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Abstract

To guide the natural bone regeneration process, bone tissue engineering strategies

rely on the development of a scaffold architecture that mimics the extracellular

matrix and incorporates important extracellular signaling molecules, which promote

fracture healing and bone formation pathways. Incorporation of growth factors into

particles embedded within the scaffold can offer both protection of protein bioactiv-

ity and a sustained release profile. In this work, a novel method to immobilize carrier

nanoparticles within scaffold pores is proposed. A biodegradable, osteoconductive,

porous chitosan scaffold was fabricated via the “freeze-drying method,” leading to

scaffolds with a storage modulus of 8.5 kPa and 300 μm pores, in line with existing

bone scaffold properties. Next, poly(methyl methacrylate-co-methacrylic acid)

nanoparticles were synthesized and immobilized to the scaffold via carbodiimide-

crosslinker chemistry. A fluorescent imaging study confirmed that the conventional

methods of protein and nanocarrier incorporation into scaffolds can lead to over

60% diffusion out of the scaffold within the first 5 min of implantation, and total dis-

appearance within 4 weeks. The novel method of nanocarrier immobilization to the

scaffold backbone via carbodiimide-crosslinker chemistry allows full retention of par-

ticles for up to 4 weeks within the scaffold bulk, with no negative effects on the via-

bility and proliferation of human umbilical vein endothelial cells.

K E YWORD S

3D porous scaffold, bone regeneration, chitosan scaffold, growth factor delivery, sustained

release

1 | INTRODUCTION

Bone-related disorders continue to have a significant effect on people,

especially in areas affected by an ageing population (Amini, Lauren-

cin, & Nukavarapu, 2012). Recent market analyses suggest that annu-

ally over 20 million people worldwide are affected by a lack of bone

tissue due to injury or disease, resulting in over 5 million orthopedic

procedures annually (Habibovic, 2017). For large bony defects that

are not capable of self-repair and can occur as a result of traumatic

fracture, tumor resection, or endoprosthetic loosening, the current

gold standard treatment options include bone allografts and auto-

grafts (Fröhlich et al., 2008). Bone autografts rely on the harvesting of

bone from another part of the patient's body, such as the iliac crest

or parts of the tibia (Myeroff & Archdeacon, 2011) and present

the advantage of being osteoconductive, angiogenic, and

immunocompatible. However, bone autografts can result in a variety

of complications including donor site morbidity, infection, pain, and

fracture at the donation site (Calori et al., 2014; Dimitriou,
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Mataliotakis, Angoules, Kanakaris, & Giannoudis, 2011). Bone allo-

grafts, consisting of bone harvested from a donor corpse, eliminate

donor site-related complications, but present additional challenges,

such as the risk of negative immune response and disease transmis-

sion. In response to these limitations of the current gold standard

treatment options, the field of bone tissue engineering has emerged,

as it presents a promising solution to these limitations.

Bone tissue engineering relies on the use of biodegradable scaf-

folds, which mimic the extracellular matrix and guide the natural bone

formation process (Bose, Roy, & Bandyopadhyay, 2012; Oryan, Alidadi,

Moshiri, & Maffulli, 2014). Successful bone tissue engineering scaffolds

present an interconnected porosity, typically with a mean pore size

around 300 μm (Saravanan, Leena, & Selvamurugan, 2016) as well as

mechanical properties, such as compressive strengths similar to that of

the native bone. While metals and ceramics have been explored as

scaffold materials, natural polymers including chitosan and their com-

posites have been of particular interest in the development of bone

scaffolds due to their inherent chemical biocompatibility and proven

osteoconductivity (Balagangadharan, Dhivya, & Selvamurugan, 2017).

In addition, recent reports indicate the importance of incorporat-

ing signaling molecules into bone tissue engineering strategies in

order to enhance the recruitment of cells, osteogenic differentiation,

and angiogenesis, phases which are crucial to bone tissue regenera-

tion. A class of growth factors qualified as bone morphogenetic pro-

teins (BMPs) and the members of the TGF-beta superfamily (Chen,

Zhao, & Mundy, 2004) represent some particularly interesting candi-

dates for that purpose. Specifically, BMP-2 and BMP-7 have been

identified as playing an important role in osteogenic differentiation. In

addition, these factors have been incorporated in FDA-approved com-

mercial systems for spinal fusions (El Bialy, Jiskoot, & Reza

Nejadnik, 2017).

Three categories of techniques have been widely explored to

deliver growth factors in a sustained and controlled way (De Witte,

Fratila-Apachitei, Zadpoor, & Peppas, 2018). Among those, the physi-

cal entrapment or adsorption of growth factors to the scaffold has

been successfully used for burst release of growth factors. However,

this method does not allow for a sustained delivery of the payload,

due to its rapid diffusion out of the scaffold (Vo, Kasper, & Mikos,

2012). The second category of techniques that are based on the cova-

lent binding of proteins to scaffolds lead to constant, sustained pro-

tein release profiles. These techniques fail to prevent the rapid

degradation and loss of bioactivity of the protein (Di Luca et al.,

2017). Finally, the incorporation of proteins into particles has shown

great promise for controlled release and is able to both protect the

protein and provide a delivery profile consisting of an initial burst

release followed by a short, sustained release (Bessa et al., 2010; Sub-

biah et al., 2015). Unfortunately, as with the method of protein

adsorption to the scaffold, this method does not limit the ability of

particles to diffuse through the large scaffold pores and be released

from the targeted site.

