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ABSTRACT: Subsequent supercritical CO2-assisted deposition and foaming process followed by in situ synthesis was used to fabricate 
functional polylactide (PLA) and polylactide–poly(E-caprolactone) (PLA–PCL) bone scaffolds. Deposition of zinc bis(2-thenoyltri-

fluoroacetonate) as a ZnO precursor onto biopolyester substrates (30 MPa; 110 8C) was followed by fast depressurization to create cel-

lular structure. Contact time was optimized regarding the deposition yield (2 h), while PCL content in PLA was varied (1–10 wt %). 
Scaffolds impregnated with the precursor were treated with hydrazine alcoholic solution to obtain biopolyester–ZnO composites. Pre-

cursor synthesis and deposition onto the scaffolds was confirmed by Fourier-transform infrared. Processed scaffolds had micron-sized 
pores (d50 � 20 lm). High open porosity (69–77%) and compressive strength values (2.8–8.3 MPa) corresponded to those reported 
for trabecular bone. PLA blending with PCL positively affected precursor deposition, crystallization rate, and compressive strength of 
the scaffolds. It also improved PLA surface roughness and wettability which are relevant for cell adhesion. ZnO improved compressive 
strength of the PLA scaffolds without significant effect on thermal stability. Analysis of structural, thermal, and mechanical properties 
of biopolyester–ZnO scaffolds testified a great potential of the obtained platforms as bone scaffolds. Proposed processing route is 
straightforward and ecofriendly, fast, easy to control, and suitable for processing of thermosensitive polymers. CV 2017 Wiley Periodicals, 
Inc. J. Appl. Polym. Sci. 2018, 135, 45824.
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INTRODUCTION

Composites of bioresorbable polymers containing inorganic fillers

have been extensively investigated for fabrication of porous

nanostructured materials for bone tissue engineering (BTE)

applications.1,2 Saturated biodegradable and biocompatible poly(a-

hydroxy esters), including poly(lactic acid) (PLA), poly(E-caprolac-

tone) (PCL), poly(glycolic acid) (PGA), and poly(lactic acid-co-

glycolic acid) (PLGA) are the most often utilized synthetic

biopolymers for three-dimensional scaffolds in tissue engineering.3

PLA is particularly attractive due to its sustainable production,

good processability and mechanical properties.4 It is approved by

Food and Drug Administration (FDA) and has already demon-

strated proof-of-concept for a wide range of biomedical applica-

tions, including biodegradable sutures, bone fixation, soft-tissue

implants, drug delivery devices, tissue engineering, and craniofacial

augmentations in plastic surgery.5,6 PLA has been also considered

for fabrication of porous three-dimensional scaffolds5,7 and mem-

branes8–12 for bone tissue regeneration.

The main shortcomings of PLA are low ductility and toughness,

slow crystallization, poor thermal resistance, sensitivity to mois-

ture and thereby degradation by hydrolysis.13 Poly(E-caprolac-

tone) as a biodegradable aliphatic polyester has lower tensile

strength, slower degradation rate and better toughness than

PLA.14 There is a large difference in bulk properties of PLA with

PCL.14 Therefore, their blends and copolymers were suggested for

creation of new biomaterials with tailored mechanical, thermal,

and viscoelastic and biodegradation properties suitable for the

given environmental or physiological conditions.14–17

Commonly methods used to generate highly porous PLA-based

polymer or composite materials for tissue engineering such as

solvent casting/salt leaching,18,19 fiber forming20 and 3D print-

ing21 require use of liquid solvents and/or a drying step (i.e.,
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freeze drying). Introduction of thermal gradients during drying

