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Abstract

Achievement of spatiotemporal control of growth factors production remains a main goal in tissue
engineering. In the present work, we combined inducible transgene expression and near infrared
(NIR)-responsive hydrogels technologies to develop a therapeutic platform for bone regeneration.
A heat-activated and dimerizer-dependent transgene expression system was incorporated into
mesenchymal stem cells to conditionally control the production of bone morphogenetic protein 2
(BMP-2). Genetically engineered cells were entrapped in hydrogels based on fibrin and plasmonic
gold nanoparticles that transduced incident energy of an NIR laser into heat. In the presence of
dimerizer, photoinduced mild hyperthermia induced the release of bioactive BMP-2 from NIR-
responsive cell constructs. A critical size bone defect, created in calvaria of immunocompetent
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mice, was filled with NIR-responsive hydrogels entrapping cells that expressed BMP-2 under the
control of the heat-activated and dimerizer-dependent gene circuit. In animals that were treated
with dimerizer, NIR irradiation of implants induced BMP-2 production in the bone lesion.
Induction of NIR-responsive cell constructs conditionally expressing BMP-2 in bone defects
resulted in the formation of new mineralized tissue, thus indicating the therapeutic potential of the
technological platform.

Graphical Abstract

Cahvarial Bona defsct

1. Introduction

Much of biomedical research in the field of mineralized tissue engineering is currently
devoted to developing technologies that enhance the healing of injured bone. In order to
orchestrate bone regeneration, some therapeutic strategies have focused on the controlled
delivery of morphogens, often in the form of proteinaceous growth factors, a challenging
endeavour. Given their central role in bone development, remodeling and regeneration [1],
considerable emphasis has been placed on the development of methods for delivering bone
morphogenetic proteins (BMPSs) to bone regeneration sites. BMP-2, involved in committing
multipotent stem cells towards the osteogenic lineage [2], is also capable of increasing the
migration of endogenous progenitors to defect sites [3] and has strong osteoinductive
activity both /n vitroand in vivo [4]. As a therapeutic resource, recombinant growth factors
are expensive and cumbersome to manufacture because eukaryotic expression systems are
needed in order to ensure the correct protein folding and post-translational modifications
required for product safety and efficacy. Added to this disadvantage is the fact that many
recombinant growth factors possess short half-lives, e.g. systemically administered BMP-2
has a half-life of only 7 min as shown in animal studies including non-human primates [5,
6]. For this reason, supraphysiological doses need to be administered in order to reach and
sustain a therapeutically-effective dose. However, use of high dose BMPs increases the risk
of side effects. Typically, recombinant BMP-2 is administered at doses in the milligram
range, exceeding by a million times the amounts of the endogenous growth factor. Thus, the
supraphysiological BMP-2 doses administered locally during surgical procedures have been
linked with serious complications, such generalized hematomas in soft tissue [7],
exaggerated inflammatory response in proximal humeral fractures [8], unicameral bone
cysts [9] and infections in open tibial fractures [10]. In spinal fusions, reported adverse
effects include seroma, swelling, ectopic/heterotopic bone formation, vertebral osteolysis,
retrograde ejaculation, radiculitis, dysphagia, graft subsidence and postoperative nerve root
compression [11-18]. A controversy also exists concerning postoperative cancer risk as the
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incidence rate of new cancers two years after spinal arthrodesis was higher in patients
receiving high doses of BMP-2 [19].

Gene therapy is an alternative technology for delivering gene products /7 situ. Transgene
expression in host cells is able to produce therapeutic proteins that undergo proper post-
translational modifications and folding. Bone healing after BMP-2 gene transfer has proven
to be feasible. Upon direct percutaneous injection in rats, adenoviral constructs encoding
BMP-2 healed femoral defects to an extent dependent on the dose of the administered vector
[20, 21]. When delivering autologous or allogenic bone marrow stem cells (BMSC)
transduced with adenoviral vector carrying a BMP-2 gene to rat femoral defects, efficient
bone healing was also detected [22, 23]. In larger animals such rabbits or sheep, local
administration of adenovirally-encoded BMP-2 healed femur segmental defects [24, 25].
The combination of tissue engineering and gene therapy approaches has also proven
effective, as shown in tibial defects of goats implanted with scaffolds composed of biphasic
calcined bone containing autologous BMSC transduced with BMP-2 [26]. Most BMP-2
gene expression systems employ unregulated promoters, which may produce excessive
amounts of recombinant protein leading to side effects similar to those observed after
recombinant BMP-2 protein delivery. Currently available pharmacologically and/or
physically activated expression systems can provide tight control over the level, duration and
spatial localization of one or more transgenic morphogens, thus optimizing the safety and
effectiveness of gene therapy [27]. Our previous work developed regulatory gene switches
that combine the promoter of the highly heat-inducible HSP70B gene (HSPA7) and a small
molecule—dependent transactivator and allow deliberate control over spatial as well as
temporal transgene expression [28]. A particular heat-activated and dimerizer-dependent
switch utilizes the activated HSP70B promoter to drive the expression of a chimeric
transactivator that in the presence of rapamycin or its non-immunosuppressive analogs
acquires transcriptional competence and controls the expression of a therapeutic transgene
[29]. Using focused ultrasound as a heating source for cell constructs, this gene switch
controlled /in vitroboth the timing and spatial distribution of BMP-2 [30] as well as the
localized /in vivo expression of a firefly luciferase reporter [30, 31].When the expression of
human vascular endothelial growth factor 165 (hWEGF¢5) was placed under the control of
the gene switch, we could define precise spatiotemporal patterns of VEGF production in
vivo using NIR irradiation of photothermal cell constructs [32]. NIR light with wavelength
range from 650 to 900 nm is minimally absorbed by skin and underlying tissues [33, 34] and
can stimulate photoabsorbers embedded in the depth of a tissue to transduce incident energy
into local heating. In the present work, we triggered regulated BMP-2 expression in cells
harbouring a heat-activated and rapamycin-dependent gene switch that were loaded in NIR-
responsive scaffolds based on fibrin and plasmonic gold nanoparticles. To investigate the
bone healing capacity of this gene therapy approach we used the photothermal constructs to
fill a critical-size calvarial defect created in immunocompetent mice. Administration of
dimerizer followed by NIR irradiation of the implant induced BMP-2 production, which
resulted in the formation of new bone.
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2.

2.1.

Materials and methods

NIR-responsive nanoparticles

Hollow gold nanoparticles (HGNP) were synthesized following a scaled up variation of a
previously reported method [35]. Briefly, 0.8 mL of 0.4 M cobalt chloride hexahydrate and
3.2 mL of 0.1 M sodium citrate tribasic dihydrate were mixed with 400 mL of deionized
water in a round-bottom flask. The solution was de-aired by bubbling with argon for 45 min.
Then, 4 mL of a 1 wt. % solution of poly(vinylpyrrolidone) (PVP; MW = 55 KDa) and 900
pL of 0.1 M sodium borohydride were injected under magnetic stirring. The solution turned
from pale pink to dark brown after a few seconds, indicating the formation of cobalt NP. To
complete the hydrolysis of sodium borohydride, the NP dispersion was maintained under
magnetic stirring and argon bubbling for additional 15 min. Next, 380 mL of the dispersion
were transferred to a beaker that contained 100 mL of 0.38 mM HAuCI, and were kept
under magnetic stirring for 30 min to allow the galvanic replacement of cobalt by gold.
Finally, obtained HGNP were purified by several centrifugal washings with deionized water
at 13,000 g for 10 min and stored as lyophilized powders at —20 °C. Freeze dried HGNP
were resuspended in sterile deionized water at a final concentration of 1 mg mL™L. To reduce
aggregation, HGNP dispersions were sonicated for 10 min in an ultrasonic bath (Bransonic,
Emerson) operating at 40 kHz and 80 W of output power. The average diameter of HGNP
was 44 + 9.34 nm (size range was 10-160 nm, 96 % were below 90 nm), as determined by
quantitative analysis of transmission electron microscopy images obtained using a field
emission gun microscope (FEI Tecnai T20) operated in the bright field mode and at an
accelerating voltage of 200 keV. Gold content of HGNP was 59.02 + 0.43 wt. %, as
determined by atomic emission spectroscopy analysis using a microwave plasma-atomic
emission spectrometer (MP-AES model 4100, Agilent technologies). An extensive
physicochemical characterization of HGNP can be found in our previous works [36, 37].

2.2. Vector construction

The cDNA sequence of (RAT)Bmp2 gene (NM_017178.1) was PCR-amplified from
pBluescipt-SK-BMP-2rat [36] using primers 5’-
GAATTGGGTACCGGGTTTAAACTCGAG-3’ and 5’-
CTGCAGGGATCCGGCACGAG-3’. The PCR product was digested with BamHI and Pmel
and then ligated to BamHI/Pmel-digested pGene/V5-His A (Invitrogen) to obtain
pGeneRatBMP. A version of this plasmid, which contains a GAL4 promoter controlling
BmpZ2 coding sequence as well as adjacent bovine growth hormone poly(A) sequences
flanked by Clal sites, was prepared using the Quikchange site-direct mutagenesis kit
(Agilent) with the following oligonucleotides and their complements: 5°-
GGATCGGGAGATCGTACCTATCGATTACGCGGGTCGAAGCGG-3’ and 5°-
GGATGCGGTGGGCTCTATGGCTATCGATGCGGAAAGAACCAG-3’. The resulting
construct pGeneRatBMP-Clalx2 served as template for PCR amplification using primers 5°-
GAGATCGTACCTAACGCGTACGC-3’ and 5’-CTGGTTCTTTCCGCATCGATAGCC-3".
The PCR product was digested with Mlul and Clal and ligated to the larger fragment of
Mlul/Clal-digested pLH-Z151-PL (ARIAD Gene Therapeutics Inc). The resulting plasmid
pLH-GALA4-ratBMP2-BGHpA was digested with BamHI and Clal to obtain a fragment
containing the BMP-2-encoding sequence and the adjacent BGH poly(A) sequence. The
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fragment was ligated to a BamHI/Clal/-digested version of pLH-Z3,I-PL in which a BamH]
site was inserted at the multicloning site of pLH-Z42I-PL using the QuikChange method and
oligonucleotide 5’-TTGCCCTGCAGCGGGGATCCCACTAGTCGAGATC and its
complement. Resulting plasmid was named pLH-Z1,I-PL-ratBMP-2. All subcloning and
mutagenesis steps were monitored by restriction analysis and nucleotide sequencing.