Here, we propose a novel method to immobilize carrier

nanoparticles within scaffold pores, thereby ensuring the sustained

retention of proteins. Chitosan, a chemically biocompatible and bio-

degradable natural polymer with osteoconductive properties was

used to fabricate a highly porous scaffold. Poly(methyl

methacrylate-co-methacrylic acid) (P[MMA-co-MAA]) nanoparticles

were then synthesized and immobilized within the scaffold pores

using carbodiimide-crosslinker chemistry (Figure 1). Ultimately, this

system seeks to address some of the key challenges in the develop-

ment of bone tissue engineering scaffolds and aims to present a ver-

satile and robust approach for the controlled delivery of growth

factors.

F IGURE 1 Design of a two-phase nanoparticle-scaffold system relying on the immobilization of P(MMA-co-MAA) nanoparticles to a chitosan

scaffold backbone for the sustained delivery of growth factors in bone tissue engineering applications
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2 | METHODS

2.1 | Materials

Chitosan powder (high molecular weight, weight-average molar mass:

310–375 kDa, 85% deacetylated, 200–800 cP, Catalog 448877) was

obtained from Sigma-Aldrich (Sigma-Aldrich Corporation, St Louis,

MO). Acetic acid (glacial, Certified ACS) and sodium carbonate (anhy-

drous, Powder) were obtained from Thermo Fisher Scientific (Thermo

Fisher Scientific, Waltham, MA). Dulbecco's phosphate-buffered

saline (DPBS) was obtained from Thermo Fisher Scientific.

Methyl methacrylate (MMA, 99%, Catalog M55909) and

methacrylic acid (MAA, 99%, Catalog 155721) were obtained from

Sigma-Aldrich. Polyethylene glycol dimethacrylate with PEG molecular

weight 600 (PEGDMA 600, Catalog 02364) was obtained from Poly-

sciences, Inc (Polysciences, Inc., Warrington, PA). The initiator Irgacure

2959 was obtained from Ciba (Ciba Inc., Basel, Switzerland), while the

surfactants Brij 30 and MyTab were obtained from Thermo Fisher Sci-

entific and Sigma-Aldrich, respectively.

Trypsin from bovine pancreas (powder, Catalog T9201) was

obtained from Sigma-Aldrich. DAPI (406-diamidino-2-phenylindole,

dihydrochloride, Catalog D1306) and FITC (5/6-fluorescein isothiocy-

anate, Catalog 46,425) were obtained from Thermo Fisher Scientific,

and tetramethylrhodamine (TAMRA) cadaverine (Catalog 92001) was

obtained from Biotium (Biotium Inc., Fremont, CA.)

HUV-EC-C (HUVEC; ATCC CRL-1730) and F-12K Medium

(Kaighn's Modification of Ham's F-12 Medium, ATCC 30-2004) were

obtained from ATCC (ATCC, Manassas, VA). Heparin sodium (Catalog

AC411210010) and fetal bovine serum (Corning, Catalog 35010CV)

were obtained from Thermo Fisher Scientific. Endothelial cell growth

supplement from bovine neural tissue (ECGS, Catalog E2759) was

obtained from Sigma-Aldrich.

2.2 | Scaffold fabrication

In typical experiments, chitosan scaffolds were prepared by dissolving

1, 2, 3, or 4 wt% chitosan powder (Figure 2) in 2 vol% (0.34 M) acetic

acid. The solutions were placed on a disk rotator and left for 10–12 hr

to allow the chitosan to dissolve. A sample of 2.0 ml of the solution

was then cast into each well of a 24-well polystyrene plate using a

syringe. The plates were then placed in a 37�C incubator overnight.

Following incubation, the specimens were collected and immersed in

1 M sodium carbonate solution in order to neutralize acetate

functional groups. Subsequently, 0.8 ml of sodium carbonate solution

was added to each well and the plates were placed on a plate shaker

for 2 hr. In order to avoid an excessive amount of sodium acetate

salts, excess liquid was removed from the wells. The plates were then

frozen at −80�C for 24 hr. After freezing, the samples were lyophi-

lized in a freeze drier (FreeZone Cascade Benchtop Freeze Dry Sys-

tem, Labconco, Kansas City, MO) under vacuum at −105�C for 48 hr.

2.3 | Scaffold characterization

2.3.1 | Scanning electron microscope imaging

Scanning electron microscope (SEM) images were obtained in order to

determine the microscopic structure of the lyophilized chitosan scaf-

folds with varying wt% (1, 2, 3, and 4 wt%). The freeze-dried chitosan

scaffold samples were sputter-coated with 12 nm of platinum/palla-

dium (Pt/Pd) at 20 mA and were imaged by SEM (Supra 40VP SEM,

Zeiss, Oberkochen, Germany).

