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a b s t r a c t

Nucleus pulposus replacements have been subjected to highly controversial discussions over the last 40
years. Their use has not yet resulted in a positive outcome to treat herniated disc or degenerated disc
disease. The main reason is that not a single implant or tissue replacement was able to withstand the
loads within an intervertebral disc. Here, we report on the development of a photo-polymerizable
poly(ethylene glycol)dimethacrylate nano-fibrillated cellulose composite hydrogel which was tuned
according to native tissue properties. Using a customized minimally-invasive medical device to inject and
photopolymerize the hydrogel insitu, samples were implanted through an incision of 1 mm into an
intervertebral disc of a bovine organ model to evaluate their long-term performance. When implanted
into the bovine disc model, the composite hydrogel implant was able to significantly re-establish disc
height after surgery (p < 0.0025). The height was maintained after 0.5 million loading cycles (p < 0.025).
The mechanical resistance of the novel composite hydrogel material combined with the minimally
invasive implantation procedure into a bovine disc resulted in a promising functional orthopedic implant
for the replacement of the nucleus pulposus.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The impact of low back pain on society is tremendous [1]. The
economic burden was estimated to be up to 355 $ per capita and
annum for direct costs and 507 $ for indirect costs [2] which results
in a total of 200 billion per annum for a country such as the United
States of America [3]. In its early stage, low back pain with or
without sciatica is addressed with conservative treatments such as
physical therapy or medication [4,5]. In a later stage, decompres-
sion surgery might be warranted [6] and in the case of disc

herniation a more invasive procedure such as discectomy is un-
dertaken [7]. For persisting pain due to disc degeneration fusion of
one or several spinal segments might become necessary [8]. The
reasons for more severe surgery are mainly disc protrusion and
herniation, degenerative disc disease [9] and spondylolisthesis [10].
For all these conditions, the range of motion of the spinal segment
increases which leads to a segment instability and pain [11].

The ideal solution is a stabilization of the joint by reinforcing the
degenerated or missing tissue of the nucleus pulposus (NP) [12]
which is the core of the intervertebral disc (IVD). However, up to
date, all implantation attempts with a NP replacement material
have failed due to extrusion, expulsion or subsidence of the
implanted material [13,14]. The required material properties have
been subject of controversial discussions over the last two decades.
The current, general consensus is that more mechanically resistant
materials need to be developed [15e17]. What is clear, is that a
material needs to be implanted in a minimally invasive manner to
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avoid damaging existing tissue [15]. It also needs to re-establish
disc height without destroying the endplate [12,16] and should
not extrude when the spinal segment is cyclically loaded [13,18].
We propose an implant solution based on a photopolymerizable
material. The low viscosity of the material is ideal for injecting it
through a small capillary and for flowing into tissue interstices. The
capillary also guides the curing light, thus providing an original
solution for minimal intrusion and optimal control.

Photopolymerized implants first appeared more than 40 years
ago in dentistry [19] where the initiation of the photo-
polymerization reaction by light was a significant advantage in
terms of control and integration into enamel. Recent advances in
water-based and biocompatible materials which allows photo-
polymerization of volumes of several cm3, open a new avenue for in
situ photopolymerized implants for orthopedics [20], oncology [21]
and ophthalmology [22]. Especially, photopolymerized hydrogels
provide promising solutions for tissue replacements [23]. However,
despite the large body of work in photopolymerized hydrogels,
none of them to our knowledge, has the performance required for a
NP replacement, and there are no devices available for controlled,
minimally invasive placement of photopolymerized hydrogels.

Hydrogels lack structural strength, and thus are not adapted to
cases of high mechanical stress, such as in the IVD [24]. Conven-
tional methods to improve the hydrogel stiffness, such as
increasing the cross-linker density, usually result in a loss of
strength and water content [25e27]. Different hydrogel designs
have been proposed to tackle this issue [25,28] such as slip-link
hydrogels [29] and double network hydrogels [30]. Although
these methods result in significant improvement of stiffness and
toughness, their long and/or sequential preparation makes in situ
curing impractical. The use of a composite hydrogel is an alternative
approach. Composite hydrogels combine the high stiffness and
strength while preserving the one-step hydrogel preparation. The
composite material retains the short curing time making the
composite material suitable for in situ insertion.

Minimally invasive photopolymerization has been achieved in
situ by transdermal illumination [31] and irradiation through the
walls of blood vessels [32]. To achieve the photocuring deeper
within tissue, methods and devices need to be developed.