2.3. Cell culture and isolation of cell lines

Mouse embryo fibroblast C3H/10T1/2 cells (clone 8, ATCC CCL-226) and derived cell lines
were cultured in growth medium composed by Eagle’s minimal essential medium (EMEM)
supplemented with 10 % (v/v) fetal bovine serum (FBS), 100 U mL™1 penicillin, and 0.1 mg
mL~1 streptomycin. A C3H/10T1/2 clone, stably harbouring the cDNAs of the two modules
of a chimeric dimerizer-dependent transactivator under the control of a promoter comprising
components of the highly heat-inducible HSP70B gene and the activated transactivator-
responsive promoter [29], was transfected with pLH-Z1,1-PL-ratBMP-2 and stable
transfectants were selected using 600 pg mL~1 hygromycin B and 1200 ug mL™1 G418
(InvivoGen). Single-cell clones were screened for BMP-2 secretion after treatment with 10
nM rapamycin and heating at 44 °C for 30 min in a waterbath. A highly inducible cell line
that exhibited negligible levels of BMP-2 secretion after heat treatment or rapamycin alone
was isolated and termed C3H-BMP-2M3h, C3H/10T1/2-fLuc cells, derived from C3H/
10T1/2, clone 8, cells as described elsewhere [4], stably harbour a heat-activated and
dimerizer-dependent gene switch that controls a firefly luciferase (7Luc) gene. Cells were
cultured in a humidified 5 % CO, atmosphere at 37 °C (37 °C/5 % CO5). Clonal cells were
maintained under continous selection with 1200 pg mL~1 G418 and 600 pg mL~1
hygromycin B.

2.4. Preparation and induction of NIR-responsive hydrogels

Bovine fibrinogen (fbg; Merck) was dissolved in ice-cold EMEM at a concentration of 40
mg mL~1 of clottable protein. Freeze dried HGNP were suspended in sterile deionized water
at a final concentration of 1 mg mL™1, sonicated for 10 min in an ultrasonic bath (Bransonic,
Emerson) operating at 40 kHz and 80 W of output power, and then added to the fbg solution
at 20-40 pg mL~L. Next, 0.8 volumes of EMEM containing 4 x 10% C3H/10T1/2-fL.uc or
C3H-BMP-2high cells mL~2, or not containing cells, were added to the mixture. To catalyze
fbg polymerization, 0.2 volumes of an ice-cold solution of 20 U mL~ bovine thrombin
(Merck) in EMEM were added. After mixture homogenization by pipetting, 0.25 mL of
suspension were distributed per well in 48-well tissue culture plates. Suspensions were
allowed to clot for 30 min at 37 °C/5 % CO». After clotting, 1 hydrogel volume of EMEM
containing 20 % FBS was added to the construct which was then further incubated at 37
°C/5 % CO, for 4 h to equilibrate serum content. Finally, hydrogel medium was replaced
with 1 hydrogel volume of fresh growth medium. Hydrogels harbouring C3H/10T1/2-fLuc
and C3H-BMP-2"9h cells were named NIR-fLuc-HG and NIR-BMP2-HG, respectively. In
some experiments, hydrogels were prepared as above described but devoid of HGNP.

The NIR irradiation set-up consisted of an 808 nm laser module with 400 pm fiber coupling
(MXL-111 model; Changchun New Industries Optoelectronics Technology Co., Ltd.) that
was connected to a fixed focus collimator (f= 11.07 mm, NA= 0.26; Thorlabs). The laser
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diode was driven by a variable power supply unit (PSU-I1I-LED model, Changchun New
Industries Optoelectronics Technology Co., Ltd.). Output power was measured using a
silicon photodiode sensor (Model PD300-3W, Ophir Laser Measurement Group). The
optical fiber was coupled to a micro positioning system. For /n vitro assays, hydrogels were
immersed in 0.5 mL of fresh growth media with or without the indicated doses of dimerizer.
After 60 min of incubation at 37 °C/5 % CO,, the hydrogels were irradiated with the
collimated NIR laser inside a thermostatically-controlled chamber (Model Stuart SI60D,
Fisher Scientific Afora) to establish an environmental temperature of 37 °C. Hydrogels that
did not contain HGNP, or that were not NIR-irradiated, were employed as controls. One day
after irradiation, media were collected and BMP-2 levels were measured in the conditioned
media using a commercially available ELISA kit (R&D Systems). The experimental time
schemes used for NIR irradiation of hydrogels are shown in Figs. 1C, 2A, 3C and S3A.
Temperature changes in the hydrogels or implantation areas were monitored by infrared (IR)
thermography using a Testo 875-2i thermal imaging camera (Testo, Inc.).

2.5. Micromass culture differentiation assays

C3H/10T1/2, clone 8, cells on passage 3-5 were suspended at 107 cells mL~1 in growth
medium. Next, 10 uL of the cell suspension were applied to the center of the well of a 12-
well tissue culture plate. Cells were incubated at 37 °C/5 % CO» for 2 h and then 1 mL of
growth medium was slowly added to flood cell micromass. After 24 h of incubation at 37
°C/5 % CO,, medium was removed and cell cultures were treated with 1-100 ng mL~1 of
recombinant human BMP-2 (rBMP-2; R&D) and/or 10-100 nM dimerizer. After 5 days of
incubation, media were replaced with fresh media containing 1-100 ng mL~1 rBMP-2
and/or 10-100 nM dimerizer and incubated for further 5 days. In some experiments,
micromasses were co-cultured with NIR-responsive hydrogels that were placed in the upper
chamber of a transwell system (Corning). Right after NIR irradiation in a final volume of 0.5
mL of growth medium, the hydrogels were placed in the upper chamber of the transwell
system and cultured for 5 days in the presence or absence of dimerizer in a final volume of 1
mL of growth medium. Then, hydrogels were removed from the co-culture system,
irradiated as before in the presence or absence of dimerizer and placed again in the upper
chamber of the transwell system for additional 5 days in the presence or absence of
dimerizer. At the end of the incubation periods, micromasses were fixed with 4 %
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min and then incubated
overnight at 37 °C with 0.05 % alcian blue (Merck) dissolved in 75 % EtOH:0.1 M HCI
(4:1). After intensive washing with 0.1 M HCI, micromasses were scanned using a document
scanner (ScanJet 3400C, Hewlett Packard) and visualized using Olympus BX41 microscope
(Olympus). The experimental time schemes used for assays with micromasses are shown in
Figs. 3A and 3C.

2.6. Cell viability assays

Viability of cells entrapped in hydrogels was investigated using the alamarBlue-based assay.
After washing with PBS, samples were incubated for 4 h at 37 °C/5 % CO, in growth
medium containing 10 % alamarBlue dye (Biosource). After excitation at 530 nm, emitted
fluorescence at 590 nm was quantified using a Synergy4 Multimode Plate Reader (Biotek).
Cell viability was additionally assessed by staining with acetoxymethyl ester of calcein
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(calcein-AM), which stains esterase-positive cells and ethidium homodimer-1 (EthD-1), a
membrane-impermeable fluorescent dye which binds to DNA. Hydrogels were washed with
PBS and incubated for 2 h at room temperature (RT) in cell culture medium containing 2 uM
calcein-AM and 4 uM EthD-1 (both from Invitrogen) for viable and damaged cell staining,
respectively. The samples were rinsed gently with PBS before examination using a spectral
confocal microscope Leica TCS SPE (Leica Microsystems). To visualize cells stained with
calcein-AM and EthD-1, samples were excited with 488 nm and 532 laser lines and
emission was collected in 517 and 617 nm bandwidths, respectively. Images of 4.7 mm? of
the central area of each hydrogel, including the NIR-illuminated region, were acquired.
Stacks of 2 um optical sections were recorded and analyzed using Leica software LAS AF,
version 2.0.1, build 2043. Quantification of alive cells was performed using analysis
software (Image J/Fiji) [39].

2.7. Treatment with dimerizers

For in vitro experiments, rapamycin (Invivogen) was dissolved in N, N-dimethylacetamide
(DMA) and the rapalog AP21967 (Clontech) in 100 % ethanol. Rapamycin was used at a
final concentration of 10 nM while AP21967 was used at 10-100 nM. For in vivo
treatments, rapamycin was dissolved in DMA to prepare a stock solution (5 mg mL™1)
which was then diluted in a mixture of 50 % DMA, 45 % polyoxyethylene glycol (average
molecular weight of 400 Da) and 5 % polyoxyethylene sorbitan monooleate (all from
Merck). A dose of 1 mg kg1 body weight was injected intraperitoneally in a final volume of
100 pL.

2.8. Microarray analysis of differential gene expression

Total RNA was extracted using the Animal Tissue RNA Purification Kit (Norgen Biotek
Corporation), processed using GeneChip® WT PLUS Reagent kits and hybridized with a
GeneChip Mouse Clariom™ S Array (all from Applied Biosystems). The array, which
measures the transcript levels of 22,100 well-annotated genes, was scanned using a
GeneChip scanner 3000 7G (Applied Biosystems). Raw data were normalized and gene
levels analyzed using the RMA algorithm (Transcriptome Analysis Console Software). For
each experimental condition, three RNA replicates corresponding to independent
experiments were processed and analyzed. Fold changes between experimental conditions
were calculated as ratios of means of gene expression signals. Genes with =1.500- or <
0.666-fold changes were included for further analysis. Gene ontology analyses were
performed using the Database for Annotation, Visualization and Integrated Discovery
(DAVID; http://david.abce.nciferf.gov) [37]. Conclusions drawn from microarray
experiments were corroborated by reverse transcription and quantitative polymerase chain
reaction analysis (RT-qPCR) for a representative number of genes (Table S1). cDNA was
prepared from total RNA using the High-Capacity RNA-to-cDNA™ Kit (Life
Technologies). qPCR was performed using TagMan Gene Expression Assays (Life
Technologies, see Table S1 for Assay IDs) and TagMan Gene Expression Master Mix. qPCR
reactions were run in an 7900HT Fast Real-TimePCR System (Applied Biosystems).
Sequence Detector Software 2.4 (Applied Biosystems) was used for data analysis. A
threshold cycle (CT) value was determined from a log-linear plot of the PCR signal versus
the cycle number. All data were converted to the linear form by 272ACT determination.
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Gapdh (Assay ID Mm99999915 g1), Gusb (Assay ID Mm01197698 _m1) and Hprt (Assay
ID Mm03024075_m1) were used as endogenous controls.