2.3.2 | Dynamic mechanical properties

The storage, G', and loss, G", moduli of the specimens in the hydrated

state were determined using a rheometer (Discovery Hybrid Rheome-

ter, TA Instruments, New Castle, DE). Chitosan scaffolds were

hydrated in 2.0 ml of 1× DPBS for 1 hr at room temperature. In order

to remove the residual sodium acetate salts, the DPBS was replaced

three times. With each rinse, the scaffolds were incubated with fresh

DPBS for 1 hr at room temperature and with gentle agitation. A rhe-

ometer immersion ring accessory (Peltier Plater Immersion Ring, TA

Instruments, New Castle, DE) was used in order to submerge the

chitosan scaffolds in 1× DPBS and maintain constant levels of hydra-

tion during testing.

The linear elastic range of the materials was determined by per-

forming a frequency sweep from 0.01 to 10 Hz at 1% strain. All sam-

ples showed purely viscous behavior at frequencies above 0.6 Hz. All

subsequent tests were performed at 1% strain from 0.01 to 0.6 Hz.

The mechanical properties of the scaffolds with increasing wt%

chitosan (1, 2, 3, or 4 wt%; n = 6 per formulation) were compared.

Average values and standard deviations were calculated from the

measured values at 0.1 Hz. The measured values of the storage modu-

lus correspond to the stored energy and describe the elastic behavior

of the material while the loss modulus corresponds to the energy

F IGURE 2 The chemical structure of

chitosan
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dissipation due to the viscous behavior of the material. The ratio of

the loss to storage modulus, tan(δ), indicates the relative elastic behav-

ior of the tested material, with values below 1 indicating solid- or gel-

like behavior.

The obtained values of tan(δ) were analyzed using a one-way

ANOVA test (α = 0.05) with post hoc Tukey HSD Test (α = 0.05). Sta-

tistically significant differences are noted as p < 0.01 (**) or, in case of

no statistical significance, “ns”.

2.4 | Synthesis of nanoparticles

P(MMA-co-MAA) nanoparticles were synthesized using the

reproducible method of UV-initiated, aqueous emulsion free radical

polymerization (Fisher & Peppas, 2009). Aqueous emulsion polymeri-

zation requires the use of hydrophobic monomers, which partition

into the oil droplet phase. In addition, particle size is controllable by

varying the relative amounts of surfactants, initiator, and crosslinking

density.

To synthesize the P(MMA-co-MAA) nanoparticles, the pre-

polymerization mixture was prepared by combining 95 mol% methyl

methacrylate, 4 mol% methacrylic acid and 1 mol% poly(ethylene gly-

col) dimethacrylate (PEGDMA) with average PEG MW = 600 in a

round-bottom flask. An aqueous solution was formed by adding

25.0 ml of deionized water. In order to form an emulsion, Brij 30, a

nonionic surfactant, and myristyl trimethyl ammonium bromide

(MyTAB), a cationic surfactant, were added to the aqueous solution at

the concentrations of 4 mg/ml and 1.16 mg/ml, respectively. Finally,

the free radical initiator Irgacure 2925 was added at a ratio of 0.5 wt

%. The chemical structures of the main chemical compounds involved

in the emulsion polymerization are shown in Figure 3.

The reagents were then mixed by ultrasound for 20 min in order

to form an oil-in-water emulsion, which was then purged with nitro-

gen in order to eliminate free radical scavengers. Subsequently, the

emulsion was placed under a UV point source with an intensity of

140 mW/cm2 for 2.5 hr (BlueWave 200 Spot Lamp System, Dymax

Corporation, Torrington, CT). The synthesized particles were purified

by diluting them at 1:1 in a 6.0 N HCl solution, followed by a dilution

at 1:10 in 1× DPBS. The diluted particles were then centrifuged at

4,000g for 5 min so as to form a pellet. The supernatant was then

removed, and the nanoparticle pellets were resuspended in 1x DPBS

and adjusted to a pH of 7. Finally, the particle solutions were lyophi-

lized under vacuum at −105�C for 48 hr. The nanoparticle synthesis

method is summarized in Figure 4.

After purification, the hydrodynamic diameter of the

nanoparticles was determined by dynamic light scattering (Zetasizer

Nano, Malvern) using 5× diluted nanoparticle samples in 1× DPBS

(n = 3 per formulation). In addition, the zeta potential of the

nanoparticles was measured as a function of pH in order to determine

the net charges present on the particles.

2.5 | Particle immobilization to the scaffold

backbone

A fluorescent imaging study was carried out in order to compare three

distinct systems over time (Figure 5) including the free protein

adsorbed to the scaffold (System I), the free nanoparticles simply

entrapped in the scaffold (System II), and the nanoparticles

immobilized to the scaffold by carbodiimide-crosslinker chemistry

between the carboxylic acids on the surface of the nanoparticles and

the primary amines on the chitosan scaffold backbone (System III).

F IGURE 3 The chemical structures of the comonomers, crosslinker, surfactants, and free-radical initiator used for the fabrication of P(MMA-

co-MAA) nanoparticles
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2.5.1 | Fluorescent labeling of system components

Each component of the system was first labeled with a distinct fluo-

rescent dye (Figure 5b). The chitosan scaffolds were labeled using

fluorescein isothiocyanate (FITC; green fluorescent dye) by forming a

urea bond with the primary amine groups on the scaffold backbone. A

10 mg/ml solution of FITC in DMF was added to each scaffold at a

ratio of 0.067 v/v% FITC to scaffold. Trypsin was labeled using

40,6-diamidino-2-phenylindole, dihydrochloride (DAPI; blue fluores-

cent dye). A 10 mg/ml solution of DAPI in deionized water was added

to a solution of trypsin at a ratio of 0.22 mg DAPI/mg trypsin. Finally,

P(MMA-co-MAA) nanoparticles were labeled using TAMRA cadaver-

ine (red fluorescent dye). A 70 mg/ml solution of TAMRA cadaverine

in ethanol was added to a 10 mg/ml solution of the nanoparticles at a

ratio of 5 mg TAMRA cadaverine/mg nanoparticles.