Photopolymerized poly(ethylene glycol)dimethacrylate
(PEGDMA) has been widely investigated for biomedical applica-
tions such as cell encapsulation [33], tissue engineering [34] and
drug delivery [35]. PEGDMA is highly hydrophilic and the resulting
hydrogel properties are tunable by changing the polymer's mo-
lecular weight and water content. Cellulose fibers showed to be a
promising composite material for the reinforcement of the poly-
meric matrices [36,37]. The use of cellulose fibers to reinforce the
hydrogelmatrix is advantageous because cellulose is biocompatible
and its addition only slightly influences the equilibrium water
content [38]. Recently, in a separate study [39], the authors have
shown that the hydrogel properties such as precursor viscosity,
curing kinematics, swelling ratios and mechanical characteristics
(elastic modulus, fracture strain/stress, energy dissipation) can be
tailored by changing the concentration of nano-fibrillated cellulose
(NFC) and the PEGDM molecular weight. Furthermore it has been
observed that nano-fibrillated cellulose fibers also have a positive
impact onto the bio-optical scattering properties of a hydrogel
which results inmore efficient and homogenous curing during light
illumination.

In this study, relative concentration of NFC and molecular
weight of PEGDMA were tuned in the composite hydrogel in order
to match closely the properties of the NP native tissue. We further
hypothesize that by injecting the liquid precursor and activating it
through photopolymerization, the tissue integration of the
implanted material is strongly enhanced.

2. Materials and methods

A hydrogel was first tailored to match the properties of native
NP tissue in terms of elasticity and water content. A selected
hydrogel was then evaluated against native bovine NP tissue during
specifically designed functional tests: 1) confined compressionwas
done to avoid subsidence into the IVD endplate, 2) the hydrogel's
swelling pressure was tested to be able to re-establish disc height
and 3) an extrusion test was performed to evaluate the hydrogel's
resistance to extrusion or expulsion. Following material testing, a
surgical injection, illumination and monitoring device was devel-
oped and applied to implant the composite hydrogel into an ex vivo
bovine IVD organ culture model.

2.1. Sample preparation

2.1.1. PEGDMA synthesis
PEGDMA was synthesized according to the description by Lin-

Gibson et al. [40]. Poly(ethylene glycol) with molecular weights of
6 and 20 kDa and triethanolamine (99%) were purchased from
Sigma Aldrich, Buchs, Switzerland. Poly(ethylene glycol) was dried
by the aid of dean-stark distillation. Extra dry dichloromethane
(99.8%) and diethyl ether (99.5%, extra dry over molecular sieve)
were purchased from Acros, Basel, Switzerland. Dried poly(-
ethylene glycol) (20 g) was dissolved in 60 ml dichloromethane.
Methacrylic anhydride (303 mg) and triethanolamine (462 mg)
were added to the solution and the methacrylation was carried out
under dry argon flow. After five days, the solution was precipitated
in diethyl ether, filtered and dried overnight in vacuum at room
temperature. The H NMR spectrum revealed a 74% and 90% degree
of methacrylation for the PEGDMA 6 and 20 kDa, respectively.

2.1.2. NFC preparation
Cellulose pulp (bleached softwood pulp, elemental chlorine

free) with a residual chlorine content of 0.4 wt% was purchased
from Zellstoff Stendal, Arneburg, Germany. Cellulose pulp was
fibrillated with a high-shear homogenizer by pumping the sus-
pension through two consecutive chambers with diameters of 400
and 200 mm (i.e., H230Z 400 mm and H30Z 200 mm, respectively) for 12
passes. The resulting NFC suspensionwas concentratedwith the aid
of centrifugation (50000 rpm, 25 !C, three times during 15 min).
According to cryo-SEM images the NFCs diameter was in the range
of 2e100 nm and their length in the range of a few micrometers.

2.1.3. Composite hydrogel preparation
Phosphate buffered saline (PBS, pH 7.4) was purchased from

Gibco, Basel, Switzerland and 4-(2-hydro- xyethoxy) phenyl-(2-
hydroxy-2-propyl) ketone (Irgacure 2959) was purchased from
BASF, Basel, Switzerland. PEGDMA powder (10 wt%) and NFC (0.5
vol%) were added to PBS. The PEGDMA was dissolved by keeping
the solution in 37 !C water bath for 15 min and the photoinitiator
Irgacure 2959 (0.1 wt%) was added to the suspension. The sus-
pension was then homogenized by ultra turex (IKA T25 digital, SN
25 10G, Staufen, Germany) for 20 min in a dark chamber. The ho-
mogenized suspension was degassed at a pressure of 20 mbar.

In order to characterize the hydrogel properties, the precursors
were cast in plastic molds with a diameter of 8 mm and height of
4 mm, covered by microscope slides and illuminated by mono-
chromatic 365 nm ultra violet lamp (AxonLab, Baden, Switzerland)
with an intensity of 5 mWcm"2 during 30 min.