(i.e., freeze drying process) can result in undesirable anisotropy

of pore size and alignment. Melt blending or extrusion is favor-

able for fabrication of PLA-based composites because of its ver-

satility and environmental friendliness since no solvents are

used. The optimization of this process is, however, challenging

regarding nanolevel dispersion of particles and ensuring struc-

tural integrity of the nanofillers.22 Apart from that, the process-

ing method and temperature regime should have minimal

adverse effects on the PLA matrix which is prone to degradation

above 180 8C.23

The solid-state foaming using supercritical carbon dioxide

(scCO2) has been extensively studied for controlled and envi-

ronmentally friendly production of nano- and microcellular

polymeric foams24–26 with particular focus on biodegradable

platforms for tissue engineering and drug delivery devices.2,27 It

involves CO2 dissolution in amorphous fraction of polymer

matrix followed by inducing of thermodynamic instability (i.e.,

a pressure quench) that causes phase separation. Supersatura-

tion of the blowing agent results in the nucleation of gas bub-

bles and a cellular structure grows as dissolved gas escapes from

the polymer/gas mixture.24,28 Setting the target viscosity of the

polymer/gas solution and locking-in the desirable phase mor-

phologies (pore size and crystallinity) as cells develop during

the phase separation are essential for generation, growth and

connectivity of pores.28 Polymer conversion to foam structures

usually leads to a loss in the mechanical strength due to the

presence of gas bubbles inside.27

Therefore, nano- and micron-sized inorganic fillers (i.e., clays,

apatite, talc, and carbon) are used to improve mechanical and

bioactive properties of the polymeric scaffolds.2,18,29–31 Some

metals (Ti, Ag, Zn, Cu, Mg, Ca, Ce, Yt, and Al) and their oxides

have proven antimicrobial activity.32 Beside strong antimicrobial

activity,33 ZnO was reported for its significant roles in bone

health and formation.34,35 Zinc oxide–nanoparticles (ZnO–NPs)

have been recently considered as a coating material for orthope-

dic and dental implants used to inhibit bacterial adhesion and

promote osteoblast growth.36 Immobilization of ZnO–NPs into

poly(DL-lactide-co-glycolide) polymer matrix has been recently

reported as promising drug delivery system for prevention and

elimination of bacterial and fungal infections at minimal inhibi-

tory concentrations of 0.5–0.6 mg/mL and without cytotoxic

response.37

Supercritical fluid deposition (SCFD) using scCO2 has

recently emerged as an attractive alternative process for con-

trolled dispersion of metallic species atomically or as nanopar-

ticles onto internal surface of solid substrates at relatively low

temperatures.37 It involves metal complex (precursor) dissolu-

tion in a supercritical fluid (SCF) and its adsorption onto

support structures followed by the conversion of the adsorbed

complex to the target metal species. Dissolution of dense CO2

in polymers increases chain mobility which thereby acts like

molecular lubricant and causes polymer swelling.39–42 This

enables processing of polymer at lower temperatures26,43,44

and facilitates incorporation of compounds soluble in SCF.45

The metallic precursor is reduced to the desired metal form

by chemical reduction in the SCF with a reducing agent (i.e.,

hydrogen and alcohols), thermal reduction in the SCF and

thermal decomposition in an inert atmosphere or chemical

conversion after depressurization.38 SCFD is convenient for

deposition of metallic species having a poor volatility or low

thermal stability.38,46 Solvent scCO2 power and sorption of

metal complex are adjusted by pressure and temperature

change as well as the contact time of SCF solution and the

polymeric substrate.