2.5.2 | Preparation of distinct scaffold systems

After fluorescent labeling, the three distinct systems were prepared.

For System I, DAPI-labeled trypsin was loaded into the scaffolds by

incubating the scaffold in a protein solution similar to the adsorption

loading methods existing in the literature (Figure 5a). The protein was

loaded at a concentration of 1 mg/ml of scaffold, concentrations

which are commonly used for similar systems in the literature as well

as commercially available systems. For System II, the nanoparticles

F IGURE 4 The main steps in the one-pot UV-initiated emulsion polymerization of polymeric nanoparticles: (1) preparation of the

prepolymerization solution; (2) ultrasonication for 20 min to form an oil-in-water emulsion; (3) nitrogen purge to eliminate free radical scavengers;

(4) reaction for 2.5 hr; (5) purification by precipitation in acid

F IGURE 5 (a) The representative diagram of three distinct scaffold systems: (System I) free protein adsorbed to the scaffold, (System II) free

nanoparticles simply entrapped in the scaffold, and (System III) nanoparticles immobilized to the scaffold by carbodiimide-crosslinker chemistry.

(b) Fluorescent tagging agents used for scaffold, protein, and nanoparticles
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were loaded into the scaffold at a concentration of 100 μl nanoparti-

cle solution/ml scaffold using a 2 mg/ml stock solution of P(MMA-

co-MAA) nanoparticles. Finally, for System III, carbodiimide-

crosslinker chemistry was used to bind the carboxylic groups on the

nanoparticles to the primary amines of the chitosan backbone, and

nanoparticles were loaded at the same ratio as in System II. This was

done by first activating the TAMRA cadaverine-labeled nanoparticles

using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride

(EDC) and sulfo-N-hydroxysulfosuccinimide (NHS). A 2 mg/ml solu-

tion of the nanoparticles was prepared by combining stock solutions

of EDC in ethanol, sulfo-NHS in ethanol, and the labeled

nanoparticles in 1× DPBS at a mass ratio of 0.4:1.1:0.5. The solution

was adjusted to pH 6 and maintained at room temperature for

15 min to allow for the activation reaction with EDC and sulfo-NHS.

The solution was then adjusted to pH 7.2 and 200 μl was added to

each scaffold. The scaffolds were maintained at pH 7.2 and at room

temperature to allow for the reaction of sulfo-NHS activated

nanoparticles with the primary amines on the scaffold backbone.

After 10 hr, the scaffolds were washed with fresh 1× DPBS and

stored at room temperature.

2.5.3 | Fluorescent imaging of scaffold–

nanoparticle and scaffold–protein systems

The labeled systems were then incubated in DPBS for up to 4 weeks.

In order to mimic the fluid flow in the body, washes were performed

every 5 min for the first 30 min of incubation followed by every

30 min for the following 3 hr. Fluorescent images were obtained

using a manual inverted microscope (IX73, Olympus) using the phase

contract to visualize the naked scaffold, DAPI filter to visualize the

labeled protein, GFP filter to visualize the labeled scaffold backbone,

and RFP filter to visualize the labeled nanoparticles. Images were

obtained immediately after loading, after 30 min, 72 hr, and after

4 weeks in order to determine the relative change over time in the

protein content for System I and in the particles for Systems II

and III.

2.5.4 | Quantitative analysis of protein and

nanoparticle diffusion from scaffold

Washes were performed every 5 min for the first 30 min, after 24 hr,

72 hr, and 4 weeks on the scaffolds containing fluorescently labeled

protein and nanoparticles. After each wash, the supernatants were

plated on a 96-well plate. For the DAPI-labeled protein, fluorescence

was analyzed at an excitation wavelength of 358 nm and an

emission wavelength of 461 nm. For the TAMRA cadaverine-labeled

nanoparticles, fluorescence was analyzed at an excitation wavelength

of 552 nm and an emission wavelength of 578 nm. The obtained fluo-

rescence values were fitted to the calibration curves of the labeled

components in order to obtain values of the concentration of the fluo-

rescently labeled components in the supernatant.

2.6 | In vitro studies: Cell viability and proliferation

2.6.1 | Cell culture

The cytocompatibility of the two-phase scaffold–nanoparticle system

was analyzed using nonimmortalized human umbilical vein endothelial

cells (HUVEC) obtained from ATCC. The cells were propagated for

two passages using an F-12K medium with 0.1 mg/ml heparin, 1 v/v%

endothelial cell growth supplement, and 10 v/v/% fetal bovine serum.

Cell culture treated 96-well plates were coated with 50 μl of a

1:100 fibronectin solution in 1× DPBS and incubated at room temper-

ature for 1 hr. The fibronectin solution was then removed from the

plate and the wells were rinsed with DPBS.

