for future use.

Fabrication of scaffolds with variable molecular weight

The synthesized OPF of molecular weights 2000 and
10,000 Da was used to fabricate scaffolds of 10 mm diam-
eter. One gram of OPF2k, 0.05 g BAPO, 0.1 g NVP, and
2 mL CH2Cl2 were combined into a flask. The mixture was
vortexed until all solutes were dissolved. After greasing the
metal rod of the mold, 3 mL of the resin was added to the
scaffold mold. This was placed in a UV oven to initiate
crosslinking. After 60 min, the center metal rod of the mold
was removed and the scaffold was placed back in the UV
oven for an additional 2 h. The scaffold was placed in the
hood at room temperature overnight to fully dry. OPF10k
was fabricated following the same steps, however, the
amount of the ingredients was altered as follows: 1 g
OPF10k, 0.15 g BAPO, 0.3 g NVP, and 2 mL CH2Cl2.

Fabrication of scaffolds with variable charge

The effect of negative charge on swelling time of these
scaffolds was studied by both chemically crosslinking sodium
methacrylate (SMA) within the polymer network or physically
infiltrating SMA into the network. For the chemical cross-
linking method, the OPF monomer was dissolved in CH2Cl2,
added to varied concentrations of SMA (0%, 5%, 10%, and
20%, w/w to OPF), and then crosslinked under UV irradiation.
For the physical incorporation method, the crosslinked OPF
scaffold was soaked for 1 day in ddH2O containing varied
concentrations of SMA (0%, 0.5%, 2.5%, and 10%). Scaffolds
were subsequently dried overnight in a 70�C oven.

Fabrication of scaffolds with variable diameter

OPF2k resin was fabricated as described above; however,
the diameter of the scaffold mold was increased from 10 to
15 mm. Both scaffolds were soaked in 2.5% SMA to achieve
a final concentration of 12% SMA.

Expansion kinetics

Expansion rate was evaluated on scaffolds with variable
molecular weight, charge, and diameter by immersing each
10 mm section in 50 mL of phosphate-buffered saline (PBS)
solution at 37�C. The mass, length, and diameter were
measured at serial time points from 0 to 80 min. Digital
pictures of each measurement were taken at each time point.
The inside volume of each scaffold was calculated using the
respective diameter and length.

Mechanical testing

Mechanical properties of crosslinked OPF scaffolds of 10
and 15 mm diameter were determined using a dynamic
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mechanical analyzer (RSA-G2, TA instruments). Compres-
sive stress–strain curves for OPF cages before and after
swelling were obtained at a constant linear rate of 0.01 mm/s.
Compressive moduli were calculated from the slope of the
linear region in the stress–strain curves and averaged with
two samples.

In situ swelling and injection

OPF cages were placed in a metal mold with two iron
rods mimicking the in vivo vertebral body defect conditions.
After the cages were fully swelled, a formulation of cross-
linkable PPF with initiators and accelerators was prepared
and injected, according to previous reports.18,38 Briefly,
3.0 g of PPF was dissolved in 1.0 mL CH2Cl2 and mixed
thoroughly. One hundred microliters of initiator (0.2 g BPO
dissolved in 1 mL NVP) was added and mixed with the
polymer solution. Eighty microliters of accelerator (20 mL of

DMT dissolved in 980mL CH2Cl2) was quickly added and
the PPF/BPO/NVP/DMT formulation was then transferred
into a syringe and carefully injected into the swelled OPF
scaffolds. The biomaterial system was kept at room temper-
ature overnight to allow for in situ polymerization and a
crosslinked polymer network inside the expandable scaffolds.