2.9. Animal experiments

All procedures were approved by the Animal Welfare Committee of Hospital Universitario
La Paz-1diPAZ and were in compliance with the European Union Directive 2010/63/EU for
animal experiments. For critical-size calvarial defects, 5 weeks old C3H/HeNRj mice
(Janvier-Labs) were anesthetized with isoflurane (5 % for induction and 2 % for
maintenance; Baxter) and hair was removed from the scalp by shaving and depilatory
treatment. A coronal incision of 3 cm was made in the scalp at the occipital level to expose
the cranial vault. A 4 mm diameter defect was created using a tungsten-carbide dental drill
(012 gauge; Hager & Meisinger) attached to a high torque micromotor (Mestra) under
continuous irrigation with normal saline (Fresenius). Soft tissues were repositioned and the
coronal incision was closed using resorbable suture based on 6-0 coated Vicryl (Ethicon).
Bone defect area was filled with 250 uL of soluble hydrogel components and mice were kept
stationary for 5 min during the /n situ polymerization of the implant. For transgene induction
assays, rapamycin was administered one and eight days after hydrogel injection. Ninety min
after rapamycin administration, mice eyes were covered with aluminum foil to prevent
retinal damage and implants were NIR-irradiated for 10 min at a single spot perpendicular to
the bone defect. Temperature changes in the body surface were monitored by IR
thermography. To quantify BMP-2 production in implants after NIR irradiation, mice were
euthanized and implants were weighed on a precision scale, excised and homogenized in
lysis buffer containing 10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 1 % Triton X-100, 0.1 %
sodium deoxycholate, 0.1 % SDS, 140 mM NaCl and 1 mM PMSF (all from Merck).
Extracts were clarified by centrifuging at 16,000 x g for 10 min at 4 °C and tested using a
commercially available ELISA kit for BMP-2 (R&D Systems). The experimental time
schemes used for /n vivo assays are shown in Figs. 4A, 5A and S4A.

2.10. Invivo imaging

For bioluminescence assays, 50 uL of a solution of 40 mg mL~1 D-luciferin (PerkinElmer)
in PBS were injected near the implant region and animals were then imaged. Luminescence
signal was acquired on a charge-coupled device camera system (VIS Spectrum,
PerkinElmer). Data collected by the IVIS charge-coupled device camera system were
analyzed using the Living Image 4.0 software (PerkinElmer). X-ray captions were obtained
in anesthetized animals using a micro focus tube powered for 34 s at a voltage of 35 kV and
a current of 100 pA (IVIS Lumina XR I11, PerkinElmer).

2.11. Histology

Animals were euthanized and the heads were surgically removed. Samples were fixed with
formalin for 4 days and then exposed to a decalcifying solution containing EDTA (Osteodec,
Bio-Optica) for 3 days at 4 °C with daily solution changes. Heads were reconditioned with 3
changes of PBS, 20 min each, and then dissected to remove the nose and lower jaw. Next,
samples were dehydrated through a series of graded ethanols, xylol and finally xylene and
then embedded in paraffin. After dewaxing and rehydration, seven-micron sections of
retrieved samples were stained with Masson’s trichrome (Merck).
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Hydrogel samples were fixed, dehydrated and embedded in paraffin. After dewaxing and
rehydration, five-micron sections were incubated in 0.01 M citrate buffer (pH 6.0) and
antigen retrieval was performed at 95 °C for 20 min. Endogenous peroxidase activity was
blocked with methanol containing 2.88 % H,0, for 10 min at RT. Samples were washed
with PBS and then incubated with 1.5 % bovine serum albumin (Merck), 10 % goat serum
(Bio-Rad) and 0.05 % Tween 20 (Merck). Samples were incubated overnight at 4 °C with
anti-BMP-2 mouse monoclonal antibody (Abcam) diluted at 1:250. After washing with PBS,
samples were incubated for 60 min at RT with anti-mouse horseradish peroxidase-
conjugated polyclonal antibody (Millipore) diluted at 1:200. Next, samples were stained for
7 min at RT with 3,3’-diaminobenzidine (CINtec Histology).

For imaging of histological sections, an Olympus BX41 microscope (Olympus) was used.
For measurements, 6 histological sections from independent regions of the implantation area
(n=5) were employed. To assess bone healing in the implanted critical-size bone defect, a
scoring method for the qualitative measurement of newly formed bone was used [38]. The
defect area, from one edge of the osteotomy to the other, was segmented into a rectangle
composed of 135 squares, of side length 125 pm each, with a length of 27 squares and a
width of 5 squares. To evaluate the degree of bone healing in each square, we applied a
scoring system ranging from 0 to 4. Score 0 corresponded to squares without tissue, score 1
to squares filled only with fibrous tissue, scores 2 and 3 corresponded to squares containing
fibrous tissue and a content of mineralized tissue lower and higher, respectively, than 50 %,
and the score 4 corresponded to areas filled by mineralized tissue. The average value of the
scores corresponding to the 135 squares was determined for each analyzed defect. Image J/
Fiji software [39] was used for the segmentation of the histological images in the
histomorphometry analysis and for the quantification of BMP-2 expressing cells.

2.12. Statistics

Data are presented as means + standard deviation (SD) of the mean of at least three
independent experiments. Statistical analyses were performed by one-way ANOVA followed
by Dunnett’s multiple comparisons test (Figs. 1, 3 and 4) or two-tailed t-test (Figs. 5, S2, S3
and Table S1), using GraphPad Prism Version 7.00. Statistical tests of differential gene
expression assessed by microarray analysis were performed using the empirical Bayes
statistics provided by the limma software included in Transcriptome Analysis Console
(Applied Biosystems). The criterion for significance in statistical analysis was setata p<
0.05.

3. Results

3.1 NIR-responsive hydrogels for the controlled production of BMP-2

C3H-BMP-2hidh cells, harbouring a heat-activated and rapamycin-dependent gene switch
engineered to control the expression of BMP-2 (Fig. S1), were entrapped within fibrin
hydrogels polymerized /n situwith 20-40 pg mL~1 HGNP. Irradiation of the resulting
constructs NIR-BMP-2-HG with an NIR laser emitting at 44 mW mm~2 for 15 min resulted
in the generation of local heating. Temperature of hydrogels rapidly increased from 30.17 +
0.84 °C at the time that irradiation started. The increase was proportional to the amount of
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HGNP used during hydrogel polymerization (Fig. 1A). During NIR illumination, the
irradiated surface of NIR-BMP-2-HG polymerized with 30 pg mL~2 HGNP experienced a
maximum average increase of 11.2 + 0.6 °C. As we previously reported, such a moderate
photothermal conversion highly induced /n vitro and in vivo the expression of a reporter
transgene controlled by the heat-activated and dimerizer-dependent gene switch [32].
Consistent with these findings, cells cultured for 1 day in NIR-BMP-2-HG that polymerized
with 30 ug mL~1 HGNP strongly increased BMP-2 secretion after NIR irradiation in the
presence of 10 nM rapamycin (Fig. 1B). NIR irradiation or rapamycin treatment alone did
not significantly affect BMP-2 secretion. Next, we investigated whether the BMP-2 levels
achieved were dependent on the exposure time to NIR light. As compared to non-irradiated
constructs, BMP-2 secretion increased 8 and 20 times after irradiation for 7.5 and 10 min,
respectively (Fig. 1C). Immunostaining revealed that the latter exposure time induces the
production of BMP-2 in 90 % of the cells included in the hydrogels (Fig. S2). Constructs
irradiated for 12.5 and 15 min released lower amounts of BMP-2 than constructs irradiated
for 10 min. One day after NIR irradiation, conditioned media were replaced with media
lacking rapamycin and constructs were cultured further for three days. At this time, there
were no significant differences between the BMP-2 levels in the conditioned media of
irradiated and non-irradiated hydrogels. A second round of NIR irradiation in the presence
of rapamycin, applied five days after the first round, was able to reinduce the release of
BMP-2 to the conditioned media of hydrogels. As observed after the first irradiation round,
the dynamics of BMP-2 production were dependent on the exposure time to the laser. As
compared with non-irradiated NIR-BMP-2-HG, constructs irradiated for 10 or 12.5 min
increased BMP-2 secretion about 12 times, while 7.5 or 15 min of light exposure resulted in
an 8-fold increase of the cytokine production. The activating treatment affected the fate of
the cells included in the constructs, as observed in cell viability analyses performed
immediately prior to the second round of NIR irradiation and five days after (Fig. 1D). Cell
viability as measured using an alamarBlue-based assay gradually decreased with increasing
levels of delivered light energy, likely due to lethal heating at area of laser incidence. In fact,
incubation of hydrogels with calcein-AM and EthD-1 disclosed that the percentage of viable
cells in the NIR-illuminated region decreased as a function of irradiation time. Interestingly,
although prolonged heating significantly reduced the viability of cells included in NIR-
BMP-2-HG, cells still retained the capacity to produce significant amounts of transgenic
growth factor. An irradiation time of 10 min, which induces the production of substantial
amounts of BMP-2 without affecting cell viability severely, was selected as optimal and used
for all subsequent experiments. To study the degradation profile of NIR-BMP-2-HG,
hydrogels were subjected or not to two rounds of NIR irradiation in the presence of
rapamycin and cultured up to 45 days after polymerization. A progressive shrinkage of NIR-
BMP-2-HG hydrogels, irradiated or not, was detected along the observation period (Fig.
S3B). NIR irradiation of hydrogels slowed their degradation, as evidenced at 30 and 45 days
by the significant higher diameter of irradiated hydrogels.