Two systems were evaluated for cytotoxicity: (i) 2 wt% chitosan

scaffolds, and (ii) covalently bound p(MMA-co-MAA) nanoparticles to

2 wt% chitosan scaffolds. For system (ii), 2 wt% chitosan scaffolds

with covalently bound particles at a concentration of 0.2 mg/ml nano-

particle to scaffold were used.

The scaffolds were sectioned into 3 mg pieces, sterilized by UV

exposure, and incubated in HUVEC media overnight. The scaffolds

were placed in the wells prior to cell seeding in order to allow for

improved contact between the cells and scaffold. HUVEC cells were

then seeded at 3,000 cells per well and allowed to incubate at room

temperature for 1 hr. In addition to the scaffold systems, cells were

incubated in HUVEC media (positive control) and with both triton and

SDS (negative lysis controls).

All samples were then incubated for 24 and 48 hr in a humidified

environment at 37�C and 5% CO2. For all conditions and for each time

point, n = 12.

2.6.2 | MTS cell proliferation assay

Cell proliferation in the presence of the system components after

24 and 48 hr was determined using an MTS cellular proliferation assay

and used as an indicator of cell health. The CellTiter 96 AQueous One

Solution Cell Proliferation Assay (Promega Corporation, Madison, WI)

was used per manufacturer's instructions, and the resulting absor-

bances of the plate at 490 and 690 nm were obtained. The relative

cellular proliferation was calculated by first subtracting the back-

ground absorbance at 690 nm from the absorbance at 490 nm. Subse-

quently, the obtained values were normalized to the average

absorbance of the positive and negative controls (HUVEC cells in the

HUVEC media and lysis control, respectively) in order to obtain the

average cell proliferation for each condition (n = 6 per condition.)

2.6.3 | LDH membrane integrity assay

Cell membrane integrity in the presence of the system components

after 24 and 48 hr was determined using a lactose dehydrogenase

(LDH) membrane integrity assay as an indicator of cell health. The

Promega CytoTox-ONE Homogeneous Membrane Integrity Assay
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(Promega Corporation, Madison, WI) was used per manufacturer's

instructions. The resulting fluorescence of the samples was measured

at an excitation of 560 nm and an emission of 590 nm. The back-

ground fluorescence values as a result of the cell culture media were

first subtracted from the obtained fluorescence values. These were

then normalized to the average maximum LDH release (lysis control)

and minimum LDH release (media control) in order to obtain the aver-

age cell viability for each condition (n = 6 per condition.)

3 | RESULTS

3.1 | Scaffold properties

Chitosan scaffolds with varying wt% of chitosan were prepared in

order to optimize the fabrication of scaffolds to be used in the

proposed system. An increase in wt% of chitosan had a slight effect

on the storage and loss moduli of the materials, increasing from 6,900

to 9,100 Pa and decreasing from 628 to 551 Pa, respectively

(Figure 7). However, an increase in chitosan wt% resulted in a notice-

able increase in the viscosity of the chitosan solution during experi-

mental handling. Because the scaffold fabrication process required

the casting of chitosan solution into molds, increased viscosity can

result in a loss of material and the introduction of large air bubbles. It

was, therefore, found that a 2 wt% formulation provided the best

trade-off between higher mechanical properties and ease of handling.

SEM images indicated that a highly porous network was formed

within the scaffold bulk (Figure 6). A hierarchical structure was

observed, with smaller pores of around 300 μm in diameter as well as

macropores (Figure 6a). In addition, an anisotropic structure was

observed, with pores oriented orthogonally to the image plane

(Figure 6b). As noted experimentally, this direction coincided with the

F IGURE 7 The dynamic

mechanical properties of chitosan

scaffolds with increasing wt%

chitosan formulation. ns indicates

difference not significant; ** indicates

significance with p < .01

F IGURE 6 The SEM images of 2 wt% chitosan scaffolds at (a) 300× magnification and (b) 100× magnification. Scale bars = 200 μm. Blue

dotted lines indicate visible pore structures while red dotted arrow indicates pore direction
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direction of the solvent sublimation during the freeze-drying process

as well as the direction of loading during the dynamic mechanical

tests.

The rheology data obtained for the chitosan scaffolds indicated

that the 2 wt% chitosan scaffolds present a storage modulus (G') of

around 8,300 Pa and a loss modulus (G") of 606 Pa with a tan(δ) of

F IGURE 8 The dynamic light scattering results of nanoparticles synthesized using one-pot UV-initiated emulsion polymerization. (a) The

batch-to-batch variability of the average hydrodynamic diameter of the nanoparticles and respective polydispersity indices. (b) The plot of the

intensity distribution of hydrodynamic diameters for different batches

F IGURE 9 (a) Zeta potential and (b) particle size as a function of pH for P(MMA-co-MAA) nanoparticles

F IGURE 10 (a) The plot of recorded particle size in nm as a function of pH where pH is decreased from above pH 7 to pH 4.5 then increased

again to above pH 7, (b) the average diameter and PDI of the nanoparticles before and after reversible aggregation, and (c) the intensity plots of

the particle size before and after reversible aggregation
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0.085 (Figure 7). These values indicate that the fabricated scaffolds,

despite a high porosity, exhibited gel-like behavior, with the elastic

component having a greater influence on the material behavior.