2.1.4. Sample sterilization
The photoinitiator solution and the PEGDMA dissolved in PBS

were passed through the 0.22 mm filter (Millex®GS, Millipore Cor-
poration, Bedford, MA). NFC were autoclaved and the NFC solution
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was sterilized by UV light illumination during 30 min.

2.1.5. Nucleus pulposus preparation
IVDs were isolated from bovine tails (age between 10 and 14

month old) obtained from a local abattoir. The endplates were
removed surgically and the discs immediately frozen. An 8 mm
surgical biopsy punch (Stiefel, Brentford, United Kingdom) was
used to extract the frozen NPs from the IVDs. To thaw the samples,
they were put in a closed plastic bag during 5e10 min to avoid any
evaporation of water.

2.2. Material characterization tests

2.2.1. Water content evaluation
Hydrogels and NP weights were measured after swelling in PBS

(Ws) and after 2 days of drying (Wd) in a vacuum oven (40 !C). The
water content was then calculated from: 100 # (Ws"Wd)/Ws.

2.2.2. Unconfined compression
Mechanical properties of the swollen hydrogels and NP were

characterized under displacement-controlled monotonic loading
(1 mm/min) until reaching 80% compressive engineering strain of
the sample. Measurements were performed with an Instron E3000
linear mechanical testing machine (Norwood, MA, United States).
As illustrated in Fig. 1a, the samples were placed in a chamber filled
with PBS during compression. A transparent substrate and a high-
resolution camera were employed to measure the sample's area
throughout the test. With the measurement of the deformation
area, the stressestrain curves were calculated. The elastic moduli
were calculated as linear extrapolations of the true stressestrain
curves in the linear range of 0.15e0.25 strain.

2.2.3. Confined compression
A custom-made confinement setup with a porous upper and

lower plate (Fig. 1b) was used to compress the samples. The used
rate was 10 mm/min. The porous upper and lower plates were
covered additionally with filter paper (11 mm, grade 1, Whatman,
Kent, United Kingdom) in order to avoid any type of extrusion
through the holes of the porous plate.

2.2.4. Swelling pressure
To evaluate the swelling pressure, a pre-load of 0.15 N was

applied and the corresponding displacement represented the zero
position. The chamber (Fig.1b) was filled with PBS and the load was
monitored while keeping the displacement constant. A preliminary
48 h test showed that all the samples reach the equilibrium pres-
sure after 8 h, thus all the tests were done over a period of 8 h. The
initial load of 0.15 N was subtracted and the swelling pressure
calculated as the average pressure during the last hour of the test.

2.2.5. Extrusion
Samples were compressed at a rate of 1 mm/min until they

extruded through the hole in the lower plate (Fig. 1c). Plates with
different diameters of 0.5, 0.7, 1, 1.5 and 2 mm were used. The
maximally applied pressure before the sample's extrusion was re-
ported as the extrusion pressure.

2.3. Implantation of the hydrogel into an organ model

2.3.1. General protocol
To test the performance of the composite hydrogel as a potential

NP replacement, we used a bovine ex vivo IVD organ culture model
(age of the animals: between 10 and 14 month old), which have
been proven to be a adequate option [41,42]. Bovine caudal discs
showed to be similar to human IVDs in terms of size, biomechanical
behavior and biology [43,44].

Fig. 2 illustrates the protocol which was used to prepare the IVD
organ model and to evaluate the implanted photopolymerized
composite hydrogels. The success of a NP replacement can be
evaluated by measuring the height of an IVD during cyclic loading
[45,46]. To evaluate the performance of the implant, the height of
the implant was measured at four different “states”: 1) healthy
state (after disc isolation), 2) pre-operative state (degenerated disc),
3) post-operative state (repaired disc after hydrogel injection and
photopolymerization) and 4) state during follow up (disc after cy-
clic loading). For each state, the organ height was measured by a
caliper according to the method presented in the Supplementary
data I. Before performing the measurement, a preconditioning
was performed on each sample to assure inter-state comparability
(red boxes in Fig. 2). The results were all normalized to the healthy
disc state.

Fig. 1. Customized compression setups: a) unconfined compression setup in which the sample's area and applied load were measured simultaneously using a transparent casing
and an optical tracking system, b) confined compression setup for swelling pressure assays, c) extrusion setup for sample extrusion d) bioreactor for long-term incubation and
testing e) live IVD organ culture within the bioreactor chamber.
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2.3.2. Organ model preparation
Fresh bovine tails (animal age between 10 and 14 month old)

were obtained at a local abattoir. IVDs were isolated according to
the previously described protocol [41,47]. Briefly, to create the
degenerated IVD model, papain (Sigma Aldrich, Buchs,
Switzerland) was injected into the discs at a concentration of 100 U/
ml. A buffer was prepared with 55 mM Na-Citrate, 150 mM NaCl
and 5 mM EDTA in 400 ml H2O. The pH was set to 6.0 and the
volume was adjusted to 500 ml with H2O. Before injection, the
papain solution was prepared by adding 5 mM of Cysteine-HCl and
papain (100 U/ml) to the buffer. Between 100 and 200 ml of papain
solution was injected via a 25 Gage needle (outer diameter
0.51 mm) into each disc and the injection positionwas marked by a
surgical thread. The injected discs were incubated (37 !C, 5% CO2)
during 6 days to digest the NP and form the cavity.