Next, NIR-BMP-2-HG were exposed to NIR irradiation for 10 min in the presence of 100
nM AP21967, a chemically modified derivative of rapamycin that can trigger rapamycin-
activated gene switches and is greater than 100-fold less suppressive of mTOR activity [42].
This concentration of dimerizer resulted in maximal induction of transgene expression
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driven by a heat-activated and rapamycin-dependent system in C3H/10T1/2 cells subjected
to thermal challenge in a thermostatic waterbath [29]. One day after first NIR irradiation,
BMP-2 release to the conditioned media of AP21967-treated hydrogels was similar to that
achieved using 10 nM rapamycin, increasing about 16 times the BMP-2 secretion shown by
non-irradiated constructs (Fig. 1E). A second round of NIR irradiation in the presence of
AP21967, applied five days after the first round, reinduced the production of BMP-2 in NIR-
BMP-2-HG to levels similar to those achieved after first activation.

3.2 Bioactivity of BMP-2 secreted from NIR-responsive constructs

To assess whether BMP-2 secreted by induced NIR-BMP-2-HG was bioactive, its autocrine
and paracrine effects were investigated. To analyze autocrine bioactivity, we compared the
transcriptome of cells residing in constructs that were subjected to two rounds of NIR-
irradiation in the presence of dimerizer, 10 nM rapamycin or 100 nM AP21967, with the
transcriptome of cells that were treated with the corresponding dimerizer but not NIR-
irradiated (Fig. 2A). To narrow our study to genes regulated by secreted BMP-2, excluding
those that could be modulated by effects driven by the specific dimerizer, the analysis was
restricted to protein-coding genes whose transcript levels significantly increased or
decreased (p < 0.05) by at least 1.5-fold in NIR-irradiated NIR-BMP-2-HG in the presence
of rapamycin as well as in the presence of rapalog. The analysis identified 160 genes
positively regulated and 6 genes negatively regulated in BMP-2 overexpressing cells (Table
S2). Results obtained for the 50 most highly induced genes can be visualized in the two first
columns of the left heatmap in Fig. 2B. Interestingly, the gene ontology analysis revealed a
range of highly enriched biological processes related to antiviral activity, including “defense
response to virus”, “cellular response to interferon-alpha”, “cellular response to interferon-
beta” and “response to interferon-gamma” (Table S3 and Fig. 2C). Various other processes
were also enriched including, most notably, “cell division” and “cell cycle”. The levels of
transcripts regulated in BMP-2 overexpressing cells were comparatively investigated in NIR-
BMP2-HG that, in the absence of dimerizer, were subjected or not to two rounds of NIR-
irradiation. Only 9 (5.6 %) of the 160 genes upregulated by irradiation in the presence of
dimerizers, were significantly induced by NIR irradiation alone (Table S2; see also the third
column of left heatmap of Fig. 2B). In the absence of dimerizers, NIR-irradiation
significantly increased the transcript levels of 149 genes, while 114 were repressed (Table
S4). Results obtained for the 50 most highly NIR-induced and repressed genes can be
visualized in the two first columns of the middle and left heatmap in Fig. 2B. Gene ontology
analysis of these sets of genes did not reveal any enrichment of the biological processes
found in BMP-2 overexpressing cells (Table S3). The pattern of NIR-regulated genes was
remarkably different when irradiation was conducted in the presence of rapamycin or
AP21967, as NIR only stimulated the expression of 11 (7.4 %) or 50 (33.6 %), respectively,
of the 149 genes induced by NIR alone (Table S4; two first columns of middle heatmap of
Fig. 2B). Differences were even more pronounced when comparing the expression levels of
NIR-repressed genes. Irradiation conducted in the presence of rapamycin or AP21967 only
down-regulated the expression of 3 (2.6 %) or 14 (12.3 %), respectively, of the 114 genes
that were found repressed by NIR alone (Table S4; two first columns of right heatmap of
Fig. 2B).
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The paracrine bioactivity of BMP-2 secreted by induced NIR-BMP-2-HG was assayed
employing a high density micromass culture of multipotent C3H/10T1/2 stem cells isolated
from mouse embryos [40]. As reported elsewhere, chondrogenesis differentiation of C3H/
10T1/2 cells is induced by BMP-2, which plays a central role in the development of bone
and cartilage, and requires cell-cell interaction [41]. C3H/10T1/2 micromasses treated with
1-100 ng mL~1 rBMP-2 exhibited an extracellular matrix that stained with alcian blue.
Staining intensity increased steadily with increasing doses of the recombinant growth factor
(Fig. 3B). Mammalian target of rapamycin (mTOR) signaling controls osteoblast
proliferation as well as the early stage of osteoblast differentiation. Rapamycin, a specific
inhibitor of mTOR, significantly inhibits /n vitro proliferation and differentiation of
preosteoblastic cells and primary mouse bone marrow stromal cells at concentrations as low
as 0.1 nM [42]. In order to evaluate the possible interference by the dose of rapamycin used
to conditionally induce NIR-BMP-2-HG on the cell response to BMP-2, C3H/10T1/2
micromass cultures were exposed to rBMP-2 in the presence of 10 nM rapamycin (Fig. 3B).
In response to the recombinant growth factor, micromasses exposed to the mTOR inhibitor
showed lower levels of alcian blue staining than those differentiated in the absence of the
dimerizer. Moreover, the staining levels of cell cultures treated with 1 ng mL™1 rBMP-2 in
the presence of rapamycin were not statistically different from the untreated group,
indicating that the dimerizer negatively influences the chondrogenic differentiation of C3H/
10T1/2 cells induced by rBMP-2 treatment. In a parallel set of experiments, rapamycin was
replaced with an analogous concentration of rapalog AP21967. In response to rBMP-2,
C3H/10T1/2 micromasses treated with AP21967 showed similar levels of alcian blue
staining to cell cultures that only received the growth factor even when a 10-fold increase of
rapalog concentration was used (Fig. 3B). The bioactivity of induced BMP-2 was assessed
using a transwell culture system in which C3H/10T1/2 micromasses were co-cultured with
NIR-BMP-2-HG that had been irradiated with NIR light in the presence of 100 nM
AP21967 (Fig. 3C). Intensities of alcian blue staining of micromasses co-cultured with
induced NIR-BMP-2HG were significantly higher than those exposed to 10 ng mL™1
rBMP-2 and 100 nM AP21967 (Fig. 3D). Alcian blue staining of micromasses cultured with
hydrogels that were only treated with AP21967 or only NIR-irradiated was equivalent to
micromasses treated with rapalog alone.

Induction of transgenic expression in bone lesions

To evaluate the /n vivo activity of heat-activated and ligand-dependent gene switches in
NIR-responsive constructs implanted in injured bone, we created 4 mm diameter calvarial
defects in the left parietal bones of mice. The osteotomy was performed using a
microsurgery approach that employs a dental drill coupled to a micromotor, preventing
damage in the dura mater and minimizing erosion of the periosteum that surrounded the
bone lesion. C3H/10T1/2-fLuc cells, which express fLuc under the control of the heat-
activated and rapamycin-dependent gene switch [29], were injected together with the
precursors of NIR-responsive hydrogels to fill the bone defect. After one and eight days,
rapamycin was administered intraperitoneally and 90 min later the implantation area was
irradiated for 10 min with an NIR laser. To minimize the risk of skin burns, the laser was
adjusted to a delivery power of 11-17 mW mm~2 which allowed to increase the temperature
of the skin from 34.53 + 0.74 °C to a maximum of 46 °C on the irradiated surface (Fig. 4B,
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left panel). The irradiation rounds performed one and eight days after hydrogel injection led
to increases of 12.38 £ 0.62 °C and 12.17 + 0.73 °C, respectively, in the irradiated surface of
mice (Fig. 4B, right graph). One day after illumination with the NIR laser, bioluminescence
imaging revealed strong induction of fLuc activity in the implantation areas (Fig. 4C, left
panel). There were no significant differences between the levels of fLuc activity induced
after the first and second round of NIR irradiation (Fig. 4C, right histogram). Negligible
activity levels of the reporter transgene were detected in non-irradiated implants from
animals treated only with rapamycin.

To test whether NIR-responsive hydrogels can induce the production of BMP-2 in bone
lesions, NIR-BMP-2-HG were polymerized /n situto fill in critical-size defects of calvarial
bone. One and eight days after hydrogel injection, implanted animals were treated with
rapamycin and exposed to NIR laser emitting at 11-17 mW mm~2, which increased the
temperature of the skin covering the implant by 12.36 + 0.32 °C and 12.32 + 0.37 °C,
respectively (Fig. 4D). One day after NIR irradiation, implants were retrieved and used to
prepare extracts. BMP-2 was effectively induced in samples from illuminated implants,
although the first round of activation exceeded the second in the total levels of produced
growth factor (Fig. 4E).