Results

Effect of crosslink density on swelling

The expansion and swelling over time of the 10-mm-
diameter cages fabricated with OPF with molecular weight
of 2k and 10k were studied. As shown in Figure 2a and b,
there is a significant visual radial and longitudinal expansion
over a 120-min immersion period for both types of cages.
However, visually, the 2k OPF construct (Fig. 2a) presented
a more homogeneous geometrical structure compared to the

FIG. 1. (a). Crosslinked OPF cages have the ability to expand in size when placed in aqueous solution. (b) Schematic
demonstration of the insertion of dried OPF cage. 1: Spine with single vertebral metastasis; 2: removal of affected vertebral body
and adjacent intervertebral discs; 3: posterior instrumentation; 4: insertion of dried OPF hollow graft; 5: graft in situ expansion to
predetermined size; 6: injection of crosslinkable supportive PPF into cage lumen and in situ crosslinking. OPF, oligo
poly(ethylene glycol) fumarate; PPF, poly(propylene fumarate). Color images available online at www.liebertpub.com/tea
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10k OPF scaffold (Fig. 2b). Moreover, differences in ex-
pansion kinetics are clearly observed at the 40- and 60-min
time intervals.

Both OPF scaffolds showed a significant increase in their
length during the first 20 min (Fig. 2c–f). The final length
after 120 min was approximately 20 mm (Fig. 2c). The
length of the 2k OPF molecular weight scaffold tended to
plateau around 60 min, while a longer time period was re-
quired for the 10k scaffold, as shown in Figure 2d. A similar
trend was observed on the expanded scaffold diameter. The
OPF2k cages achieved an approximate constant diameter
at the 40-min time point, while the 10k cage required double
the time (Fig. 2e). Diameter ratios showed a similar trend as
the length ratio change, as shown in Figure 2f.

Absolute mass and volume for both molecular weight
scaffolds are shown in Figure 3. The OPF2k cage achieved an
almost constant mass of 1000 mg at the 60-min immersion
time (Fig. 3a). In contrast, the OPF10k cage showed a con-
tinuous increase in mass over time, until reaching a plateau of
about 1600 mg around 120 min. Mass ratio increased ap-
proximately fourfold for the OPF2k scaffolds, while the
OPF10k scaffolds reached a maximum mass change of
around 12-fold, compared to its initial value (Fig. 3b). This
phenomenon can be due to a higher water absorption capa-
bility of the OPF10k cages. A higher absolute volume was
also observed for the OPF10k cage compared with that of the
OPF2k cage (Fig. 3c). The maximum volume ratio of the
OPF2k sample at the 60-min time point was about sixfold
compared to a fivefold increase in the OPF10k cage (Fig. 3d).

Effect of charge on swelling

Since the OPF2k showed better expansion kinetics (length,
diameter, mass, and volume ratios) compared to the OPF10k
scaffold, this molecular weight composition was chosen to
evaluate chemical crosslinking of SMA into the OPF network
and physical incorporation of SMA into the crosslinked OPF
network (Fig. 4a, b). As shown in Figure 4a, the chemical
crosslinking process covalently and permanently linked the
SMA molecules into the polymer network. Expansion ki-
netics showed a limited effect of this process in improving the
swelling time of the OPF cage with varying SMA composi-
tions. On the contrary, the incorporated SMA small mole-
cules produced undesired side effects by largely restricting
the final swelling ability of the OPF cage (Fig. 4c).

A schematic of charge incorporation by physical adsorption
of SMA into the crosslinked network is shown (Fig. 4b). By
measuring the initial mass and the mass after soaking, final
concentrations of absorbed SMA in the scaffolds were 0%,
2.4%, 12%, and 48% for scaffolds soaked in 0%, 0.5%, 2.5%,
and 10% solution, respectively. The results demonstrated a
significant decrease in swelling time, as shown in Figure 4d. In
addition, solely due to a physical absorption process and
contrary to the chemically bonded SMA process, no side ef-
fects were observed on the final size of swelled OPF cages.

Effect of scaffold diameter on swelling

Expansion kinetics of 10- and 15-mm-diameter OPF2k
scaffolds are shown in Figure 5. Top and side views of both

FIG. 2. Photographs of shape evaluation of expandable cages fabricated with varied molecular weight (a) OPF2k and (b)
OPF10k. (c) Absolute length and (d) relative ratio normalized to the original length were calculated over an immersion time
to 120 min in PBS. (e) Absolute diameter and (f) ratio change of cages fabricated by both OPF2k and OPF10k polymers
were also investigated. PBS, phosphate-buffered saline. Color images available online at www.liebertpub.com/tea
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cages are shown in Figure 5a and b. The absolute length,
diameter, and their ratio changes with swelling time in PBS
are shown in Figure 5c–f. Both cages attained a length and
diameter plateau at around 30-min immersion time. The
length ratio of the 10 mm cage at the 30-min time point
was *1.9, while the 15 mm cage showed a length ratio of 2