2.3.3. Surgery device for injection, photoactivation and reaction
monitoring

To perform surgeries in a minimally invasive manner, a surgical
device with the following functionalities was developed: 1) pres-
surization and injection of the liquid hydrogel, 2) illumination and
photoactivation of the hydrogel and 3) reaction monitoring of the
photopolymerization reaction.

This was achieved by building a customized probe which com-
bines an injection and an illumination channel at the same time.
The sample is illuminated with UVA light at 365 nm (photo-
polymerization) and visible light at 532 nm (monitoring). A com-
bination of fluorescence and Raman spectroscopy is used to track
the photopolymerization reaction in situ. A more extensive
description of the probe and the device is presented elsewhere [48].

2.3.4. Surgical procedure
A 19 Gage needle (outer diameter 1.06 mm) containing the

optical fiber (600 mm core, NA of 0.22, Polymicron Technologies,
Phoenix, AZ, United States) was connected to the customized probe.
The area between the optical fiber and the needle was used for
injection. The composite hydrogel was injected at the same location
and needle path as the papain. The precursor was then illuminated
during 45 min using the LED light (365 nm, Nichia, Tokyo, Japan)
butt-coupled to the proximal end of the optical fiber.

2.3.5. Bioreactor loading parameters
Each preconditioning (red boxes in Fig. 2) consisted of a 12 h free

swelling (FS) phase and 2 h cyclic compression (CC) phase (1 Hz,
0.15 ± 0.05 MPa). During the incubation phase (day 2e8) the IVDs
were left under free swelling condition. During the cyclic
compression phase (day 9e15) the samples were cyclically loaded
(0.2 Hz, 16 h per day at 0.15 ± 0.05 MPa and 8 h per day at
0.0625 ± 0.0125 MPa).

2.3.6. Histology
Histology was done on day 16 i.e. at the end of the cyclic loading.

Each IVD was cut on the transverse plain using a specifically
designed cutter (Supplementary data I). After removal of the end-
plates by a scalpel, samples were frozen and sliced along the
sagittal plain by a microtome (Leica CM3050 S, Leica Microsystems,
Heerbrugg, Switzerland). Due to the high water content of the
hydrogel (z90 wt%), the slice thickness was increased to 100 mm.
Tissue sections were placed on a cover slip and fixed in 10%
formalin solution (Sigma Aldrich, Buchs, Switzerland) during
15 min. Sections were then stained with Hematoxyline & Eosin
(H&E) solution and mounted with xylene-based glas™ medium
(Sakura, Horgen, Switzerland). A light-transmitting microscope
(Axiovert 100, Zeiss, Feldbach, Switzerland) was used for imaging.
The magnification of the objective was 20x.

2.4. Statistics

All values are presented as mean (±standard deviation). The
statistical data analysis was done using Matlab (Mathworks, Natick
MA, United States). Un-paired t-tests were used to compare
different populations. For populations which changed over time
(e.g. the organmodel), paired t-tests were used for comparison. The
population size (n) was always between 3 and 5 samples. P < 0.05
was considered as a significant result (denoted as *). P > 0.05 was
considered as a non-significant result (ns). P < 0.01 was denoted as
** and p < 0.001 as ***.

3. Results

3.1. Hydrogel design and selection

The material selection was done iteratively by comparing
equilibrium water content, ultimate rupture strain and elastic
modulus of native NP tissue and candidate hydrogels (Fig. 3). The
hydrogel properties were tuned by changing the cross-linker

Fig. 2. Testing protocol and predicted evolution of IVD height during degeneration, surgery and loading. Discs were isolated at day 1, papain was injected at day 2 to induce the
degeneration of the IVD over an incubation period of 6 days (day 2e8), the composite hydrogel was implanted at day 8 followed by a 6 day cyclic loading period (day 9e15) and then
evaluated using histology at day 16. All states (four red boxes) were compared between each other: healthy state (after disc isolation; disc height: h1), pre-operative state (impaired
and degenerated organ; disc height: h2), post-operative state (repaired; disc height: h3) and state during follow-up (after cyclic loading; disc height: h4). Before evaluating the
height of an IVD in one state the specimen was conditioned by a 12 h free swelling (FS) and a 2 h cyclic compression phase (CC). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

A. Schmocker et al. / Biomaterials 88 (2016) 110e119 113



density and concentration of NFC reinforcement in order to achieve
high deformability and strength.