SCFD was mainly considered for production of nanostructured

materials for catalysis, electronics and optics.38,47 A great poten-

tial of the SCFD for fabrication of medical devices has been rec-

ognized through the recent reports on scCO2-aided deposition

of metal species with antibacterial activity, namely silver ions

onto silicone,48 ultra-high molecular-weight-polyethylene

films,49 and cotton.50 Fluorinated metal chelates are well known

for excellent solubility in scCO2.46 Zinc bis(2-thenoyltrifluoroa-

cetonate), Zn(TTA)2, which is soluble in scCO2 at pressures

above 15 MPa and temperatures above 65 8C was used as a ZnO

precursor for supercritical deposition onto poly(ethylene tere-

phthalate) (PET) films.51,52

ScCO2 has been recently proven as efficient aid in prefoaming

of PLA/clay nanocomposite pellets obtained by melt compound-

ing for dispersing the nanofiller prior to extrusion and injection

moulding.22 To the best of our knowledge, there is no report on

using scCO2 as a medium for deposition and foaming agent in

a single process for production a three-dimensional polymer/

inorganic filler composite. This study was therefore aimed to

investigate feasibility of a coupled scCO2-assisted deposition–

foaming process followed by in situ synthesis of ZnO for fabri-

cation of porous PLA–ZnO and PLA–PCL–ZnO composite scaf-

folds for potential use in BTE. The idea was to use scCO2 both

as a physical blowing agent and medium for deposition of

organometallic precursors in a single step-process performed at

relatively low operating temperature (below PLA melting tem-

perature). Material properties of PLA–ZnO and PLA–PCL–ZnO

composite scaffolds relevant for BTE applications were studied

to justify applicability of the proposed coupled scCO2-assisted

deposition and foaming process. In this regard, the influence of

PCL and deposited mineral filler content on scaffolds’ proper-

ties was analyzed in detail.

EXPERIMENTAL

Materials

Polylactide (PLA, IngeoTM Biopolymer 3052D, NatureWorks

LLC, Minnetonka, Minnesota, USA), poly (E-caprolactone)

(PCL, Mn5 80,000, Aldrich, Missouri, USA) and chloroform

(98.3%, Lachema, Neratovice, Czech Republic) were used to

prepare polymeric blends by solvent casting method. PCL and

PLA solutions (0.067 g/mL) were left in separate glasses over-

night. Eight-hour mixing of solutions using a magnetic stirrer

at 700 rpm and ambient conditions followed. Thereafter,

mixture was poured into a Petri dish to dry in air for ten days

(almost a month before experiments). Samples were vacuum

dried at 40 8C for 3 h. Homogenous blends in the form of films

containing 1, 5, and 10 wt % of PCL denoted as B1, B5, and

B10, respectively, were chosen for further tests. Zinc acetate
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dihydrate (Riedel-de-Ha€en, Germany), 2-thenoyltrifluoroacetone

(HTTA, 99%, Aldrich, Missouri, USA) and dichloromethane

(Lachner, Neratovice, Czech Republic), absolute ethanol (p.a.

Merck KgaA, Darmstadt, Germany), and n-hexane (VWR,

Fontenay-sous-Bois, France) were used to produce metalorganic

precursor. Carbon dioxide (99.9%, Messer-Tehnogas AD, Bel-

grade, Serbia) was used to deposit metalorganic precursor and

foam polymeric substrates. Hydrazine hydrate, 80% (hydrazine,

51%) purchased from Acros Organics (New Jersey, USA) was

used for conversion of precursor to ZnO after deposition.

Synthesis of the Precursor

The precursor, Zn(TTA)2, was synthesized as described previ-

ously: 1 g (4.56 mmol) of Zn(CH3COO)2�2H2O was solubilized

in 20.0 mL of water, and 2.25 g (9.12 mmol) of HTTA was

solubilized in 40.0 mL of dichloromethane.51,53 The

Zn(CH3COO)2�2H2O solution was added into the HTTA solu-

tion in the form of drops, forming a white precipitate in a

CH2Cl2/water mixture. The precipitate was filtered, resolubilized

in 50.0 mL of ethanol, and reprecipitated in 100 mL hexane.

The Zn(TTA)2 precipitate was dried in an oven at 60 8C for

24 h, producing a white powder. The yield was 79.66 4.3%

which is in accordance to the previous report.51

Production of Composite Scaffolds

Process of SCFD of Zn(TTA)2 into PLA was performed in a

high pressure unit represented schematically by Figure 1. The

polymer (P) (0.246 0.04 g) and the precursor (PR) samples

(15 mg) were placed in the separate open glass receipts inside

the high pressure view cell previously elsewhere.54 The cell was

filled with CO2 and pressurized to 30 MPa and 110 8C. These

conditions were chosen in accordance to previously tested melt-

ing behavior of PLA and PCL using DSC under high CO2 pres-

sure43,55 as well as data on solubility of Zn(TTA)2 in scCO2

(Supporting Information Figure S1 and available literature

data).51,52

The process for production of PLA–ZnO and PLA–PCL–ZnO

composite scaffolds involved following steps: (1) SCFD of the

precursor into polymer melt, (2) foaming through pressure

quench, and (3) in situ synthesis of ZnO (Figure 2).

