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Abstract - Polysaccharides in their native biological contexts are often organized at different length scales. This 

organization is important for their biochemical and biomechanical functions. Herein, we survey techniques for tuning 

the nanoscale assembly of polysaccharides. These include polyelectrolyte multilayer assembly at surfaces, 

polyelectrolyte complexation to form colloidal nanoparticles, and electrospinning nanofibers to form porous three-

dimensional constructs. By tuning their nanoscale assembly, we can discover how polysaccharide organization at 

different length scales and in different geometries can be used to control the emergent biological properties of higher 
order assemblies. We demonstrate that this paradigm can be used to develop new materials for tissue engineering with 

an example orthopedic application – improving bone allograft healing. As studies of functional glycomics reveal new 

biological functions of polysaccharides, biomaterials scientists can use analogous approaches to develop new 

biomaterials.  
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Introduction  

Naturally derived polysaccharides exhibit structure and sequence diversity. This diversity enables 

polysaccharides to exhibit divergent biological functions. The diverse functions of polysaccharides 

present opportunities for the biomaterials scientist to introduce these functions into new 

biomaterials. In their native biological contexts, polysaccharides are organized at surfaces and 

interfaces, and are found in assemblies that have complex architectures. Hence, the multiple 

biological functions of polysaccharides are also dependent upon their organization across multiple 

length scales. For example, proteoglycans can be thought of as graft copolymers with 

polysaccharide side-chains. These important biological macromolecules help regulate 

biomechanics, biotransport properties, and biochemical pathways in the tissues in which they are 

found [2].  

Our work explores methods to tune the organization of polysaccharide nanoassemblies, and studies 

how that organization impacts their functions. By controlling the assembly of polysaccharides, we 

can exploit and tune their biological properties, and thereby better engineer their function into 

biomaterials. Herein, we survey three techniques for tuning the nanostructure of polysaccharide-

based biomaterials: layer-by-layer (LbL) assembly of polyelectrolyte multilayers, polyelectrolyte 

complexation to form colloidal nanoparticles, and nanofiber electrospinning. These techniques 

provide control over polysaccharide assembly at the nanoscale. By combining these techniques, 

more complex assemblies can be prepared. In the resent work, we demonstrate how these can be 

used to develop tissue engineering scaffolds for bone healing. 

Bone allografts are cadaver donor bone used to repair large bone defects. Living cells are removed 

from bone allografts to prevent disease transmission and immune reactions. This also causes 

segmental bone allografts in long bones to suffer from poor healing and high failure rates [3-5]. 

Here, we use nanostructured polysaccharide-based tissue scaffolds as materials for cell and growth 

factor delivery to improve bone allograft outcomes. 



                                Anais do 13º Congresso Brasileiro de Polímeros – Natal, RN – 18 a 22 de outubro de 2015 

 

Experimental  

Materials 

Heparin sodium (14.4 kDa, 12.5% sulfur) was purchased from Celsus Laboratories 

(Cincinnati,OH). Chitosan (80 kDa, 9% acetylated) was acquired from Novamatrix (Sandvika, 

Norway). Chitosan was methylated to make N,N,N-trimethyl chitosan (TMC) following a 

previously reported method [6]. Aqueous solutions were made using ultrapure water (18.2 M cm 

water from a Millipore Synthesis water purification unit), and filtered using polyvinyldifluoride 

(PVDF) 0.22 m filters (Fisher-Scientific Pittsburgh, PA). Bone from ovine femurs and murine 

femurs and humeri was cleaned of soft tissue and frozen at −20 °C before use. For in vivo studies 

bone allografts were frozen at −80 °C for at least two weeks before use. 

 

Cells 

Ovine bone marrow stromal cells (MSCs) were obtained from female sheep (4-7 years old). 

Marrow aspirate drawn from the iliac crest was centrifuged at 200 × g for 2-6 min and the 

supernatant containing the nucleated cells was saved. After counting the nucleated cells, the 

supernatant was mixed with growth media (low-glucose DMEM with 10% FBS, 1% anti/anti, 2.5% 

HEPES) and seeded into culture flasks at 2.5 × 10
5
 cells cm

−2
. After 24 h, the medium was changed 

to remove non-adherent cells. MSC colonies were allowed to develop for at least 7 days, after 

which cells were lifted using trypsin, counted, and reseeded in culture flasks using maintenance 

media (-MEM with 10% FBS, 1% anti/anti, 2.5% HEPES 1 M). Cells were expanded by seeding 

them at a density of 10
4
 cells cm

−2
 and reseeding every 2 days when the cultures were 

approximately 80% confluent. MSCs were cryo-preserved prior to seeding into experimental 

conditions. During culture expansion, cell populations exhibited log-phase growth at a rate of 

approximately 1.2 population doublings every 2 days. Cells were not used beyond the seventh 

passage. Luciferase-expressing adipose-derived mesenchymal stem cells (Luc-ASCs) were isolated 

from abdominal adipose tissue of (FVB/NTsv-Tg(svyb-luc)-Xen) mice from Taconic (Hudson, 

NY). Adipose tissue was collagenase digested for 30 min. Luc-ASCs were plated for 24 h, and 

plastic-adherent cells were selected by rinsing and aspirating to remove non-adherent cells. Luc-

ASCs were cryopreserved at −80 °C until ready to be used. Thawed Luc-ASCs were expanded in 

growth media (DMEM, 15% FBS, 1% anti/anti, supplemented with MEM vitamin solution and 

non-essential amino acids) at 37 °C and 5% CO2. Passage 4 Luc-ASCs were used. 

