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Scaffolds represent three dimensional (3D) artificial biocompatible 
and biodegradable materials that support cell growth and 
osteodifferentiation to control and accelerate the regeneration of 
bone defects with a critical size. Their development is of great 
interest for advanced bioengineering and materials science.1–5  
3D printing with fused deposition modeling represents an 
advanced technology for manufacturing of the scaffolds with 
dedicated architecture to ensure a successful implant integration 
and bone repair.1,2,6–10 Biodegradable aliphatic polyesters11–13 like 
polylactide (PLA), poly(lactide-co-glycolide) (PLGA) and poly(ε-
caprolactone) (PCL) constitute the key polymers for preparation 
of the scaffolds by 3D printing.11,14–19 Their hydrophobicity and 
absence of biological activity14,20 are typically adjusted by 
inclusion of inorganic or organic stimulating and signaling 
substances or particles to provide attachment and viability of 
osteoblasts followed by the formation of bone tissue  
(i.e., osteoconductivity) as well as to increase Ca-containing mineral 
deposits.1,21–24 Cellulose micro- and nanomaterials are employed as 
promising fillers for these key polymers due to biocompatibility, 
high hydrophilicity, ability to cell adhesion and proliferation, low 
cost, the presence of reactive groups for modification as well as 
suitable mechanical properties.2,3,25,26 Addition of micro- or 
nanocrystalline cellulose (NCC) to aliphatic polyesters allows one 
to adjust the mechanical properties and degradation rate of the 
composite as well as ensure the desired spatial and temporal 
distribution of the stimulating/signaling molecules in the final 
matrix.2,25 The effect was demonstrated27 for a glutamic acid-rich 
peptide attached to the surface of PLA/PLGA nanofibers on the 
formation of calcium phosphate crystals and thereby an increase in 
the osteogenic differentiation of marrow stromal cells.

Our group reported an approach to modification of NCC by 
poly(glutamic acid) (polyGlu)28 and application of the material 
as a filler for composite films based on poly-l-lactide (PLLA), 
poly-d,l-lactide (PDLLA) and PCL.20,28,29 The composites with 

polyGlu-modified NCC had improved tensile properties,20 
revealed good biocompatibility in vivo20 and contributed to the 
formation of Ca deposits in cell free media.20,29 Given the 
scaffold architecture, which depends on pore size, morphology 
and interpermeability, represents a key factor for cells attachment 
and viability,2,6,7,30 the purpose of this work was to develop 
3D-printed composite scaffolds based on PDLLA and NCC–
polyGlu as well as evaluate their mechanical and osteoconductive 
properties.

The synthesis and characterization of polyGlu were 
performed† as described in our works.28,31 The weight-average 
molecular weight (Mw) and dispersity (Ð) from SEC as well as 
the amount of residual benzyl protecting groups from 1H NMR 
for the obtained polymer were 2100, 1.05 and 22%, respectively. 
The incompletely removed benzyl groups imparted amphiphilic 
properties to the polyGlu chains to improve the integration of 
filler particles modified by them into the polymer matrix. 
Modification of NCC with polyGlu was carried out via periodate 
oxidation, imine bonds formation and their subsequent reduction 
with sodium borohydride as described.20,28 PDLLA with  
Mw = 169,000 and Ð = 1.9 (from SEC) was obtained using the 
known conditions.20 Nonporous composite materials based on 
PDLLA and 5 or 10 wt% unmodified NCC, designated as 
PDLLA/NCC(5) or PDLLA/NCC(10), respectively, as well as 
modified NCC [PDLLA/NCC–polyGlu(5) and PDLLA/NCC–
polyGlu(10)] as fillers were prepared by melt blending. The 
following mechanical characteristics for compression of the 
obtained samples were determined: Young’s modulus (E), the 
force applied at maximum compression (Fmax), plasticity limit 
(sp) and compressive strength (smax). For details of the 
†	 PolyGlu was prepared by ring-opening polymerization of 
N-carboxyanhydride of g-O-benzyl-α-glutamic acid with following 
deprotection using trifluoromethanesulfonic acid in TFA. The product 
was analyzed by SEC and 1H NMR.
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Three dimensional composite matrices based on poly-d,l-
lactide filled with 5 or 10 wt% of nanocrystalline cellulose 
modified by poly(glutamic acid) were produced using pre-
optimized 3D printing technique. The composites 
demonstrated good biocompatibility and significantly 
improved osteoconductive properties compared with the 
matrix without filler or the one filled with neat nanocrystalline 
cellulose.
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preparation and testing, see Online Supplementary Materials. 
The results are presented in Table 1 and Figure S1. 