The photopolymerizable PEGDMA hydrogel with the molecular
weight of 6 kDa had a modulus and water content similar to the NP.
However, this hydrogel failed under compression at a strain of 63%
and a stress of 220 kPa (Fig. 3be development step 1). The hydrogel
cross-linker density was then reduced by increasing the PEGDMA
molecular weight from 6 kDa to 20 kDa which improved the
hydrogel's ultimate rupture strain (Fig. 3c e step 2). The resulting
hydrogel was able to withstand the maximally applied strain level
of 80% and had 5 wt% higher water content. Yet, this improvement
in deformation was associated with a loss in elastic modulus of the
20 kDa PEGDMA hydrogel (Fig. 3a,d e step 2).

In order to compensate for this decrease, the material was
strengthened using 0.5 vol.%NFC, to reach the modulus of the tar-
geted NP tissue (150 kPa), while keeping high water content
(>90 wt%). The composite hydrogel withstood the maximum
applied strain of 80% without failure (Fig. 3a,d e step 3) and the
precursor viscosity was kept in an injectable range (20 Pa s). Fig. 3a,
illustrates the stressestrain curve of the PEGDMA 20 kDa rein-
forced with 0.5 vol% of NFC which was used for other experiments.

3.2. Functional testing

The confined compressive behavior, swelling pressure and
extrusion properties are specific to the organ or implant function of
the IVD or the NP tissue replacement. Both native tissue and
composite hydrogel were able to withstand pressures higher than
3.5 MPa in confined compression (Fig. 4a). No significant difference
was observed between the composite hydrogel and the native NP
tissue at each level of deformation (0.20 < p < 0.84). The equilib-
rium swelling pressure of the NP and the composite hydrogel were
78 (±8) and 83 (±6) kPa, respectively (Fig. 4b), however, the dif-
ference is not significant (p ¼ 0.69). The extrusion data illustrates
that the native NP tissue was more resistant to extrusion compared
to the composite hydrogel. The native NP tissue was extruded
through a 0.5 mm hole at a pressure of 16.6 (±8.7) MPa, whereas
the composite hydrogel was extruded at a pressure of 5.3 (±0.1)
MPa. The NP tissue was always stronger: p ¼ 0.087 (hole: 0.5 mm),

p¼ 0.035 (0.75 mm), p¼ 0.0000015 (1 mm), p ¼ 0.11 (1.5 mm) and
p ¼ 0.23 (2 mm). However, the difference between the extrusion
pressure was less pronounced at bigger hole sizes, e.g. a hole of
2 mm, where the NP and the composite hydrogel were extruded at
3.2 (±2.4) and 1.2 (±0.05) MPa respectively.

3.3. Implantation

The extracted samples originated all from the same tail, had a
diameter between 14.7 and 16.7 mm, an initial height between 9.6
and 11.2 mm andweighted initially between 2.5 and 4.2 g. The dose
of papain injected was between 90 and 150 ml. The composite
hydrogel was injected (Fig. 5a) at the same position and same
needle path as the papain. Between 0.75 and 0.95 ml of hydrogel
could be injected per specimen. It was possible to inject the liquid
hydrogel precursor through the interspace between the needle
(cannula) and the optical fiber (Fig. 5b). During illumination
(Fig. 5d), the photopolymerization state of the injected sample was
evaluated (Fig. 5c) by recording the reflected illumination spectra at
different time points and by tracking the signal intensity over time.
The intensity correlates directly with size of the photopolymerized
hydrogel volume inside the tissue as previously shown [48]. Thus, if
a known volume of hydrogel is injected, the signal intensity can be
used to determine the time point of the full polymerization.

In Fig. 6, the results of the IVD loading in the bioreactor are
presented. The conditioning cycles (12 h free swelling, 2 h cyclic
compression, c.f. red boxes in Fig. 2) resulted always, as expected, in
a disc height increase during the free swelling phase and a decrease
during the compression phase (not shown in Fig. 6). After papain
degeneration, the disc height decreased (p ¼ 0.00022) to 65.6
(±0.9) % of the initial, healthy disc height (Fig. 6a).