3.2 | Nanoparticle synthesis

The UV-initiated emulsion polymerization scheme allowed for the syn-

thesis of nanoparticles with hydrodynamic radii between 60 and 80 nm

(Figure 8). In addition, the particles were relatively monodisperse, with

polydispersity indices around 0.170 (Figure 8b). Finally, comparing the

properties between batches, the present particle synthesis scheme led

to a minimal batch-to-batch variability and provided a reproducible

method for the synthesis of P(MMA-co-MAA) particles.

The synthesized particles presented a zeta potential of around

−22 mV at physiological pH, indicating that the particles carry a net

negative charge and form a stable suspension in these conditions

(Figure 9). In increasingly acidic environments, the particle zeta poten-

tial increased toward 0 mV with an observed pKa of 3.50, resulting in

a reduction of the net charges and, thus, decreased ability for the

repulsion between particles (Figure 9a). This decreased ability for

repulsion led to the aggregation of the particles, as pH decreased

(Figure 10). While particle sizes remained below 100 nm at pH values

above 7, the recorded hydrodynamic diameter progressively increased

as pH reduced, reaching values of up to 13 μm (Figure 10a). This

increase reflects the formation of micron-scale aggregates as the par-

ticle net surface charge decreased. Furthermore, it was shown that

this aggregation of particles as a result of a decrease in pH was a

reversible phenomenon, as the particles regained their original proper-

ties when the pH was increased again (Figure 10a,b).

3.3 | Immobilization of nanoparticles within the

scaffold

Fluorescent images obtained immediately after loading showed a high

fluorescent intensity for all three systems, indicating the presence of

protein (in blue) and particles (in red) within the bulk of the scaffolds

F IGURE 11 The fluorescent images of FITC-labeled chitosan scaffolds (green) incorporated with unbound DAPI-labeled trypsin (blue, Column

1), unbound Tamra cadaverine-labeled nanoparticles (red, Column 2), and covalently bound Tamra cadaverine-labeled nanoparticles (red, Column 3).

The images were taken for each system immediately after loading and after 30 min, 72 hr, and 4 weeks of incubation. Scale bars: 60 μm

F IGURE 12 The relative cumulative release of DAPI-labeled

protein (blue), tamra cadaverine labeled nanoparticles (red), and tamra

cadaverine labeled bound nanoparticles (purple) from a chitosan

scaffold as a function of time
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(Figure 11). After 30 min of incubation and five washes in phosphate-

buffered saline, a significant reduction in the amount of blue was

observed, suggesting that within 30 min a large portion of the protein

has diffused out of the scaffolds (Figure 11, column 1). Similarly, a

reduction in the amount of red was observed for the unbound

particles, but the intensity remained relatively constant for the cova-

lently bound particles (Figure 11, columns 2 and 3). The fluorescent

intensity of both the unbound protein and unbound particles contin-

ued to decrease over time, with no detectable presence in either sys-

tem after 4 weeks (Figure 11, row 4). The covalently bound particle

F IGURE 13 The dynamic

mechanical properties of two-phase

scaffold-nanoparticle system with

increasing ratios of particle mass to

scaffold volume. ns indicates the

difference is not significant

F IGURE 14 The evaluation of the cytocompatibility of 2 wt% chitosan scaffolds with and without bound P(MMA-co-MAA) nanoparticles.

(a) Cytocompatibility of HUVEC cells using an MTS cellular proliferation assay after 24 hr (left) and 48 hr exposure (right). (b) Cytocompatibility of

HUVEC cells using an LDH cell membrane integrity assay after 24 hr (left) and 48 hr exposure (right)
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system, however, continued to show similar intensities across the dif-

ferent time points (Figure 11, column 3).

A quantitative analysis was carried out by plotting the cumulative

release as a function of time (Figure 12). A rapid burst release was

observed for the adsorbed protein and nanoparticles, with over 60%

released within the first 5 min for both systems and 100% release

after 4 weeks (Figure 12). An initial burst release of about 3% within

the first 5 min was observed for the covalently bound nanoparticles

with no further release for up to 4 weeks (Figure 12).

Finally, the incorporation of covalently bound nanoparticles

within the scaffold bulk did not have a significant effect on the scaf-

fold mechanical properties (Figure 13). While a slight increase in the

storage modulus and a decrease in loss modulus was observed for

increasing amounts of nanoparticles within the scaffold, these

changes remained within the margins of error (Figure 13).

3.4 | In vitro cytotoxicity studies

The results of cell proliferation and cell viability assays for HUVECs in

the presence of 2 wt% chitosan scaffolds with and without covalently

bound nanoparticles indicate that the scaffold systems did not have a

toxic effect on the cells (Figure 14). After 24 and 48 hr of exposure, both

the scaffolds and scaffolds with nanoparticle systems resulted in cell via-

bilities of above 95% relative to the media control, indicating that the

system components did not result in cell lysis after 48 hr (Figure 14b).

Furthermore, after 24 hr of exposure to both the scaffolds and

the scaffolds with covalently bound nanoparticles, the cells exhibited

relative cellular proliferations of up to 800%, when compared to the

media control. This effect, while less significant, is still observed after

48 hr of exposure to the scaffold systems, with proliferation values up

to 150% (Figure 14a).