3.4 Boneregeneration induced by activated NIR-BMP-2-HG

In other set of experiments, rapamycin-treated animals that had been implanted with NIR-
BMP-2-HG were subjected to two NIR-irradiation rounds as described above and, 10 weeks
after implantation, analyzed using X-ray imaging (Fig. 5B, left panel). Radiographs of non-
irradiated animals revealed open bone defects with an average diameter of 4 mm (Fig. 5B,
right histogram). Interestingly, NIR-irradiated animals presented regions of X-ray
attenuation inside the calvarial defect which resulted in the reduction of 1 mm in the
radiolucent area diameter that comprised the osteotomy. In non-irradiated mice, implantation
areas where osteotomy edges were 3 mm apart showed the persistence of fibrous tissue
bridging the defect, which was principally composed of collagen that stained with aniline
blue after Masson’s trichrome staining (Fig. 5C, left panel). At same site, the bone defects
that had been NIR-irradiated showed a solid bridge of soft tissue progressing to ossification
as revealed by the appearance of areas of mineralized collagen. In these animals, the
panniculus adijposus in the hypodermis that covers the bone defect area was highly enlarged.
Histomorphometric analysis of histological sections confirmed a marked increase in areas of
new bone formation within calvarial defects of animals treated with NIR laser (Fig. 5C, right
histogram). It should be noted that 10 weeks after implantation, none of animals, NIR-
irradiated or not, retained traces of the implanted hydrogels. To test whether NIR-irradiation
alone was enough to enhance bone healing, hydrogels that polymerized with or without
HGNP, in the absence of C3H-BMP-2Ni9M cells, were implanted in the defects created in
calvarial bone. One and eight days after injection of hydrogels, implanted animals were
exposed to NIR laser as above described. During the first and second round of irradiation,
animals implanted with hydrogels devoid of HGNP increased the temperature of the skin
covering the implant by 4.95 £+ 0.15 °C and 4.33 = 1.08 °C, respectively. This was likely due
to the absorption of the incident light passing through natural structures such as pigmented
hair follicles (Fig. S4B). Thermal increases elicited by irradiation of implants including
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HGNP were similar to the above-described experiments including C3H-BMP-2Mi9h cells,
Histological analysis performed 10 weeks after implantation only showed fibrous tissue
bridging the defects of irradiated and not irradiated mice, without any sign of bone healing
(Fig. S4C). No differences were observed between mice implanted with hydrogels
containing or not HGNP.

4. Discussion

Achievement of temporal and spatial control of gene expression remains an important goal
in the gene therapy field. Such control would potentially improve safety and efficacy of
regenerative factor production. Timely administration of viral vectors engineered to
constitutively express BMP-2 has been explored as an attempt to define temporal patterns in
the production of the osteogenic factor. Thus, injection of adenovirus encoding a
constitutively expressed BMP-2 five to ten days after creating a critical-size rat femur defect
improved new bone formation when compared with animals receiving the virus at earlier
times [20, 21]. Although diminished inflammation and formation of a stable hematoma at
delayed times may favour vector access to target cells, it cannot be excluded that fitting the
peak activity of transgenic BMP-2 to endogenous wound-healing responses contributed
critically to the success of this approach. More sophisticated strategies for adjusting the
timing of BMP-2 expression are based on inducible expression systems, designed to
overcome the limitations of constitutive promoters. Tetracycline-dependent systems, which
rely on transactivators regulated by tetracycline or its analog doxycycline, are examples of
inducible systems used for temporal control of BMP-2 expression. Transplantation of
genetically engineered stem cells for expressing BMP-2 under the control of tetracycline-
dependent systems promoted the healing of nonunion radius fractures [43] and critical-size
calvarial defects in mice [44]. However, excessive bone formation was observed in some
samples, which was attributed to the expression of BMP-2 beyond the desired temporal
window after discontinuation of doxycycline. This phenomenon may be linked to the bone
tropism of tetracycline and its derivatives, which interfere with regulated expression due to
their accumulation in mineralized tissue [45]. On the other hand, leakiness of tetracycline-
dependent systems, which arises from the affinity that some cellular factors have for their
transactivator-responsive promoters, results in the expression of significant amount of the
targeted transgene in the uninduced state thus compromising the stringency of the inducible
system [46]. To overcome these problems, our previous research explored dimerizer-based
gene switches to control the temporal pattern of BMP-2 expression. This technology is
based on the use of a heterodimeric transcription factor composed of separate activation and
DNA-binding domains that only form a functional transactivator in the presence of a small
dimerizer molecule such as rapamycin or rapalogs that retain dimerizing activity [47]. We
engineered a dimerizer-based gene switch to control BMP-2 expression that tightly regulated
the /in vivo production of the growth factor [36]. Repeated rapamycin treatment over several
weeks led to uniform bone formation without bone overgrowth in a calvarial bone defect
filled with a collagen hydrogel entrapping fibroblasts that stably harboured the gene switch
in their genome. Conversely, cells transduced with an adenovirus carrying a constitutively
expressed BMP-2 formed highly irregular bone that was discontinuous with the surrounding
tissue. These findings showed that sustained low levels of BMP-2 provided by the inducible

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sanchez-Casanova et al. Page 15

system improved the regenerative outcome when compared with the high, but transient,
levels of transgene activity driven by the constitutive system. In the present study we
assessed the impact on bone healing of BMP-2 expression controlled by a rapamycin-
dependent gene switch that is activated by photothermal heating thereby providing temporal
and spatial control of transgene production. We previously reported that the optical
properties of fibrin-based hydrogels incorporating HGNP can be efficiently exploited to
deliberately control /in vivo the spatiotemporal production of hVEGq45 by means of a heat-
activated and rapamycin-dependent gene switch [32]. Data herein show that same approach
can be used to control the secretion of BMP-2 in bone defects. First, we determined /n vitro
the optimal HGNP concentration and time of NIR irradiation to induce BMP-2 expression in
genetically engineered cells entrapped within the hydrogels. Parameters for the generation of
sustained mild hyperthermia were selected to maximize the levels of growth factor
production from transgenic cells while minimizing the risk of heating damage. As compared
to /n vitro activation, generation of mild hyperthermia in implanted NIR-responsive
hydrogels requires downward adjustment of deposited NIR energy. Thus, NIR irradiation for
10 min at 11-17 mW mm~2 after rapamycin administration led to robust transgene
expression in subcutaneously implanted NIR-responsive constructs that incorporated cells
harbouring the heat-activated and rapamycin-dependent gene switch [32]. As shown in the
present work, similar activation conditions resulted in the induction of fLuc activity which
matched the NIR irradiation spot in implants that filled the bone defects. Induced transgene
expression was detected in implanted hydrogels not only after a first round of activation but
also after a second round performed one week later. This methodology, i.e. two rounds of
rapamycin administration followed by NIR illumination of photothermal cell constructs,
increased transgenic BMP-2 production in osteotomized regions and led to the formation of
new mineralized tissue thereby reducing the size of the treated bone lesions. Moreover, the
use of a dimerizer-dependent transactivator that is expressed upon heat activation not only
prevented incidental transgene activation triggered by hyperthermia associated with post-
traumatic immune responses, but also allowed us to deliberately emulate the timing of
sequential BMP-2 production seen during normal bone healing where BMP-2 expression is
first detected during early inflammation and subsequently increases during the periosteal
response [48].

One possible concern with using the heat-activated and rapamycin-dependent gene switch
for bone healing relates to the deleterious effect of immunosuppressive drugs as rapamycin
on bone metabolism and development [49-52]. In particular, a preclinical study in mice
concluded that rapamycin can delay fracture healing, most probably by inhibiting cell
proliferation and neovascularization in the callus [53]. Our bioactivity studies showed that
rapamycin concentration used to conditionally express BMP-2 reduced the chondrogenic
differentiation of C3H/10T1/2 micromass cultures, interference that was not observed when
rapalog AP21967 was employed as dimerizer. Similar to what is seen for naturally occurring
dimerizer molecules, derivatization of rapamycin can dramatically lower the cell
permeability of the original compound. Thus, AP21967 was observed to have 1/25™ the
activity of rapamycin when its dimerization activity was measured /n vitro [54]. Also, this
rapalog has short half-life in mouse plasma (< 4 h) [55]. In view of these considerations we
chose to use rapamycin as dimerizer for /n vivo studies. Future work will explore whether
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using non-immunosuppressive AP21967 instead of rapamycin may be advantageous to
enhance the regenerative capacity of conditionally expressed BMP-2, e.g. augmenting or
accelerating new mineralized tissue formation in the created bone lesion.

Previous /n vitro reports indicate that mild heat may stimulate the proliferation and/or
differentiation of osteoblast precursors, thereby promoting bone regeneration [59, 60].
However, our comparative transcriptome studies of cells residing in NIR-BMP-2-HG that, in
the absence of dimerizer, were NIR-irradiated or non-irradiated indicated that the thermal
stimuli employed by us do not affect the expression level of genes related to proliferation or
to the acquisition of a differentiated phenotype. Similar comparative analyses performed in
cells entrapped in hydrogels that were NIR-irradiated or non-irradiated in the presence of
dimerizers revealed a potent autocrine effect of the growth factor in BMP-2 overexpressing
cells, as demonstrated by the induction of genes related to cell cycle. In agreement with
publications reporting the antiviral role of BMPs [61, 62], the autocrine response to BMP-2
was characterized by a signature of induced genes related to virus-induced and interferon
associated responses. Some recent publications reported that magnetic- and NIR-responsive
implants may enhance /7 vivo bone regeneration through thermal stimulation [63, 64].
However, we have not evidenced any bone formation in NIR-irradiated defects implanted
with plasmonic hydrogels devoid of cells, which highlights the essential role of secreted
BMP-2 on the healing effects observed in NIR-irradiated and rapamycin-treated NIR-
BMP-2-HG. Future work will determine whether NIR-responsive substrates other than the
fibrin-based hydrogels used in the present work, may improve BMP-2-driven bone healing
through a thermal effect.

In summary, we have shown that deliberate patterning of transgene expression in NIR-
responsive hydrogels implanted in a bone defect may be a useful approach for achieving
spatiotemporal control of BMP-2, thereby mimicking endogenous tissue repair mechanisms.
The developed platform, which is not restricted to specific photothermal nanomaterials or
scaffold composition, can be refined for /n vivo gene therapy approaches that employ viral
vectors encoding the heat-activated and rapamycin-dependent gene switch. In this approach,
the NIR-responsive hydrogel could serve as a reservoir of these vectors to deliver the gene
switch to target cells while providing a source of local hyperthermia to enable transgenic
induction. Inadvertent activation of transgene expression from virus that might disseminate
from the NIR-responsive hydrogels and gain access to major organs can be excluded, as the
gene switch cannot be activated in the absence of dimerizer administration and heat
activation. While the current study provides proof of concept for the application of NIR laser
irradiation as a means of inducing safe and timed transgene expression aimed at regenerating
lost bone, further optimization of the technological approach is needed to achieve the
formation of fully functional new bone.