All the tested materials demonstrated a plastic deformation 
with high resource, namely, none of the samples fractured 
under compression up to 70%. The mechanical parameters 
determined for all the composites were close to the ones for 
pristine PDLLA or slightly exceeded them, with the exception 
of Young’s modulus, which was lower for all the composites 
probably due to inhomogeneous areas resulted from the filler 
aggregation. However, slightly higher values of Young’s 
modulus were observed for PDLLA/NCC–polyGlu compared 
with PDLLA/NCC with a similar amount of the filler, which 
indicated greater interfacial compatibility between PDLLA and 
NCC–polyGlu. This assumption was also confirmed by our 
investigations of tensile mechanical properties for films based 
on aliphatic polyesters and NCC as well as NCC modified with 
polyGlu or polylactide, where a significant improvement in 
mechanical properties due to the modifications had been 
observed.20,28,29,32 Thus, all the composites obtained here were 
characterized by acceptable mechanical properties, despite 
some reduction in mechanical values for compression relative 
to pristine PDLLA.

To produce 3D-printed composite scaffolds, the printing 
parameters were initially adjusted using pure PDLLA. For 
optimization of the matrix architecture, it is necessary to take 
into account that the size of pores and their interpermeability 
play a crucial role in the bone formation in vivo. The use of 
scaffolds with a pore size of 20–1500 µm for filling bone defects 
has been widely discussed.1,11,13 In particular, it is known that 
mineralized bone tissue and vascularization can be achieved 
when the scaffolds with a pore size from 200 and 300 µm, 
respectively, are used. At the same time, the proper cell 
reproduction occurs with pores £ 1000 µm. Thus, to ensure the 
mutual permeability of the material pores, the optimal printing 
parameters for PDLLA multilayer products were determined 
(for details of printing options with step-by-step graphical 
support, see Online Supplementary Materials).‡ Figure 1(a)–(c) 
demonstrates a photo and SEM images§ of an example of 
3D-printed PDLLA-based matrix with a smooth and uniform 
structure of the material. 

Using the optimized conditions, the composite 3D matrices of 
a similar structure were printed. Samples with a diameter of  
7–9 mm, a height of ~1 mm and a pore size of ~1000 µm 
consisted of three layers and contained 5 or 10 wt% NCC or 
NCC–polyGlu. Morphology of the composites slightly differed 
from the one for the PDLLA samples [Figure 1(d)–(g)] and was 
characterized by more pronounced roughness with higher 
amount of the filler. However, for PDLLA/NCC–polyGlu a 
much smaller number and size of filler aggregates as well as 
surface irregularities were observed, which indicated better 

‡  Modeling and printing of samples was carried out using a GeSiM 3D 
printer (Germany) with pneumatic extruder and the proprietary software.
§  SEM images were acquired using a Zeiss Auriga microscope 
(Germany).

compatibility of the matrix and the partially deblocked polyGlu-
modified NCC filler.

Since the acceptable mechanical properties and homogeneous 
morphology had been observed for composites containing both 5 
and 10 wt% of the filler, the 3D-printed composites containing 
10 wt% of the NCC or NCC–polyGlu filler were selected for 
further investigation of their osteoconductive properties. This 
choice was also motivated by the assumption that higher filler 
content and hence more polyGlu residues would promote 
intensive formation of Ca-containing mineral deposits, i.e., 
mineralization, for rather rapidly degrading PDLLA. An in vitro 
biomineralization was explored using human adipose derived 
mesenchymal stem cells (hMSCs). After cell adhesion and 
further proliferation, the scaffolds were placed in an osteogenic 
medium for osteodifferentiation (for detailed conditions of 
sterilization, cultivation and differentiation, see Online 
Supplementary Materials).¶ SEM images of the materials before 
and after the procedures clearly demonstrate significant changes 
in their surface probably caused by cell adhesion and proliferation 
as well as the formation of Ca deposits (Figure S3).