(Fig. 5d). The diameter ratio of the 10 mm cage at the 30-
min time point was *2.1, while the 15 mm cage showed a
ratio value of 2 (Fig. 5f). A similar trend in the mass ratio
increase was observed for both length types, with a plateau
in mass around 60 min. The 10 mm cage reached a mass
ratio of 7 (*1000 mg), while the 15 mm cage presented a

FIG. 3. (a) Absolute mass,
(b) mass ratio change, (c)
absolute volume, and (d)
volume change of OPF2k and
OPF10k scaffolds during a
120-min swelling in PBS.

FIG. 4. Schematic of (a)
chemically crosslinking
SMA with OPF to form a
polymer network with nega-
tive charges; (b) physical
incorporation of SMA into
the crosslinked OPF polymer
network; (c) effect of chem-
ically crosslinking SMA
molecules on swelling kinet-
ics of OPF2k scaffolds; (d)
effect of adsorbed SMA
molecules on swelling kinet-
ics of the OPF2k scaffolds.
SMA, sodium methacrylate.
Color images available
online at www.liebertpub
.com/tea

EXPANDABLE CAGE FOR VERTEBRAL BODY REPLACEMENT 227



ratio of 6.5 (*1600 mg), as noted in Figure 5g and h. Al-
though a significant visual difference was observed in the
absolute volume change of these two cage types (Fig. 5i),
reaching a plateau at about 60 min, their ratio change was
similar at about nine-fold the original size (Fig. 5j).

Mechanical properties before and after swelling

Stress versus strain curves of all four sample types
(Fig. 6a, b) obtained from the mechanical compression tests
are shown in Figure 6c and d. Both 10- and 15-mm-diameter

dry cages presented a much steeper increase in the stress
response to the applied strain when compared to their swelled
counterparts (Fig. 6c). An enlarged view below 6 kPa shows a
steeper increase of the 10-mm-diameter cages, in both dry
and swelled conditions, than the respective 15-mm cages
(Fig. 6c). Compressive moduli are shown in Figure 6d. For
both 10- and 15-mm-diameter cages, the dry samples pre-
sented a larger modulus, ranging in the 328.0 – 108.9 and
142.5 – 19.1 kPa, respectively. On the contrary, after swelling,
there was an evident decrease in the moduli of both cages
(16.5 – 6.4 kPa and 13.5 – 7.8 kPa, respectively).

FIG. 5. Digital photographs showing the swelling process of the cages in PBS over time and their expansion kinetics.
Cages were fabricated with OPF2k with (a) 10-mm and (b) 15-mm-diameter mold; (c) absolute length, (d) length ratio, (e)
absolute diameter, (f) diameter ratio, (g) absolute mass, (h) mass ratio, (i) absolute volume, and (j) volume ratio. Color
images available online at www.liebertpub.com/tea
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In situ injection and polymerization of supportive
polymers

To mimic the potential in vivo application, a simplified
in vitro study was conducted. A metal mold with two metal
rods mimicking vertebral bodies was manufactured, as de-
scribed in Figure 7a. A gap distance was set to create an
artificial defect condition and the mold was immersed in PBS
with a red dye to allow for better visualization of the scaffold.

Expandable crosslinked OPF cages were then inserted into
the artificial defect section and observed for in situ swelling.
The cages were able to swell to the predetermined size in
*15 min (Fig. 7b). After reaching a predetermined final
swelled size, the cage then squeezes tightly between the two
rods, forming a nearly closed hollow space available for in-
jection of supportive materials. The chemical crosslinkable
PPF/BPO/NVP/DMT formulation was injected using a syringe
into the hollow space successfully (Fig. 7c). After injection,