4 | DISCUSSION

4.1 | Chitosan scaffolds for bone tissue

engineering applications

The mechanical properties of bone tissue engineering scaffolds are

considered to be an essential characteristic to promote the osteogenic

behavior of the biomaterial. Typical values of the compressive

strength of cancellous bone are between 2 and 12 MPa while elastic

moduli range between 0.1 and 5 GPa (Wu, Liu, Yeung, Liu, & Yang,

2014). In addition, the dynamic mechanical properties of cancellous

bone have been found to be 800 kPa for the storage modulus, and

52 kPa for the loss modulus (Töyräs, Nieminen, Kröger, & Jurvelin,

2002; Yilgor, Sousa, Reis, Hasirci, & Hasirci, 2008).

Natural polymers are highly attractive materials for bone tissue engi-

neering scaffold applications due to their abundance in nature, inherent

chemical biocompatibility, and biodegradability. Chitosan, in particular,

presents mucoadhesive and antibacterial properties and has been shown

to be osteoconductive (Venkatesan, Anil, Kim, & Shim, 2017). A further

advantage of chitosan in the proposed two-phase system is the presence

of reactive primary amines along the polymer backbone, which can be

used for the immobilization of nanocarriers with reactive carboxyl groups

via carbodiimide-crosslinker chemistry. However, a key limitation in the

use of natural polymers in general and chitosan, in particular, are their

low mechanical strength, though methods have been developed to fabri-

cate high-strength natural-polymer based scaffold systems. Often these

systems rely on the fabrication of natural polymer-based composites in

combination with ceramics or synthetic polymers (Rao, Harini, Shad-

amarshan, Balagangadharan, & Selvamurugan, 2017). More recently,

however, a number of methods have been developed in order to fabri-

cate high-strength pristine natural polymer-based systems (Jana,

Florczyk, Leung, & Zhang, 2012).

In this work, scaffolds were fabricated by lyophilization of the

chitosan solutions, often referred to in the literature as the “freeze-

drying method” (Beck, Jiang, Nair, & Laurencin, 2017). This method

forms scaffolds with interconnected, large-scale pores and is, thus, of

particular interest for bone tissue engineering. The observed pore size of

around 300 μm has been considered optimal for bone tissue engineering

applications (Karageorgiou & Kaplan, 2005; Loh & Choong, 2013). In

addition, the presence of larger-scale macropores was observed. This

range in pore size could present further advantages for the regeneration

of bone tissue, as it has been demonstrated that a hierarchical structure

with multi-scale porosity can lead to higher osteoconductivity than sys-

tems with a uniform pore size (Woodard et al., 2007).

The fabrication of bone tissue engineering scaffolds often leads

to a trade-off between interconnected porosity and sufficient

mechanical properties, since an increase in porosity and pore size can

result in a loss of mechanical integrity. The lyophilization method used

in the present work led to the fabrication of scaffolds with a storage

modulus of around 8.5 kPa. Wang and Stegemann developed

crosslinked chitosan/collagen hydrogels for bone tissue engineering

applications with a storage modulus of up to 0.35 kPa (Wang &

Stegemann, 2011). Similarly, Jin et al. (2009) developed an injectable

chitosan-based scaffold with a storage modulus of up to 0.5 kPa in

physiological conditions. Therefore, when comparing the present sys-

tem to the systems existing in the literature, it is concluded that the

freeze-drying system is a promising method to fabricate higher

strength hydrated natural polymer networks.

In addition, the SEM images revealed a degree of anisotropy in

the fabricated scaffold as a result of pore orientation. This is a desir-

able property in the design of bone scaffolds, since bone is primarily

loaded anisotropically in the body (Fisher & Peppas, 2009). Further-

more, this characteristic is especially desirable for the regeneration of

cancellous bone tissue, which itself is an anisotropic material with vis-

coelastic mechanical behavior (Mathieu et al., 2006).

4.2 | Effect of nanoparticle immobilization on their

sustained retention and scaffold properties

The majority of growth factor delivery systems explored in the litera-

ture rely on the adsorption of growth factors within the bulk of highly
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porous scaffolds (Ferrand et al., 2014; Simmons, Alsberg, Hsiong,

Kim, & Mooney, 2004). A key limitation of that approach is a rapid

burst release of the incorporated protein. This behavior can be

explained by the highly porous nature of the scaffolds used for bone

tissue engineering applications, which allows for growth factors with

diameters of only several nanometers to easily diffuse through the

pore network. However, this leads to a trade-off, since high porosities

are considered to be necessary for the design of bone tissue engineer-

ing scaffolds and have been found to be essential to the vasculariza-

tion of the newly forming bone (Annabi et al., 2010; Karageorgiou &

Kaplan, 2005; Wu et al., 2014). Furthermore, the likelihood of a burst

release profile is increased upon implantation of the scaffold into the

body due to the highly dynamic physiological environment where fluid

flow and diffusion can limit protein retention.