5. Conclusions

We explored the bone regenerative potential of a therapeutic platform based on the
combination of inducible transgene expression and the technology of NIR-responsive
hydrogels. Cells harbouring a gene expression system triggered by heat and dependent on a
low molecular weight ligand to control BMP-2 expression were entrapped in scaffolds based
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on fibrin and plasmonic gold nanoparticles. After ligand administration, BMP-2 production
was induced /n7 vitroin cell constructs that efficiently transduced incident NIR energy into
mild heat. BMP-2 produced in induced cell constructs promoted the chondrogenic
differentiation of three-dimensional cultures of multipotent stem cells, indicating that the
transgenic growth factor was bioactive. NIR-responsive cell constructs were injected to fill a
critical-size defect of calvarial bone created in mice. NIR illumination of implants in animals
administered with ligand induced BMP-2 production in the bone lesion, which ultimately led
to a significant increase in new mineralized tissue. In summary, the platform developed here
for the stringent spatiotemporal control of BMP-2 reveals broad potential in the field of bone
regenerative medicine.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors thank Dr. Sara Ballester (Unidad Funcional de Investigacion en Enfermedades Cronicas, Instituto de
Salud Carlos 111 (ISCIII)) for assistance in radiographical examinations and valuable discussions. The authors thank
Jesus Garcia and Pedro Botias (Unidad de Gendmica-Universidad Complutense de Madrid/Parque Cientifico de
Madrid, Spain) (microarray analyses), as well as Dr Ricardo Ramos and Susana Ovalle (Unidad de Genémica-
Universidad Auténoma de Madrid/Parque Cientifico de Madrid) (Tag-Man gene expression studies) for their
excellent technical assistance. This work was supported by grant P115/01118 from ISCIII-Fondos FEDER, Ministry
of Economy and Competitiveness (MINECO), Spain, grant RT12018-095159-B-100 from Ministerio de Ciencia,
Innovacion y Universidades (MICINN), grant Roche-1diPAZ from the intramural funding program of Foundation
for Biomedical Research of Hospital Universitario La Paz-1diPAZ, grant ERC-2013-CoG-614715
(NANOHEDONISM) from ERC Consolidator Grant program, grant R21AR072336 from NIH and by HSF
Pharmaceuticals S.A. C.E-D. was the recipient of predoctoral grant FI14/00447 from ISCIlI-Fondos FEDER,
MINECO. N.V. is supported by Program 12 from Comunidad Auténoma de Madrid.

References

[1]. Salazar VS, Gamer LW, Rosen V. BMP signalling in skeletal development, disease and repair.
Nature reviews Endocrinology. 2016;12:203-21.

[2]. Garg P, Mazur MM, Buck AC, Wandtke ME, Liu J, Ebraheim NA. Prospective review of
mesenchymal stem cells differentiation into osteoblasts. Orthopaedic surgery. 2017;9:13-9.
[PubMed: 28276640]

[3]. Pensak M, Hong S, Dukas A, Tinsley B, Drissi H, Tang A, et al. The role of transduced bone
marrow cells overexpressing BMP-2 in healing critical-sized defects in a mouse femur. Gene
therapy. 2015;22:467-75. [PubMed: 25809463]

[4]. Hankenson KD, Gagne K, Shaughnessy M. Extracellular signaling molecules to promote fracture
healing and bone regeneration. Advanced drug delivery reviews. 2015;94:3-12. [PubMed:
26428617]

[5]. Lo KW, Ulery BD, Ashe KM, Laurencin CT. Studies of bone morphogenetic protein-based
surgical repair. Advanced drug delivery reviews. 2012;64:1277-91. [PubMed: 22512928]

[6]. Hollinger JO, Schmitt JM, Buck DC, Shannon R, Joh SP, Zegzula HD, et al. Recombinant human
bone morphogenetic protein-2 and collagen for bone regeneration. Journal of biomedical
materials research. 1998;43:356-64. [PubMed: 9855194]

[7]. Gautschi OP, Frey SP, Zellweger R. Bone morphogenetic proteins in clinical applications. ANZ
journal of surgery. 2007;77:626-31. [PubMed: 17635273]

[8]. Julka A, Shah AS, Miller BS. Inflammatory response to recombinant human bone morphogenetic
protein-2 use in the treatment of a proximal humeral fracture: a case report. Journal of shoulder
and elbow surgery. 2012;21:e12-6.

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sanchez-Casanova et al.

Page 18

[9]. MacDonald KM, Swanstrom MM, McCarthy JJ, Nemeth BA, Guliani TA, Noonan KJ.

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

Exaggerated inflammatory response after use of recombinant bone morphogenetic protein in
recurrent unicameral bone cysts. Journal of pediatric orthopedics. 2010;30:199-205. [PubMed:
20179570]

Aro HT, Govender S, Patel AD, Hernigou P, Perera de Gregorio A, Popescu Gl, et al.
Recombinant human bone morphogenetic protein-2: a randomized trial in open tibial fractures
treated with reamed nail fixation. The Journal of bone and joint surgery American volume.
2011;93:801-8. [PubMed: 21454742]

Mannion RJ, Nowitzke AM, Wood MJ. Promoting fusion in minimally invasive lumbar interbody
stabilization with low-dose bone morphogenic protein-2--but what is the cost? The spine journal :
official journal of the North American Spine Society. 2011;11:527-33. [PubMed: 20739225]
Cahill KS, Chi JH, Day A, Claus EB. Prevalence, complications, and hospital charges associated
with use of bone-morphogenetic proteins in spinal fusion procedures. Jama. 2009;302:58-66.
[PubMed: 19567440]

Shields LB, Raque GH, Glassman SD, Campbell M, Vitaz T, Harpring J, et al. Adverse effects
associated with high-dose recombinant human bone morphogenetic protein-2 use in anterior
cervical spine fusion. Spine. 2006;31:542—7. [PubMed: 16508549]

Villavicencio AT, Burneikiene S. RhnBMP-2-induced radiculitis in patients undergoing
transforaminal lumbar interbody fusion: relationship to dose. The spine journal : official journal
of the North American Spine Society. 2016;16:1208-13. [PubMed: 27343729]

Owens K, Glassman SD, Howard JM, Djurasovic M, Witten JL, Carreon LY. Perioperative
complications with rhBMP-2 in transforaminal lumbar interbody fusion. European spine journal :
official publication of the European Spine Society, the European Spinal Deformity Society, and
the European Section of the Cervical Spine Research Society. 2011;20:612-7.

Mroz TE, Wang JC, Hashimoto R, Norvell DC. Complications related to osteobiologics use in
spine surgery: a systematic review. Spine. 2010;35:586-104. [PubMed: 20407355]

Tepper G, Rabbani R, Yousefzadeh M, Prince D. Quantitative assessment of retrograde
ejaculation using semen analysis, comparison with a standardized qualitative questionnaire, and
investigating the impact of rhBMP-2. Spine. 2013;38:841-5. [PubMed: 23403551]

Fu R, Selph S, McDonagh M, Peterson K, Tiwari A, Chou R, et al. Effectiveness and harms of
recombinant human bone morphogenetic protein-2 in spine fusion: a systematic review and meta-
analysis. Annals of internal medicine. 2013;158:890-902. [PubMed: 23778906]

Carragee EJ, Chu G, Rohatgi R, Hurwitz EL, Weiner BK, Yoon ST, et al. Cancer risk after use of
recombinant bone morphogenetic protein-2 for spinal arthrodesis. The Journal of bone and joint
surgery American volume. 2013;95:1537-45. [PubMed: 24005193]

Betz OB, Betz VM, Nazarian A, Egermann M, Gerstenfeld LC, Einhorn TA, et al. Delayed
administration of adenoviral BMP-2 vector improves the formation of bone in osseous defects.
Gene therapy. 2007;14:1039-44. [PubMed: 17460719]

Betz VM, Betz OB, Glatt V, Gerstenfeld LC, Einhorn TA, Bouxsein ML, et al. Healing of
segmental bone defects by direct percutaneous gene delivery: effect of vector dose. Human gene
therapy. 2007;18:907-15. [PubMed: 17910523]

Lieberman JR, Daluiski A, Stevenson S, Wu L, McAllister P, Lee YP, et al. The effect of regional
gene therapy with bone morphogenetic protein-2-producing bone-marrow cells on the repair of
segmental femoral defects in rats. The Journal of bone and joint surgery American volume.
1999;81:905-17. [PubMed: 10428121]

Sonnet C, Simpson CL, Olabisi RM, Sullivan K, Lazard Z, Gugala Z, et al. Rapid healing of
femoral defects in rats with low dose sustained BMP2 expression from PEGDA hydrogel
microspheres. Journal of orthopaedic research : official publication of the Orthopaedic Research
Society. 2013;31:1597-604.

Baltzer AW, Lattermann C, Whalen JD, Wooley P, Weiss K, Grimm M, et al. Genetic
enhancement of fracture repair: healing of an experimental segmental defect by adenoviral
transfer of the BMP-2 gene. Gene therapy. 2000;7:734-9. [PubMed: 10822299]

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sanchez-Casanova et al.

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].
[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

Page 19

Egermann M, Baltzer AW, Adamaszek S, Evans C, Robbins P, Schneider E, et al. Direct
adenoviral transfer of bone morphogenetic protein-2 cDNA enhances fracture healing in
osteoporotic sheep. Human gene therapy. 2006;17:507-17. [PubMed: 16716108]

Dai KR, Xu XL, Tang TT, Zhu ZA, Yu CF, Lou JR, et al. Repairing of goat tibial bone defects
with BMP-2 gene-modified tissue-engineered bone. Calcified tissue international. 2005;77:55—
61. [PubMed: 16007479]

Vilaboa N, Voellmy R. Deliberate regulation of therapeutic transgenes: recent advances in system
development and uses, in: Smyth Templeton N (Ed.), Gene and Cell Therapy: Therapeutic
Mechanisms and Strategies, CRC Press, Boca Raton, 2015, pp. 627-674.