After the hydrogel injection (again including 12 h swelling and
2 h cyclic compression), the normalized disc height increased
(p ¼ 0.0020) to 99.0 (±1.9) %. There was no significant (p ¼ 0.73)
difference between the initial healthy disc and the repaired state.
After one week of loading (0.5 million cycles), the disc height
decreased to 91.1 (±6.1) % of healthy initial height, i.e. the disc
height suffered less than 10% height change after 0.5 million
loading cycles. Compared to the degenerated state, the increase in

Fig. 3. Hydrogel properties tuning in function of a) modulus, b,c) maximal rupture strain and d) water content. Development step 1 (in red): PEGDMA 6 kDa hydrogel has a similar
modulus (a) and water content (d) as the NP, but fails at a strain of 63% (b). Step 2 (in red): The PEGDMA molecular weight was increased to 20 kDa in order to improve the hydrogel
deformability (c), however this hydrogel shows a lower modulus (a). Step 3 (in red): This hydrogel was then reinforced with 0.5 vol% NFC fibers to reach the desired modulus (a)
while keeping the same deformability and high water content of the NP (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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disc height remained significant (p ¼ 0.021) and compared to the
initial healthy state, no significant (p ¼ 0.11) difference was found.
Fig. 6b and c illustrate graphically the increase of disc height after
the surgery.

3.4. Histology

In Fig. 6d themacroscopic integration of the composite hydrogel
after loading is illustrated, surrounded by annulus fibrosus tissue
and the endplates. In Fig. 6e and f, the implanted hydrogel was

compared to native NP tissue (both after mechanical loading). The
healthy integrity of the nuclei of the NP cells can be seen (Fig. 6e),
while in Fig. 6f the fibrous structure of hydrogel can be observed.
Fig. 6g depicts the tissue integration of the hydrogel. The interface
between native tissue and implanted hydrogel remained undis-
turbed after 0.5 million loading cycles.

4. Discussion

To our knowledge, this is the first study which presents the

Fig. 4. The three functional tests done in order to evaluate the PEGDMA-NFC composite (PEGDMA 20 kDa with 0.5 vol% NFC) in comparison to native NP tissue (a) confined
compression stressestrain curves that evaluate the samples confined behavior similar as within the real IVD tissue, (b) swelling pressure which directly affects the disc height after
implantation and (c) the maximum tolerated stress before extrusion which assesses the sample's resistance to extrusion and expulsion.

Fig. 5. a) Customized minimally invasive surgical probe used for the hydrogel implantation. Liquid hydrogel precursor injection and illumination are combined within one single
needle (cannula). Different joints ensure high pressurization during the injection. An optical fiber permits the light delivery for photopolymerization. b) At the distal tip of the
instrument, the hydrogel precursor flows between cannula wall and optical fiber into the IVD. c) By recording the reflected illumination spectra a signal intensity is calculated. The
intensity of the signal correlates with the amount of photopolymerized material and therefore provides valuable information about the reaction state of the implant in real time
[48]. d) IVD during photopolymerization.
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design, implantation and testing of an in situ photopolymerized,
functional orthopedic implant. A novel tunedmaterial for NP repair
was designed specifically to comply with mechanical and bio-
optical requirements. A device was developed to initiate and con-
trol the photoechemical reaction in situ. The surgical procedure,
medical device and implant were able to significantly restore IVD
height after 0.5 million loading cycles within an ex vivo organ
culture model. The hydrogel implant also showed an excellent
tissue integration during histology analysis. These results not only
demonstrated the feasibility of photopolymerized, mechanically
loaded implants, but also open a new pathway for the minimally
invasive and controlled implantation of material within the human
or animal body.

Often novel materials, implantation methods and surgery de-
vices are developed separately. In the proposed approach, the
parallel development of material, surgery device and implantation
method significantly contributed to the obtained promising results.
To reach the goal of a working implant it was necessary to 1) tune
the bio-optical and mechanical properties of the composite
hydrogel, 2) design a device which allowed for in situ injection,
photopolymerization and reaction monitoring and 3) evaluate the
material, the device and the implantation procedure all together.
The discussion will then successively focus on these three aspects.

4.1. Material design

4.1.1. Mechanical properties
Using pre-formed polymers, such as poly(ethylene glycol)

instead of monomer/cross-linker systems seemed advantageous
since the more homogenously formed network was stronger and
showed less brittleness [25].

The composite hydrogel made of the highly deformable
PEGDMA matrix reinforced with NFC had a similar modulus and
water content as the healthy NP tissue. An increase of the PEGDMA's
molecularweight and a decrease of the cross-linker density allowed
improving the deformability of the hydrogel. The reinforcement
effect provided by theNFC additionwas induced by hydrogen bonds
interactions between the cellulose fibrils and by the entanglement
between the cellulose and the polymer networks [49]. These in-
teractions still allowed the deformation of the networks and did not
add any brittleness to the resulting composite hydrogel. The ob-
tained composite hydrogel had a high water content owing to the
hydrophilic nature of the polymer matrix and the NFCs.