FIG. 6. Compressive
testing of (a) 10-mm and
(b) 15-mm-diameter OPF
cages in dry and swollen
states. (c) Stress–strain
curves and enlarged region
below 6 kPa. (d) Compres-
sive moduli obtained from
the linear region of the
stress–strain curves. Color
images available online at
www.liebertpub.com/tea

FIG. 7. In-situ swelling
and injection. (a) Molds
consisting of metal rods and
liquid container were used to
mimic the vertebral body
defects; (b) swelling process
of OPF2k cages with 10 mm
diameter in PBS at 37�C; (c)
in-situ injection of chemi-
cally crosslinkable PPF/
BPO/NVP/DMT formula-
tions; (d) schematic of the
posterior-only surgical inser-
tion of OPF cages; (e) in-situ
swelling and injection of
augmentation material PPF
for rigidity and support; (f)
After PPF injection into the
scaffold lumen, polymer
chains crosslink with each
other forming stable net-
works; (g) OPF/PPF com-
posite scaffold, composed of
an OPF outlayer containment
cage and a stiff supportive
PPF core, after in situ swell-
ing, injection, and cross-
linking. BPO, benzoyl
peroxide; DMT, N,N-
dimethyl-o-toluidine; NVP,
1-vinyl-2-pyrrolidinone.
Color images available online
at www.liebertpub.com/tea
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the polymer/crosslinker/initiator formulation quickly started
the polymerization process forming a stiff scaffold system
(Fig. 7f). The OPF scaffold serves as a containment system
to allow for in situ crosslinking avoiding spreading of the
material and minimizing potential side effects and damage
to the near tissues. The OPF/PPF composite scaffold,
composed of an OPF containment cage outlayer and a solid
and stiff supportive PPF core, is shown in Figure 7 g.

Discussion

Approximately 1.6 million new cancer cases will be
diagnosed during 2016 in the United States39 and about 50–
85% of these patients will develop secondary bone metas-
tases,40,41 most commonly to the spine.42 The spine is a
load-bearing structure and the presence of vertebral in-
sufficiencies and vertebral body collapse due to metastatic
disease significantly decreases the patient’s quality of
life.43,44 Survival 1 year after vertebral metastasis is 83.3%
in prostate cancer, 77.7% in breast cancer, 51.2% in renal
cell carcinoma, and 21.7% in lung cancer.45 This trend, in
some cancer types, for longer survival times than those seen
over the past decades, and with an existing demographic
shift toward an elderly population, places increased impor-
tance on developing treatment strategies that minimize the
likelihood of spinal cord injury from either metastatic spinal
cord compression or pathologic vertebral fractures.

The choice of treatment for spinal metastases depends on the
location and histologic identity of the tumor, the type of re-
construction required, patient comorbidities, their ability to
tolerate the required surgical procedure, and the overall extent of
their disease. A contained lesion is a ‘‘hole in a bone’’ that has
intact external margins. A noncontained lesion has missing bone
within the normal geometric boundaries of the diseased bone,
and, in addition, is missing some or all of those normal geometric
bone boundaries. There is currently no injectable biomaterial
treatment option available for noncontained metastatic spine
defects that can be delivered via less invasive surgical tech-
niques. Current surgical approaches for affected thoracolumbar
vertebrae include anterior and posterior approaches such as
transperitoneal, retroperitoneal, thoracoabdominal, thoracot-
omy, sternotomy, posterolateral extracavitary, and posterior
transpedicular. These open surgical procedures become difficult
to bear by these frail patients. Although the metastatic defect
may be replaced with fixed metal or polymeric cages, these
implants sometimes require both an anterior and a posterior
surgical exposure. While being able to sustain physiologic spine
loads, fixed metal implants are not ideal for bone healing in those
patients for whom a biologic reconstruction is desired.

Although fixed metal cages have been traditionally used for
reconstruction after corpectomy, expandable metal cages have
recently gained popularity in the reconstruction of the anterior
spinal column following posterior stabilization. Studies have
shown the feasibility of using these and fixed cages in the spine
without the spread of infection.46,47 However, little is known
about their long-term effect in the spine. A retrospective study
by Lau et al.48 showed patients with expandable metal cages to
have a significantly higher rate of subsidence, almost double,
compared to those with fixed cages at the 1-month visit, and
although not significant, this higher rate remained at the 1-year
follow-up. Complications have also been reported from such
invasive anteroposterior procedures. Schnake et al.49 reported

the development of post-thoracotomy syndrome in their pa-
tient population. About one-third of their patients presented
with complications related to the anterior surgical approach
even 5 years postsurgery.