Vilaboa N, Fenna M, Munson J, Roberts SM, Voellmy R. Novel gene switches for targeted and
timed expression of proteins of interest. Molecular therapy : the journal of the American Society
of Gene Therapy. 2005;12:290-8. [PubMed: 15925546]

Martin-Saavedra FM, Wilson CG, Voellmy R, Vilaboa N, Franceschi RT. Spatiotemporal control
of vascular endothelial growth factor expression using a heat-shock-activated, rapamycin-
dependent gene switch. Human gene therapy methods. 2013;24:160-70. [PubMed: 23527589]
Wilson CG, Martin-Saavedra FM, Padilla F, Fabiilli ML, Zhang M, Baez AM, et al. Patterning
expression of regenerative growth factors using high intensity focused ultrasound. Tissue
engineering Part C, Methods. 2014;20:769-79. [PubMed: 24460731]

Moncion A, Harmon JS, Li Y, Natla S, Farrell EC, Kripfgans OD, et al. Spatiotemporally-
controlled transgene expression in hydroxyapatite-fibrin composite scaffolds using high intensity
focused ultrasound. Biomaterials. 2019;194:14-24. [PubMed: 30572283]

Martin-Saavedra FM, Cebrian V, Gomez L, Lopez D, Arruebo M, Wilson CG, et al. Temporal
and spatial patterning of transgene expression by near-infrared irradiation. Biomaterials.
2014;35:8134-43. [PubMed: 24957294]

Henderson TA, Morries LD. Near-infrared photonic energy penetration: can infrared
phototherapy effectively reach the human brain? Neuropsychiatric disease and treatment.
2015;11:2191-208. [PubMed: 26346298]

Weissleder R A clearer vision for in vivo imaging. Nature biotechnology. 2001;19:316-7.
Preciado-Flores S, Wang D, Wheeler DA, Newhouse R, Hensel JK, Schwartzberg A, et al. Highly
reproducible synthesis of hollow gold nanospheres with near infrared surface plasmon absorption
using PVP as stabilizing agent. J Mater Chem. 2011;21:2344-50.

Cebrian V, Martin-Saavedra F, Gomez L, Arruebo M, Santamaria J, Vilaboa N. Enhancing of
plasmonic photothermal therapy through heat-inducible transgene activity. Nanomedicine :
nanotechnology, biology, and medicine. 2013;9:646-56.

Escudero-Duch C, Martin-Saavedra F, Prieto M, Sanchez-Casanova S, Lopez D, Sebastian V, et
al. Gold nanoparticles for the in situ polymerization of near-infrared responsive hydrogels based
on fibrin. Acta Biomaterialia. 2019;100:306—-15. [PubMed: 31568875]

Koh JT, Ge C, Zhao M, Wang Z, Krebsbach PH, Zhao Z, et al. Use of a stringent dimerizer-
regulated gene expression system for controlled BMP2 delivery. Molecular therapy : the journal
of the American Society of Gene Therapy. 2006;14:684-91. [PubMed: 16905364]

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-
source platform for biological-image analysis. Nature methods. 2012;9:676-82. [PubMed:
22743772]

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists
using DAVID bioinformatics resources. Nature Protocols 2009;4:44-57. [PubMed: 19131956]
Han Z, Bhavsar M, Leppik L, Oliveira KMC, Barker JH. Histological Scoring Method to Assess
Bone Healing in Critical Size Bone Defect Models. Tissue engineering Part C, Methods.
2018;24:272-9. [PubMed: 29466929]

Edwards SR, Wandless TJ. The rapamycin-binding domain of the protein kinase mammalian
target of rapamycin is a destabilizing domain. The Journal of biological chemistry.
2007;282:13395-401. [PubMed: 17350953]

Reznikoff CA, Brankow DW, Heidelberger C. Establishment and characterization of a cloned line
of C3H mouse embryo cells sensitive to postconfluence inhibition of division. Cancer research.
1973;33:3231-8. [PubMed: 4357355]

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sanchez-Casanova et al.

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

Page 20

Denker AE, Haas AR, Nicoll SB, Tuan RS. Chondrogenic differentiation of murine C3H10T1/2
multipotential mesenchymal cells: I. Stimulation by bone morphogenetic protein-2 in high-
density micromass cultures. Differentiation; research in biological diversity. 1999;64:67-76.
[PubMed: 10234804]

Singha UK, Jiang Y, Yu S, Luo M, Lu Y, Zhang J, et al. Rapamycin inhibits osteoblast
proliferation and differentiation in MC3T3-E1 cells and primary mouse bone marrow stromal
cells. Journal of cellular biochemistry. 2008;103:434-46. [PubMed: 17516572]

Moutsatsos IK, Turgeman G, Zhou S, Kurkalli BG, Pelled G, Tzur L, et al. Exogenously
regulated stem cell-mediated gene therapy for bone regeneration. Molecular therapy : the journal
of the American Society of Gene Therapy. 2001;3:449-61. [PubMed: 11319905]

Gafni Y, Pelled G, Zilberman Y, Turgeman G, Apparailly F, Yotvat H, et al. Gene therapy
platform for bone regeneration using an exogenously regulated, AAV-2-based gene expression
system. Molecular therapy : the journal of the American Society of Gene Therapy. 2004;9:587—
95. [PubMed: 15093189]

Oklund SA, Prolo DJ, Gutierrez RV. The significance of yellow bone. Evidence for tetracycline
in adult human bone. Jama. 1981;246:761-3. [PubMed: 6454795]

Gould DJ, Chernajovsky Y. Endogenous GATA factors bind the core sequence of the tetO and
influence gene regulation with the tetracycline system. Molecular therapy : the journal of the
American Society of Gene Therapy. 2004;10:127-38. [PubMed: 15233949]

Rivera VM. Controlling gene expression using synthetic ligands. Methods. 1998;14:421-9.
[PubMed: 9608512]

Ai-Agl ZS, Alagl AS, Graves DT, Gerstenfeld LC, Einhorn TA. Molecular mechanisms
controlling bone formation during fracture healing and distraction osteogenesis. Journal of dental
research. 2008;87:107-18. [PubMed: 18218835]

Alvarez-Garcia O, Carbajo-Perez E, Garcia E, Gil H, Molinos I, Rodriguez J, et al. Rapamycin
retards growth and causes marked alterations in the growth plate of young rats. Pediatric
nephrology. 2007;22:954-61. [PubMed: 17370095]

Compston JE. Osteoporosis after liver transplantation. Liver transplantation : official publication
of the American Association for the Study of Liver Diseases and the International Liver
Transplantation Society. 2003;9:321-30.

Romero DF, Buchinsky FJ, Rucinski B, Cvetkovic M, Bryer HP, Liang XG, et al. Rapamycin: a
bone sparing immunosuppressant? Journal of bone and mineral research : the official journal of
the American Society for Bone and Mineral Research. 1995;10:760-8.

Stempfle HU, Werner C, Siebert U, Assum T, Wehr U, Rambeck WA, et al. The role of
tacrolimus (FK506)-based immunosuppression on bone mineral density and bone turnover after
cardiac transplantation: a prospective, longitudinal, randomized, double-blind trial with calcitriol.
Transplantation. 2002;73:547-52. [PubMed: 11889427]

Holstein JH, Klein M, Garcia P, Histing T, Culemann U, Pizanis A, et al. Rapamycin affects early
fracture healing in mice. British journal of pharmacology. 2008;154:1055-62. [PubMed:
18454167]

Robinson MS, Hirst J. Rapid inactivation of proteins by knocksideways. Current protocols in cell
biology. 2013;61:15 20 1-7.

Hill ZB, Martinko AJ, Nguyen DP, Wells JA. Human antibody-based chemically induced
dimerizers for cell therapeutic applications. Nature chemical biology. 2018;14:112-7. [PubMed:
29200207]

Ngrgaard R, Kassem M, Rattan SI. Heat shock-induced enhancement of osteoblastic
differentiation of hnTERT-immortalized mesenchymal stem cells. Annals of the New York
academy of sciences. 2006;14:684-91.

Shui C, Scutt A. Mild heat shock induces proliferation, alkaline phosphatase activity, and
mineralization in human bone marrow stromal cells and Mg-63 cells in vitro. Journal of bone and
mineral research. 2001;16:731-41. [PubMed: 11316001]

Olsavszky V, Ulbrich F, Singh S, Diett M, Sticht C, Schmid CD, et al. GATA4 and LMO3
balance angiocrine signaling and autocrine inflammatory activation by BMP2 in liver sinusoidal
endothelial cells. Gene. 2017;627:491-99. [PubMed: 28669928]

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sanchez-Casanova et al. Page 21

[62]. Eddowes LA, Al-Hourani K, Ramamurthy N, Frankish J, Baddock HT, Sandor C, et al. Antiviral
activity of bone morphogenetic proteins and activins. Nature microbiology. 2019;4:339-51.

[63]. Ota T, Nishida Y, lkuta K, Kato R, Kozawa E, Hamada S, et al. Heat-stimuli-enhanced
osteogenesis using clinically available biomaterials. Plos One. 2017; 12:e0181404. [PubMed:
28719650]

[64]. Tong L, Liao Q, Zhao Y, Huang H, Gao A, Zhang W, et al. Near-infrared light control of bone
regeneration with biodegradable photothermal osteoimplant. Biomaterials. 2019;193:1-11.
[PubMed: 30550998]

Biomaterials. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sanchez-Casanova et al. Page 22

800

HGNP (ug mLy
Relative BMP-2 levels

400

-Rm/RI +Rm/RI -Rm/RI
NIR
&F
r T T T T T 1
Day 1 2 3 6 7 8 12
1 1 | | |
NIR-BMP2-HG BMP2 BMP2  Cell viability BMP2 Cell viability

polymerization assay assay

1600

1200

Relative BMP-2 levels
@
3
3

IS
o
S

NIR

B - 751012515 - 751012515 - 751012515
t (min)
Day 3 6 8
NIR
> t (min)
=100 * * 100
5
© o
o 5
5 Day 7 g
s TR
g% %%
o 83 50
2 =R
o o
4 a
20 Day 12
NIR "75 10 12515 - 751012515 NIR "0 %5 - 1015
t (min) — — t (min) e om—
Day 7 12 Day 7 12
*
o 1600
]
H
2
o 1200
[
H
S 800
2
©
& 400
NIR - 10 - 10
t(min) +RI +RI
Day 3 8
Figure 1.