The material properties were tuned in order to mimic elastic
modulus and water content of native tissue while keeping the high
deformability. Similar properties for the implant and the tissue
result in a smooth gradient of shear stresses at the tissue/implant

Fig. 6. a) Disc height of bovine tail IVD (n ¼ 3) before surgery (degenerated state), after surgery (repaired state) and after 0.5 million cycles of ex vivo compressive loading (loaded
state) are compared to the initial disc height (healthy disc). The disc height significantly increased after implantation of the PEGDMA-NFC composite hydrogel. The increase in disc
height remained significant after loading. b) Degenerated bovine tail IVD before surgery and c) after surgery. d) IVD cut in half showing the hydrogel, annulus fiborsus (AF) and the
endplate (EP). Histological sections of the bovine IVD samples (H&E-staining): annulus fibrosus tissue (purple) and NP tissue (violet). e) Native NP, f) NP replaced with implanted
hydrogel and g) interface between native tissue and implanted tissue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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interface which reduces the risk of extrusion or expulsion. In order
to evaluate the possible failure modes of the implant, different
testing methods were designed. The PEGDMA-NFC composite
hydrogel was tested in a confined and unconfined compression
mode. The similar behavior of the composite hydrogel and the
native tissue in confined compression demonstrated that the ma-
terial interaction with water is similar to that of the NP tissue for
the range of applied stresses and testing rates.

The comparable swelling pressures of the composite hydrogel
and of the native NP indicated that the implant possibly can restore
the healthy IVD height by swelling. Furthermore, the swelling lead
to a continuous tissue/implant interface and ensured a homoge-
nous load distribution. The extrusion test evaluated the hydrogel
performance in the harshest condition where the material was
squeezed until it ruptured completely. It could not bulge or adhere
to surrounding tissue as it would do in reality. The composite
hydrogel ruptured to pieces at high pressures whereas the native
tissue is irreversibly deformed, but without rupturing. This
different behavior might be due to a lack of available energy
dissipation within the composite hydrogel system compared to the
native NP tissue. This indicates that by adding energy dissipation
routes in the hydrogel, e.g. via ionic interactions, an increased
resistance to extrusion of the hydrogel could be expected. The
extrusion test had also one contradictory aspect. There was a sig-
nificant difference between NP and hydrogel with a hole of 0.75 and
1mm, but no significant difference for 0.5, 1.5 and 2mm.We do not
have a clear explanation for this result. The non-signifcant differ-
ence with hole size of 0.5 mm might be due to the extremely high
and non-physiological extrusion pressures (up to 25 MPa). More
work is required to understand the extrusion process which might
be more complex and include non linear rupture mechanisms.

4.1.2. Bio-optical properties
Photopolymerization allows for controlled curing and also in-

creases the implant's adherence to native tissue. The photo-
polymerizable curing system is highly advantageous compared to
other in situ cured systems (e.g. heat reactive or chemical curing)
because it provides the surgeonwith an extra degree of freedom by
decoupling the material insertion and curing. Additionally, the
photopolymerization of an injected, low-viscosity liquid enables
the precursor to flow into tissue interstices and leads to an optimal
contact between implanted material and tissue. During illumina-
tion, the penetration of liquid precursor into the microroughness of
the surrounding tissue results in the formation of mechanical
interlocking which improves the tissue/implant interface [50].

The illumination from an optical fiber results in a cone of light.
We have previously developed aMonte Carlo model to simulate the
curing light distribution in the hydrogel [51]. It was shown that the
addition of light scattering elements such as intralipid particles
change the conic polymerization shape to a homogenous spherical
shape. However, lipid addition drastically weakened the mechan-
ical properties of the hydrogel. To avoid this drawback, experi-
mental data illustrated that the NFC fibers and the network they
form, also act as light scattering element resulting in accelerated
curing [39] and more homogeneously cured volumes [51].

4.2. Surgical device design

Injection, photopolymerization or monitoring of a photo-
polymer using a probe have been achieved previously, but the
combination of the three functions in one probe is novel. We have
shown that the probe can monitor the whole curing volume [48].

A potential issue of the surgical device is however the 1 mm
incision which may lead later to the extrusion of implanted mate-
rial. Within human IVDs pressures of up to 2.5 MPa have been

measured [52]. The extrusion results (Fig. 4c) indicate that the
hydrogel can be extruded only through holes larger than 0.5 mm in
diameter. In order to avoid extrusionwithin a human IVD the probe
diameter (19 Gage, ~1 mm) needs to be reduced to 0.5 mm. To
achieve this, a smaller optical fiber and needle would be required to
do the surgery. In the current study a LED light was used for illu-
mination. The LED can easily be replaced with laser illumination
and be delivered within a small diameter fiber with an external
diameter of 125 mm. This would allow performing the surgery
through a needle as small as 25 or 26 Gages (0.51 and 0.46 mm
respectively) which is a relevant factor for the delivery of hydrogels
as has been shown from clinics and experimentally in animal
studies [53e55].