Deposition (impregnation) time was varied from 1 to 15 h aim-

ing to achieve as high as possible impregnation yield of the pre-

cursor. In the second step fast depressurization at rate of 5 MPa/s

was applied to create a porous structure. Finally, scaffolds

impregnated with precursor were treated with hydrazine solution

in absolute ethanol for 3 h with reflux. One hundred fifty micro-

liters of 51% hydrazine was dissolved in 20 mL of absolute etha-

nol. Samples were washed by ethanol and dried under vacuum.

The following net chemical reaction occurs in the solution:

Zn TTAð Þ2�2H2O���!N2H4
ZnO12HTTA1H2O

Impregnation yield IZnðTTAÞ2 was calculated with respect to the

mass of Zn(TTA)2 dissolved in scCO2 at given pressure and

Figure 1. The process for production of polyester composite scaffolds.

Figure 2. Processing route for production of composite scaffolds. [Color figure can be viewed at wileyonlinelibrary.com]
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temperature conditions during given time and cell volume

(mscCO2
Zn TTAð Þ2

) using eq. (1):

IZn TTAð Þ2 %ð Þ5
m

imp:
Zn TTAð Þ2

mscCO2
Zn TTAð Þ2

3100; (1)

where m
imp:
Zn TTAð Þ2

is mass of the precursor impregnated at given

pressure and temperature conditions for the given time of

impregnation. It is determined gravimetrically as differential

mass of the polymeric substrate before and after impregnation.

Solubility of Zn(TTA)2 in scCO2 was determined by using static

method described elsewhere.56 The content of ZnO in the com-

posite scaffolds was calculated on the basis of the amount of

precursor impregnated into substrates according to the chemical

reaction.

Characterization Methods

Fourier-transform infrared (FTIR) spectroscopy was used to

analyze synthesized precursor in a BOMEM (Hartmann &

Braun) spectrometer. Attenuated total reflection Fourier trans-

form infrared (ATR-FTIR) spectroscopy was used to characterize

composites in a Thermo Nicolet Avatar 370 FT-IR with Smart

Performer ATR unit using a ZnSe crystal.

Scaffold texture was analyzed by optical microscopy using a dig-

ital microscope (VHX-600DSO, Keyence, Japan). Cryofractured

samples sputtered with Au were used to study morphology by

field emission scanning electron microscope (FESEM, Supra 40,

SE2, Carl Zeiss, Germany) operated at an accelerating voltage of

10 kV. The image processing was carried out using ImageJ soft-

ware, developed by National Institutes of Health, USA, to esti-

mate the average pore diameter.

Helium pycnometer (AccuPyc 1330, Micromeritics Instruments

Inc., Norcross, GA) was used to measure the true density of mate-

rials. Mercury intrusion porosimetry was used to determine pore

size distribution, mean pore diameter (d50), and open porosity of

the neat scaffolds using Mercury Porosimeter Pascal 140 and 440

(POROTEC GmbH, Germany). In addition, water displacement

method, ASTMD792 was used to investigate densities of the

foamed samples containing Zn complex. Upper and lower half of

the composite scaffolds were used for the tests to investigate

change of porosity and/or d50 change along axial direction.

X-ray diffraction (XRD) patterns were taken in reflection mode

(Cu Ka radiation) in the 2h range from 28 to 808 on a Seifert

XRD 3003 device (GE Sensing & Inspection Technologies

GmbH) with a step size of 0.058.

Thermogravimetric and differential thermal analysis (TGA/

DTA) were performed using a simultaneous thermal analyzer

STA 503 (BAEHR Thermo-Analyse GmbH, Germany). TGA

tests were conducted to monitor corresponding weight loss in

the temperature range of 25–1000 8C under dry N2 atmosphere

(2 L/h). For the degradation kinetic analysis, each sample was

heated using a heating rate of 10 8C/min from 25 to 1000 8C,

following a constant temperature of 1000 8C for an hour and

cooling down to 25 8C using a cooling rate of 10 8C/min.