 

Polysaccharide nanoparticles, nanofibers, and LbL assembly 

The production of heparin–chitosan polyelectrolyte complex nanoparticles (PCNs) and their 

characterization (including yield of particles, zeta potential and hydrodynamic radius for different 

charge mixing ratios) has been previously described by Boddohi et al. [7, 8]. Briefly, 

polysaccharide solutions (0.9 mg ml
−1

 for chitosan and 0.95 mg ml
−1

 for heparin) were prepared in 

0.1 M acetate buffer, pH 5.0. The solutions were filtered using 0.22 lm polyvinylidene fluoride 

syringe filters (PVDF, Fisher Scientific, PA). PCNs were prepared at room temperature by a one-

shot addition of chitosan solution to the heparin solution, with a heparin:chitosan ratio of 4:1 (on a 

saccharide basis). Vigorous stirring for 3 h was maintained during the complex formation. After 3 h 

of stirring, the solution was allowed to settle overnight to remove aggregated particles. After 

settling, the solution containing dissolved PCNs was decanted and centrifuged (4500 × g, 15 min) to 

separate the particles from uncomplexed polymer. The supernatant was decanted off, and the 

particles were resuspended in DI water. PCN diameter was measured using dynamic light scattering 

(DLS) (DynaPro Titan, Wyatt Technologies, Santa Barbara, CA).  
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For chitosan electrospun nanofibers, chitosan was dissolved in trifluoroacetic acid and 

dichloromethane (TFA:DCM, 7:3) at 7 wt. %. This solution was electrospun using a high-voltage 

(1-30 kV) direct-current power supply (GAMMA High Voltage Instruments, ES30P-10 W/DAM), a 

syringe pump (Harvard Apparatus, UK) and a rectangular brass collector covered with aluminum 

foil. The metal needle of the syringe, connected to the power supply, and the collection target were 

kept at a horizontal distance of 18 cm.  

The LbL assembly of polyelectrolyte multilayers was conducted using chitosan, TMC, and heparin 

aqueous solutions at 0.01 mol L
−1

 (on a saccharide unit basis) at neutral pH or at acidic pH using 

acetate buffer. Bone and nanofiber surfaces were alternately exposed to polycation (chitosan or 

TMC) and polyanion (heparin) solutions with aqueous rinse solutions between polyelectrolyte 

adsorption steps. 

 

Results and Discussion  

We have recently demonstrated that heparin-containing polyelectrolyte multilayers and heparin-

containing nanoparticles can bind, stabilize and deliver heparin-binding growth factors, such as 

fibroblast growth factor-2 (FGF-2) [9-11]. We first developed methods whereby chitosan nanofibers 

can be electrospun, stabilized, and coated with polyelectrolyte multilayers of TMC and heparin 

[12]. These multilayers can also contain heparin-based polyelectrolyte complex nanpoparticles, to 

bind and stabilize heparin-binding growth factors, such as FGF-2 [7, 13]. 

Fig 1 (A.) shows that by adsorbing FGF-2-containing PCNs to nanofibers we can decorate 

electrospun nanofibers with growth factor-containing nanoparticles. Furthermore, we showed that 

these nanoparticles can retain the growth factor activity for up to 30 days (27 days of incubation 

plus an additional four days of cell culture to evaluate growth factor activity), as shown in Fig 1 [1]. 

Next we translated these nanostructured polysaccharide based materials to the surfaces of bone 

allografts for cell and growth factor delivery in vivo. 

 

 

A. 

B. 

C. D. 

  

Figure 1  – (A.) Chitosan electrospun nanofibers. (B.) Confocal 

micrograph of chitosan nanofibers (red) modified with 

nanoparticles containing FGF-2 (green). (C.) Controlled release 

of FGF-2 from chitosan nanofibers, showing release over 30 

days or retention of FGF-2 on fibers. (D.) FGF-2 activity after 

up to 30 days of incubation. From Volpato et al. Acta 

Biomaterialia 2012, 8, 1551 [1]. 
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Thawed bone samples were modified with 11-phosphonoundecanoic acid (PUA) by soaking 

overnight in a 10 mmol L
−1

 PUA solution in dimethyl sulfoxide. After rinsing with saline, the bone 

surfaces were modified with chitosan-heparin polyelectrolyte multilayers [14]. Mouse femurs and 

humeri were also coated with freeze-dried porous foam scaffolds (FD) and chitosan nanofibers (NF) 

[15]. Nanofibers were directly electrospun onto the bone allografts by mounting the bones on a 

custom rotating collector immediately in front of the grounded collection plate. In this manner, the 

electrospun nanofibers were collected directly onto the bone. These nanofibers were subsequently 

coated with TMC-heparin polyelectrolyte multilayers and FGF-2, by adaptation of the methods 

outlined above. Surface modification with polyelectrolyte multilayers and nanofibers was 

confirmed by scanning electron microscopy and X-ray photoelectron spectroscopy (Fig 2) [15]. The 

antimicrobial activity, growth factor delivery, and cytocompatibility of the nanostructured coatings 

on bone allografts were all evaluated in vitro. Bone healing in a murine model of allograft 

incorporation was evaluated for the nanofiber coated bones in a six-week in vivo bone healing 

model. 

 
Conclusion  

Polysaccharide-based biomaterials can be designed to exploit polysaccharide biology, by 

assembling materials with tunable nanoscale structure and geometry. Strategies to tune the 

nanoscale structure and assembly of polysaccharides can be used to design new biomaterials for 

applications such as orthopedic tissue engineering. The structure of these materials can be 

controlled to mimic features and functions of natural tissues. 

A. B. C. 

D. 

Figure 2  – (A., B., and C.) Polyelectrolyte multilayers, porous freeze-dried (FD) scaffolds, 

and nanofiber (NF) scaffolds on bone. (D.) X-ray photoelectron spectroscopy confirming 

bone coatings on bone. From Romero et al. Carboyhydr. Polym. 2015, 122, 144.  
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