One common approach for the improved retention of growth fac-

tors within the scaffold bulk is through their encapsulation into

nanoparticles (Park, Kim, Moon, & Na, 2009; Wang et al., 2015). This

method has been shown to lead to improved release profiles, still pre-

senting an initial burst release, which is followed by a sustained

release profile. However, the ratio of the particle diameter to the scaf-

fold pore size remains extremely small, with most nanoparticle sys-

tems having a diameter of around 100 nm and pore sizes for bone

tissue engineering scaffolds ranging between 200 and 500 μm.

Nanoparticles can, thus, easily diffuse out of the scaffold once they

are implanted in the body and put in contact with dynamic fluid flow

in vivo.

The system developed in this study aims to eliminate the poten-

tial of both protein and particles to diffuse rapidly out of the scaffold

bulk through a novel approach: the covalent binding of particles to

the scaffold backbone. While covalent binding approaches have previ-

ously been used for growth factor delivery applications, the previous

systems rely on the covalent binding of the growth factors themselves

to the scaffold backbone. However, this method poses concerns due

to the negative effects on protein bioactivity (Di Luca et al., 2017).

The results of the fluorescent imaging experiment suggest that

the common methods of growth factor and nanoparticle incorporation

into scaffolds result in their rapid diffusion out of the scaffold bulk.

Proteins in the scaffold were no longer visibly detectable after 72 hr

and nanoparticles were fully removed after 4 weeks. In contrast, the

nanoparticles that were covalently bound to the scaffold were still

present within the scaffold after 4 weeks. These results suggest that

the diffusion of nanoparticles out of the scaffold carrier can present a

significant limitation to the systems proposed in the literature. Mean-

while, the novel approach of covalently binding nanocarriers to the

scaffold bulk can limit diffusion out of the scaffold. Furthermore, the

retention of nanoparticles for multiple weeks reflects the potential of

such systems to deliver essential growth factors, such as BMP-2 that

are desired to be present within bone regeneration sites for up to

4 weeks after injury (Hankenson, Gagne, & Shaughnessy, 2015).

The incorporation of nanoparticles within the scaffold bulk may

also provide further advantages, such as improved mechanical proper-

ties and structural hierarchy, which can further promote the regenera-

tion of bone tissue (Wang et al., 2015). In the present work, no

significant change in the mechanical properties was detected for the

incorporation of 0.2 and 1 mg/ml of covalently bound nanoparticles

within the scaffold when compared to the control chitosan scaffold.

However, this can be explained by the low concentrations of

nanoparticles tested, and systems could be developed that incorpo-

rate unloaded nanoparticles as well as loaded nanoparticles to

improve the mechanical properties of the scaffolds without affecting

the delivered dose of growth factors.

Finally, in vitro studies evaluating the effects of chitosan scaffolds

with and without covalently bound P(MMA-co-MAA) nanoparticles

on the viability and proliferation of HUVEC indicate that the incorpo-

ration of nanoparticles within the chitosan scaffolds through covalent

binding does not have a cytotoxic effect on HUVECs. In fact, in vitro

results suggest that the 2 wt% chitosan scaffolds can lead to increased

HUVEC proliferation in the first 48 hr of exposure when compared to

a media control and that this effect is not reduced by the incorpora-

tion of covalently bound nanoparticles. Chitosan has been identified

as an excellent pro-angiogenic biomaterial and its use has also been

explored in cardiovascular tissue engineering applications (Deng et al.,

2010). Indeed, chitosan has been commonly incorporated into

collagen-based tissue engineering systems in order to improve vascu-

larization (Ellis & Korbutt, 2017). McBane et al. (2013) have shown

that the fabrication of a 10:1 collagen: chitosan hydrogel leads to

increased endothelial progenitor cell viability and endothelial differen-

tiation when compared to a pure collagen scaffold. The pro-

angiogenic characteristics of chitosan as demonstrated in the litera-

ture, therefore, explain the observed increase in HUVEC proliferation

on the chitosan scaffolds when compared to the media controls. The

cytocompatibility and proliferative effects of the proposed two-phase

scaffold–nanoparticle system constitutes a promising approach to

promote the regeneration of vascularized bone tissue.

5 | CONCLUSIONS

The present work provides a method and proof-of-concept for the

development of a novel two-phase bone tissue engineering system,

consisting of a porous chitosan scaffold that incorporates covalently

bound nanocarriers for the sustained delivery of osteogenic growth

factors.

Highly porous chitosan scaffolds were fabricated according to a

lyophilization method. This simple technique allows for the fabrication

of relatively high-strength scaffolds when compared to other available

natural polymer-based scaffolds, as well as an interconnected pore

network with varying pore diameters and anisotropic structure.

To further improve on the systems existing in the literature,

carbodiimide-crosslinker chemistry was used to bind P(MMA-co-MAA)

nanoparticles to the chitosan backbone. The results of this work demon-

strate that this novel approach eliminates the risk of nanoparticle diffu-

sion out of the scaffold bulk. In particular, nanoparticles were retained

over the relevant therapeutic timeframe for bone regeneration.

Ultimately, this approach has the potential to be extended

beyond bone regeneration, to any tissue for which growth factor
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retention poses a risk to proper tissue growth. Indeed, the mechanical

properties and even polymer selection can be modulated to suit the

specific needs of other target tissues. Furthermore, nanoparticles with

controllable degradation rates can be used to further improve the tun-

ability of such systems.
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