Compression tests were carried out according to the standard

test method ASTM C773-88 using a universal testing machine

(Zwick/Roel, Z005, Germany) to study the mechanical stability

of the scaffolds. Cylindrical-shaped foam samples had height to

diameter ratio of 2 (approximately 15 mm/7.5 mm) and 10

samples were tested per formulation for statistical significance.

The monoliths were compressed at a constant speed of 0.5 mm/

min, and the force was measured until the monoliths cracked.

The force was applied using half-sphere and the preload was

1 N.

Sessile drop method was used to study the wettability of films

of neat PLA and its blends which were used for scaffold prepa-

ration. Contact Angle System OCA (DataPhysics Instruments

GmbH) and software (SCA Ver. 5.0.1.) were used to analyze

water and saline contact angle (CA). The CA formed was

defined as the angle between the solid/liquid and liquid/vapor

interface, respectively. Ten samples from various surface posi-

tions were used for the CA measurements to encounter eventual

surface heterogeneities. Surface topography and surface rough-

ness of flatten PLA bead and its blend with 10 wt % of PCL

(B10) in the form of film were analyzed using a 3D surface pro-

filometer (Optical Imaging Profiler PLu 2300, Sensofar) accord-

ing to ISO 25178. Confocal objective 20X EPI was used. The

analysis of 3D measurements was performed using the software

package SensoMap Plus.

RESULTS AND DISCUSSION

Identification of Precursor Synthesis and Its Deposition onto

Scaffolds

The complex formation of the precursor Zn(TTA)2 was con-

firmed through the FTIR spectrum (Figure 3) that shows peaks

at 1601 cm21 (vs), 1580 cm21 (vs), 1540 cm21 (vs) (C@O) and

1508 (s) (C@C) that are typical for the b-diketonate ligand.51

In addition, peaks at 1458 cm21 (s), 1410 cm21 (vs),

1352 cm21 (s), 1303 cm21 (vs), 1255 cm21 (s), 1233 cm21 (s)

(thienyl ring); 1190 cm21 (vs) (C-F); 846 cm21 (s), 861 cm21

(s), 933 cm21 (s) (CAH out-plane thienyl); and 790 cm21 (s),

723 cm21 (s) (C-CF3) testify presence of Zn(TTA)2.57 The broad

band at spectral region of 3300–3500 cm21 is attributed to

water molecules that complete the coordination sphere of Zn21.

Figure 3. FTIR of prepared precursor: Zn(TTA)2 � 2H2O.
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Comparative analysis of ATR-FTIR spectra of (a) PLA and (b)

B10 scaffolds loaded with precursor and ZnO is displayed in

Figure 4 where nontreated foam samples and pure precursor

serve as reference. Group of the typical b-diketonate ligand

peaks at 1601 cm21 (vs), 1580 cm21 (vs), 1540 cm21 (vs)

(C@O) and 1508 cm21 (s) (C@C) was observed for both PLA

and B10 scaffolds impregnated with the precursor. Increased

intensity of these peaks indicated a higher amount of the pre-

cursor impregnated into B10 scaffold. In the case of B10–

Zn(TTA)2 the peaks at 1410 cm21 (vs) and 1303 cm21 (vs),

(thienyl ring) were also more evident which could be due to a

higher amount of deposited precursor. Absence of characteristic

peaks of the Zn complex after its conversion to oxide was evi-

denced for both PLA and B10 scaffolds (Figure 4).