Activation of NIR-BMP-2-HG triggered by NIR light. (A) NIR-BMP-2-HG, polymerized
with the indicated concentration of HGNP, were cultured for 1 day and then irradiated with
NIR laser for the indicated times. IR thermographies (left). The graph shows the mean + SD
values of the maximum temperature rises detected during NIR irradiation (right), n = 3.
Scale bar = 1 mm. (B) BMP-2 concentration in media conditioned by NIR-BMP-2-HG
polymerized with 30 ug mL~1 HGNP. One day after polymerization, NIR-BMP-2-HG were
NIR-irradiated for 10 min or not in the presence (+Rm) or absence (-Rm) of 10 nM
rapamycin and then cultured for 1 day. The data are relative to the BMP-2 levels (39.6 + 2.6
pg mL1) detected in the conditioned media of unirradiated hydrogels in the absence of
rapamycin which were given the arbitrary value of 100, n = 3 (C) NIR-BMP-2-HG,
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polymerized with 30 pg mL~1 HGNP, were NIR-irradiated in the presence of 10 nM
rapamycin (Rm) or 100 nM rapalog AP21967 (RI). Timeline scheme of NIR-BMP-2-HG
preparation, NIR irradiation of hydrogel (NIR), culture in the absence (-Rm/RI) or presence
(+Rm/RI) of rapamycin or rapalog and analytical assays. At days 3, 6 and 8, medium was
collected and replaced with fresh medium lacking dimerizer. The histogram shows BMP-2
concentration at days 3, 6 and 8 in media conditioned by NIR-BMP-2-HG that were NIR-
irradiated for the indicated times in the presence of Rm. The data are relative to the BMP-2
levels (46.6 + 10.3 pg mL™1) detected in the conditioned media of unirradiated hydrogels at
day 3, which were given the arbitrary value of 100, n = 3. (D) Cell viability in NIR-BMP-2-
HG at days 7 and 12. Left: the histogram shows the metabolic activity of cells contained in
NIR-BMP-2-HG that were NIR-irradiated for the indicated times in the presence of Rm. The
data are relative to the values detected in unirradiated hydrogels and were given the arbitrary
value of 100, n = 3. Middle: images show cells stained with calcein-AM (green) and EthD-1
(red) at the area of laser incidence. Scale bar = 50 um. Right: the histogram shows the
percentage of viable cells at the area of laser incidence. (E) BMP-2 concentration at days 3
and 8 in media conditioned by NIR-BMP-2-HG that were NIR-irradiated for 10 min in the
presence of RI. The data are relative to the BMP-2 levels (48.2 + 27.5 pg mL™1) in
conditioned media of unirradiated hydrogels collected at day 3, which were given an
arbitrary value of 100, n = 3. *: p< 0.05 compared to non-irradiated samples at the
corresponding day.
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Figure 2.
Transcriptome analysis of activated NIR-BMP-2-HG. NIR-BMP-2-HG, polymerized with

30 pg mL~1 HGNP, were NIR-irradiated for 10 min in the presence of 10 nM rapamycin
(Rm) or 100 nM rapalog AP21967 (RI). (A) Timeline scheme of NIR-BMP-2-HG
preparation, NIR irradiation of hydrogel (NIR), culture in the absence (-Rm/RI) or presence
(+Rm/RI) of dimerizer and differential gene expression analyses. At days 3 and 8, medium
was replaced with fresh medium lacking dimerizer. (B) Left: heatmap showing the fold
induction of the 50 most highly induced genes in cells residing in NIR-BMP-2-HG that were
NIR-irradiated in the presence of Rm (first column, Rm+NIR+) or RI (second column, RI
+NIR+) as compared to cells residing in non-irradiated NIR-BMP-2-HG hydrogels
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incubated with the corresponding dimerizer (Rm+NIR- and RI+NIR-, respectively). The
third column shows the fold induction of same genes in NIR-BMP-2-HG hydrogels that
were NIR-irradiated in the absence of dimerizer (NIR+) as compared to cells residing in
non-irradiated NIR-BMP-2-HG hydrogels (NIR-). Middle and right: heatmaps showing the
fold induction of the 50 most highly induced (middle) or repressed (right) genes in cells
residing in NIR-BMP-2-HG that were NIR-irradiated in the absence of dimerizer (third
columns, NIR+) as compared to cells residing in untreated and non-irradiated NIR-BMP-2-
HG hydrogels (NIR-). The first and second columns show the fold induction of same genes
in cells residing in NIR-BMP-2-HG hydrogels that were NIR-irradiated in the presence of
Rm (first column, Rm+NIR+) or RI (second column, RI+NIR+) as compared to cells
residing in non-irradiated NIR-BMP-2-HG hydrogels incubated with the corresponding
dimerizer (Rm+NIR- and RI+NIR-, respectively) (C) Gene Ontology enrichment analysis of
biological processes for the 160 induced genes in cells residing in NIR-BMP-2-HG
hydrogels that were NIR-irradiated in the presence of Rm or Rl as compared to cells residing
in non-irradiated NIR-BMP-2-HG hydrogels incubated with the corresponding dimerizer.
The total number of genes in each category is shown at the end of each bar.
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Figure 3.
Chondrogenic differentiation induced by activated NIR-BMP-2-HG. (A-B) Influence of

dimerizers on BMP-2 bioactivity. (A) Timeline scheme of C3H/10T1/2 micromasses culture
seeding, treatments with recombinant human BMP-2 (rBMP-2) in the presence (+) or
absence (-) of dimerizer, and chondrogenic differentiation assay. (B) Photographs of
micromasses treated with the indicated doses of rBMP-2, rapamycin (Rm) or rapalog
AP21967 (RI) and stained with alcian blue. The histogram shows the quantitative analysis of
alcian blue staining intensity of micromasses. The data are relative to the values measured in
untreated micromasses, which were given the arbitrary value of 100. *: p< 0.05 compared to
untreated samples. (C) Outline of the co-culture system of C3H/10T1/2 micromasses and
NIR-BMP-2-HG polymerized with 30 pg mL~1 HGNP, and timeline of the co-culture setting
in the presence (+RlI) or absence (-RI) of 100 nM AP21967, NIR-irradiation of hydrogel for
10 min (NIR) and chondrogenic differentiation assay. (D) Left: photographs and
micrographs of alcian blue-stained micromasses that were co-cultured with NIR-BMP-2-HG
irradiated (NIR+) or not (NIR-) in the presence (+RlI) or absence (-RI) of AP21967. Right:
photographs and micrographs of alcian blue stained micromasses treated with 100 nM
AP21967 (+RI) and the indicated doses of human recombinant BMP-2 (rBMP-2), following
same experimental scheme shown in A. The histogram shows the quantitative analysis of
alcian blue staining intensity of micromasses. The data are relative to the values measured in
micromasses treated with 100 nM AP21967 alone, which were given an arbitrary value of
100, n = 3. *: p< 0.05 compared to samples treated with 100 nM AP21967 alone. #: p< 0.05
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compared to samples treated with 100 nM AP21967 and 10 ng mL~1 rBMP-2. Scale bars =
5 mm (photographs), 100 um (micrographs).
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In vivo control of transgene expression induced by activated NIR-responsive hydrogels
implanted in critical-size bone defects. NIR-fLuc-HG or NIR-BMP-2-HG, polymerized with
30 pg mL~1 HGNP, were injected subcutaneously in a critical-size bone defect created in
mouse calvaria. One and eight days later, mice were administered rapamycin and
implantation region was NIR-irradiated at 11-17 mW mm~=2 for 10 min. (A) Timeline
scheme of hydrogel implantation, rapamycin (Rm) administration, NIR irradiation (NIR)
and bioluminescence or BMP-2 quantification assays. (B) IR thermographies of animals
implanted with NIR-fLuc-HG during NIR-irradiation, at the indicated times. The graph
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shows the mean + SD of the maximum temperature rises detected at the implantation site
during NIR irradiations, n = 5. (C) Bioluminescence imaging of animals implanted with
NIR-fLuc-HG that were administered with Rm and exposed (+) or not (=) to the NIR laser.
The histogram shows the average luminescence radiance levels detected at the implantation
site, n = 5. (D) Mean + SD of the maximum temperature rises detected at the implantation
site during NIR irradiations of animals implanted with NIR-BMP-2-HG, at the indicated
times, n = 5. (E) BMP-2 levels in NIR-BMP-2-HG constructs retrieved from mice that were
administered with Rm and exposed (+) or not (=) to NIR irradiation. The data are relative to
the BMP-2 values detected in unirradiated implants at day 3 (0.16 £+ 0.03 pg of BMP-2 per
mg of retrieved implant) which were given an arbitrary value of 100, n = 4. *: p<0.05
compared to unirradiated animals. #: p< 0.05 compared to NIR-irradiated samples at day 3.
Scale bars =1 cm.
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Figureb.

NIR+

Control of bone regeneration by activated NIR-BMP-2-HG. (A) Timeline scheme of
implantation of NIR-BMP-2-HG that polymerized with 30 ug mL~1 HGNP, rapamycin (Rm)
administration, NIR irradiation for 10 min (NIR) and imaging analyses. (B) X-ray imaging
of implanted mice that were administered Rm and exposed (NIR+) or not (NIR-) to NIR
irradiation. The histogram shows the average diameter of radiolucent areas within critical-
size bone defects filled with NIR-BMP-2-HG implants that were exposed or not to NIR
laser, n = 5. Scale bars =5 mm (1 mm for insets). (C) Masson’s trichrome stain of
histological cross sections of critical-size bone defects in mice treated as in (B). The
histogram shows the histomorphometric quantification, assessed by the scoring method
described in Section 2.11, of newly formed bone in the critical-size bone defects. The
asterisks mark the positions of the original margins of the bone defects. n = 5. Scale bars =
250 um. *: p < 0.05 compared to unirradiated animals
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