A drastic increase in Ca deposits for PDLLA/NCC–polyGlu 
scaffolds after the osteodifferentiation and the extremely scarce 
ones for other materials were evidenced using alizarin red S as a 
Ca-specific dye (Figure 2)**

†† and by energy dispersive X-ray 
analysis (EDX). According to both methods, the highest relative 
content of Ca was observed for the PDLLA/NCC–polyGlu(10) 
scaffold. This result could not be associated with an increase in 
the number of hMSCs adhered at the surface after incubation in 
the growth medium, which was confirmed by the standard 
CellTiter-Blue cell viability assay (Figure S4). Thus, the deposits 
formed represented a result of osteodifferentiation. For more 
data from the EDX analysis for PDLLA/NCC–polyGlu(10) 
before and after the osteogenic differentiation, see Online 
Supplementary Materials, including Figures S5 and S6.

Thus, the use of polyGlu-modified NCC as a filler for PDLLA 
definitely contributed to improved osteoconductive properties of 
the developed 3D-printed composites in vitro. The tendency in 
the formation of Ca deposits appeared to be similar to our results 
in the mineralization study of the same composites as films using 
their alternate incubation in a cell-free medium with Ca2+ and 
H2PO4

- for 30 weeks. The amount of Ca deposits there increased 
significantly for NCC–polyGlu as a filler. Moreover, elevation of 
the filler content from 5 to 15 wt% also improved the 
mineralization.20 

In summary, 3D printing conditions were developed and 
homogeneous PDLLA-based scaffolds using pure and polyGlu-

¶ After sterilization, each matrix was seeded with hMSCs. Cells were 
cultivated in a growth medium for 2 weeks, then their osteogenic 
differentiation was carried out in a dedicated medium for 1 week.
** 

†† The matrices were fixed in 4% aqueous solution of paraformaldehyde and 
stained with alizarin red S dye to visualize Ca deposits. Images of the 
stained samples were recorded using a Nikon Eclipse E200 optical 
microscope (Japan) with an U3CMOS digital camera and the NIS-Elements 
software.

Table 1 Mechanical characteristics for nonporous PDLLA and its 
composite materials determined by a compression test.

Material E/GPa Fmax/kN sp/MPa smax/MPa

PDLLA 2.02 ± 0.12 38.57 ± 0.93 103 ± 2 341 ± 5

PDLLA/NCC(5) 1.47 ± 0.09 40.67 ± 0.81 107 ± 2 360 ± 7

PDLLA/NCC(10) 1.43 ± 0.11 37.21 ± 0.56  93 ± 1 329 ± 10

PDLLA/NCC–
polyGlu(5)

1.71 ± 0.12 40.60 ± 0.53  94 ± 2 359 ± 9

PDLLA/NCC–
polyGlu(10)

1.53 ± 0.08 33.93 ± 0.37  79 ± 1 300 ± 6 Figure 1 (a) Photo and (b)–(g) SEM images of 3D-printed PDLLA and its 
composites: (a)–(c) PDLLA, (d) PDLLA/NCC(5), (e) PDLLA/NCC(10),  
(f) PDLLA/NCC–polyGlu(5) and (g) PDLLA/NCC–polyGlu(10).
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modified NCC as a filler were obtained. Despite the hydrophilic 
properties of the filler, the mechanical properties of PDLLA-
based composites were retained at a level close to neat PDLLA. 
The best mechanical properties were determined for the 
composites with 5 wt% of the filler. Further investigation of the 
osteoconductive properties of 3D-printed PDLLA/NCC–
polyGlu composites in vitro demonstrated their good 
biocompatibility as well as a significant increase in mineralization 
due to improved osteodifferentiation of cells induced by the 
presence of polyGlu. The developed composites seem to be 
promising scaffolds for bone tissue regeneration.

SEM and EDX analyses were performed using the equipment 
of the Interdisciplinary Center for Nanotechnology of the  
St. Petersburg State University Research Park (megagrant no. 
075-15-2021-637).

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2022.11.034.
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Figure 2 PDLLA and its composite scaffolds stained by alizarin red S dye: 
(a) after procedure in the growth medium, (b) after procedure in the 
osteogenic differentiation medium. The intensity of red color appeared after 
staining is proportional to the mineral deposits on the scaffold surface.
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