Impregnation yield of the precursor (IZn TTAð Þ2 ) reported for

tested PLA-based substrates and the given SCFD operating pres-

sure and temperature (30 MPa, 110 8C) were ranged from 2.4%

to 9.3% (Table I). The percentage amount of impregnated pre-

cursor with respect to initial mass of the zinc complex

(IZn TTAð Þ2;0 ) ranged from 1.4% to 7.5% (Table I). Corresponding

ZnO content in the composite scaffolds was ranged from 0.04

to 0.15 mg (0.018–0.045 wt %) (Supporting Information Figure

S1). Solubility of Zn(TTA)2 in scCO2 at 30 MPa and 110 8C

(qCO25 628.3 kg/m3) for the contact time of 1–15 h (6.5–

13.3�1024 kg/kg) was one order of magnitude higher (Support-

ing Information Figure S1a) than previously reported at 20

MPa and 85 8C (qCO25 565.7 kg/m3).51 On the other hand, val-

ues of IZn TTAð Þ2;0 (Table I) were 4–20 times lower than reported

for SCFD of Zn(TTA)2 onto PET films at 20 MPa and 85 8C

(qCO25 565.7 kg/m3).51 This can be explained with an increased

affinity of the metal complex to the SCF phase at higher scCO2

density.

In the case of the neat PLA, the highest impregnation yield of

Zn(TTA)2 (4.84%) was achieved after 2 h (Table I). Longer

periods resulted in a decreased quantity of the precursor

impregnated into the PLA-based substrates. This phenomenon

can be attributed to the increased crystallinity of the polyester

substrate over time at high processing temperature above glass

transition (Tg) and/or melting temperature (Tm).51 Along with

the swelling of polymer exposed to scCO2, an increase of the

processing temperature above Tm (for semicrystalline polymers)

and exposure period result in an enhanced mobility and a better

organization of the polymer chains. Increased crystallinity con-

sequently results in a lower scCO2 sorption of the precursor by

Figure 4. ATR-FTIR spectra of (a) PLA and (b) B10 scaffolds loaded with ZnO and precursor Zn(TTA)2 compared to nontreated samples (PLA, B10)

and pure Zn(TTA)2.

Table I. Effect of Deposition Time and PCL Content on the Impregnation

Yield at 30 MPa and 110 8C

Time (h) PCL (wt %) IZn TTAð Þ2 %ð Þ IZn(TTA)2,0 (%)

1 0 2.4360.02 1.5760.01

2 0 4.8460.02 4.3260.02

3 0 3.1360.03 2.9360.02

5 0 1.7260.01 1.7360.01

15 0 1.4760.01 1.4460.01

2 1 7.8060.04 6.1360.03

2 10 9.3060.04 7.4860.03
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the polymer bulk. Positive effect of blending PLA with PCL on

impregnation of the precursor into substrate could be due to

plasticizing effect of the PCL.58 Lower percentage of PCL (up to

10%) was added to avoid phase separation due to immiscibility

of these two polymers.58

Structural Properties

Optical microscopy and SEM were used to evaluate scaffolds’

morphology. Digital images of a representative composite scaf-

fold, B10–ZnO, as well as SEM analysis revealed formation of

the layers at the very top of the foam cylinder (Figure 5). This

was due to the absence of the confinement (sealer of the Teflon

mold used for foaming) which led to a faster cell growth during

CO2 escape from the polymer phase, their merging and finally

collapsing during decompression step (Figure 2). The cross-

sectional SEM images [Figure 5(b,c)] show porous inner

structure of the PLA–ZnO and B10–ZnO foams having micron-

sized pores (d50 5 26.26 6.7 lm and d505 16.76 3.9 lm,

respectively).

Mercury intrusion porosimetry was used to test pore size distri-

bution and open porosity of the upper and lower half of the

neat scaffolds. Monomodal pore size distribution was observed

for all the samples. The results of the porosimetry tests (Figure

6 and Supporting Information Table S1) present mean values

obtained by testing an upper and lower half of the scaffolds.