4.3. Evaluation of minimally invasive implantation procedure

Usually the biomechanical evaluation of tissue is associated
with high inter-sample variance and strong creep within the first
2 h of loading [56]. The conditioning method (free swelling and
cyclic loading e c.f. red boxes in Fig. 2) counters this effect and
allowed reaching standard deviations between 0.9 and 6.1% over 15
dayswhich is low in the field [57e59]. Between day 2 and 8 the disc
height decreased by 1.0% and between day 9 and 15 another 7.9%.
Although these changes were not significant, one could argue that
ideally there should not be any decrease in disc height. However,
the natural degradation of the IVD in ex vivo condition is important
and usually much higher height decreases were observed over such
a time frame for healthy discs [60]. Thus it can be considered that
the obtained 7.9% are negligible. The histology results in Fig. 6eeg
further support these results: the in situ photopolymerized com-
posite hydrogel was able to integrate well into existing tissue and
the created interface was able to resist the extensive loading
regime. This suggests that the implanted material remains at its
position during loading contributing tomoderate loss in disc height
and low standard deviations. However, the exact adhesion or
entanglement mechanisms (e.g. mechanical interlocking or cova-
lent bonding) remain unclear and need to be further investigated.

From a general point of view, two options can be considered to
evaluate the procedure and the implant: in vivo or in vitro animal
models. Due to their size andmetabolism, bovine, canine and ovine
IVD models show high resemblance to human IVDs [61]. Yet,
degraded in vivo IVD models come along with high ethical issues
and limited options to control the loading. The ex vivomodel in the
bioreactors is an attractive solution to evaluate IVD replacements.
The used bovine NP tissue has similar mechanical properties
compared to human NP [62,63]. Additionally, bovine NP tissue can
be easily obtained while human non-degenerated tissue is difficult
to obtain. To obtain long-term results in vivo, an attractive option
could be the canine model [64] as it is the only animal model with a
clinical veterinary counterpart.

To demonstrate the potential for a clinical translation, it is
required that the implant is imaged during the implantation pro-
cedure. In the Supplementary data II, the water in the hydrogel was
replaced with a water-based Iodine marker. The first picture illus-
trated how the injected material can be imaged in a clinical situa-
tion using X-ray tomography to inject the material and visualize its
position after injection. The second picture demonstrated how the
T2 signal during magnetic resonance imaging could be used to
differentiate between an empty and a filled cavity.

Another requirement for a clinical translation is the need to treat
later stage IVD degeneration or disc herniation (which are two
distinct pathologies) where the procedure is limited by the
degenerative state of the AF. We show that our material is able to
resist extrusion through a hole of 0.5 mm up to pressures of ~5 MPa
and 2mmup to pressures of ~1MPa (Fig. 4c). We also show that the
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material is not extruded over a cyclic loading of 0.5 million cycles in
bovine intervertebral disc. Thus, the proposed implant andmaterial
bear a certain potential to treat NP and AF tissue. Yet, for pathol-
ogies including large AF fissures, it would be necessary to combine
it with an AF sealant device. It should also be considered that there
are other solutions such as total IVD replacement [65,66], which
especially seem to be promising when imitating the viscoelastic
response of the IVD [67], something which was not taken into ac-
count in this work.

A remaining challenge is to decrease the total illumination
curing time, which, for this study, was chosen to be excessively long
(45 min) to assure optimal tissue integration. However, we
demonstrated previously that volumes of more than 2 ml (i.e.
enough for a human NP) can be photopolymerized in less than
10 min using the same optical device [68]. It is also possible to
choose different photoinitiators such as Eosin Y with higher pho-
topolymerization rates in the range between 10 s and 3 min [69].
Moreover, the curing power in the experiment was limited to 4mW
in the fiber and can easily be increased by more than one order of
magnitude using a laser light source. In summary, the procedure
could easily be translated into clinics and seems to have a high
potential to be successful.

5. Conclusions

A composite hydrogel having similar functional properties as
a native bovine NP was developed. Using a specifically designed
probe for in situ photopolymerization, the composite hydrogel
was implanted into an IVD model and was able to withstand
loading without signs of damage. The composite hydrogel showed
promising performance during implantation and significantly
re-established IVD disc height from 65.6 to 99.0% and maintained it
on a significantly higher level over 0.5 million loading cycles during
an ex vivo study. After 15 days of loading, a continuous, undisturbed
tissue/implant interface was observed during histology.
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