A main disadvantage of fixed cages is migration of the
implant, leading to instability of the spine. To prevent mi-
gration of the expandable cages, these are often over-
expanded intraoperatively. However, this process induces
overdistraction of the cages leading to high forces at the ad-
jacent endplates. To reduce the rate of subsidence, Le et al.50

suggested the use of wide intervertebral cages, covering a
larger surface area. However, most often it is not feasible to
insert these large cages when performing posterolateral or
posterior-only approaches, thus leading to much smaller
implants or expandable cages. Our proposed biomaterial
system would overcome these shortcomings by allowing the
insertion of the OPF hollow scaffold from a posterior-only
surgical intervention and reducing the surgical burden on
these patients. Hydration and expansion to a predetermined
larger size would allow for augmentation materials to fill the
hollow scaffold to provide stability and support to the spine.

In this in vitro experimental study, the swelling time of the
OPF scaffolds was determined to be about 20 min. Although
scaffolds were hydrated in vitro in a PBS-based solution,
in vivo conditions will present other body fluids, for example,
blood, to provide a partial aqueous environment for hydrogel
cage swelling. Moreover, the addition of physiological saline
solution could be a potential strategy for helping the swelling
of hydrogel cages in situ. The OPF hydrogel is proven to be
biocompatible for both bone and nerve cells in various tissue
engineering applications.51,52 Thus, the OPF applied as a shell
material in the OPF/PPF composite material is expected to not
present any cytotoxicity and be in an optimum environment for
bone tissue regeneration and functional recovery. PPF and its
copolymers, on the contrary, are biocompatible, stiff, and
mainly serve as bone scaffold materials with excellent support
for bone regeneration.28,29,53,54

Hydrated OPF is relative bendable and malleable, but the
OPF/PPF composite scaffold, due to the mechanical proper-
ties of PFF, results in a much rigid structure. According to
previous studies, vertebral cancellous bone has been shown to
have a compressive modulus in the range of 344 – 148 MPa.55

Based on previous work from our group, the PPF material to
be implemented as a core in the expandable cage, was reported
to have a compressive modulus of 142 – 7.4 MPa.18 This is
comparable to the lower range of experimentally tested can-
cellous bone. However, PPF could potentially be modified to
include hydroxyapatite to increase its mechanical properties.

This study investigated the effects of various parameters
on the swelling time and swelling degree of hydrogel cages,
including polymer molecular weight, incorporated charges,
and cage diameters. Higher polymer molecular weight, that
is, longer polymer chain, resulted in a larger absolute di-
ameter and length cage after hydration. Also, physical in-
corporation of SMA into the OPF hydrogel network, instead
of covalent crosslinking of the molecules, resulted in a
shorter expansion time. Final cage size after hydration was
also shown to be dependent on the initial cage diameter.
These data demonstrate that the ultimate dimension of hy-
drogel cages can be tailored and well tuned through modu-
lation and optimization of various parameters. This unique
property is critical for fulfilling the diverse requirements in
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patients of different ages and presenting vertebral in-
sufficiencies in different sections of the spine. Future studies
should investigate spinal rigidity and stability in vitro with an
eventual evaluation of the feasibility of the scaffolds in vivo.

Conclusion

The OPF polymeric hydrogel containment device plays a
key role in implant function. It has a low cost of preparation
and has the ability to be delivered via a less invasive
posterior-only surgical procedure compared to the combined
anterior and posterior approaches. In addition, on rehydra-
tion and expansion to a predetermined size, it allows for
injection of augmentation materials through the scaffold
wall providing structural support and stability to the spine.
OPF cages of varied sizes can be manufactured to meet the
specific needs of the patients. In situ injection of supportive
PPF offers a low-cost OPF/PPF composite system as an
alternative to the currently commercialized metal cages.
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