Determined open porosity of the neat PLA, B1, B5, and B10

scaffolds was 77, 69.8, 68.7%, and 72% (Supporting Informa-

tion Table S1 and Figure 6). These values fall in the range of

reported porosity of the trabecular bone (50–90%) which allows

nutrient diffusion and exposure to circulating growth factors.59

Mean pore diameter of the neat scaffolds determined by poros-

imetry was in the range of 2.9–5.6 lm (Supporting Information

Table S1). Decrease of open porosity and average pore diameter

of the scaffolds of blends (Figure 6 and Supporting Information

Table S1) could be due to a faster crystallization of PLA in pres-

ence of PCL14,15 which constrains pore growth during decom-

pression step (Figure 2). Increase of PCL content from 1 to 10

wt % results in slight increase of open porosity and average

pore diameter (Figure 6 and Supporting Information Table S1)

which could be due to a more pronounced effect of PLA and

PCL immiscibility16,60 and less order in arranging of polymer

chains. Values of d50 determined by Hg intrusion porosimetry

are 4–5 times smaller compared to those observed by SEM anal-

ysis of PLA–ZnO and B10–ZnO (16.7–26.2 lm) (Supporting

Information Table S1). One reason for the underestimation of

pore size by using Hg intrusion porosimetry can be due to

assumption of cylindrical pores in Washburn equation.61 On

the other side, inner large pores connected with outer small

pores are detected only at high pressures and therefore counted

as small pores.62 Mercury intrusion measurements were there-

fore complemented with SEM image analysis to get quantitative

information on pore size and distribution (Supporting Informa-

tion Table S1 and Supporting Information Figure S2). Although

SEM images provide direct and reliable data they refer to a lim-

ited area of a specific cross section. SEM images were recently

used to analyze pore size and porosity of PLA and PLA–ZnO

scaffolds.26,63 Similar porosity (81%) was reported for the neat

PLA foamed using scCO2 at the same pressure and somewhat

higher temperature (131 8C), whereas pore size varied between

several micrometers and a few millimetres.26 Nondegraded PLA

and PLA–ZnO (1 wt % of ZnO) scaffolds obtained using sol-

vent casting/particulate leaching method in the study of Lizun-

dia et al.63 showed uniformly distributed pores of about

1876 54 and 1846 37 lm for 50% and 90% porous scaffolds

respectively.

After precursor deposition, change of d50 values in the axial

direction was shown to be negligible except in the case of B10

Figure 5. (a) Digital image of top surface (S) and cross section (CS) of

the representative nanocomposite scaffold (B10–ZnO) (scale bar5 1 mm),

and SEM images of S and CS of (b) PLA–ZnO and (c) B10–ZnO compos-

ite scaffolds (scale bars5 20 mm).

Figure 6. Influence of PCL content in PLA scaffolds on pore size distribu-

tion and open porosity.
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scaffold (Supporting Information Figure S2a). Observed varia-

tions of d50 in axial direction for the tested scaffolds had no sig-

nificant effect on the open porosity decrease (0.2–6.5%).

Change of porosity along axial direction of scaffolds containing

precursor was negligible except in the case of B10–PR (Support-

ing Information Figure S2c). Opposite to the neat B10 scaffold

(Supporting Information Figure S2b), the porosity of scaffold

containing Zn complex (B10–PR) increases toward top (Sup-

porting Information Figure S2c). This could be due to a higher

concentration of the precursor particles in the upper part of the

scaffold and their positive effect on bubble nucleation and

foaming ability.30

Pore size and pore interconnectivity has considerable biological

importance for bony ingrowths. Minimum pore size of 30–100

lm is required for cell migration, vascularization and transpor-

tation processes.64 Pores having a diameter greater than 50 mm

are reported for positive impact on osteogenic outcomes while

pores with diameter greater than 10 mm contribute to a higher

bone inducing protein adsorption, ion exchange and bone-like

apatite formation.59 PLA membranes with the pore diameter of

10–20 mm were proved for the highest efficiency in guided bone

tissue regeneration.11 This in vivo study showed no significant

effect of pore size (10–200 mm) of PLA membrane on efficiency

in treatment of diaphyseal defect in female rabbits (/10 mm)

within six months.11 Recent in vitro tests of the osteoblast-like

MG-63 cell line performed on the porous PCL and PLA/PCL

membranes (with pore diameters up to 30 lm) confirmed both

biocompatibility and demonstrated that cells adhered well to

the material surface of both types of membranes.12

Thermal Properties

Namely, PLA and PCL form a partially miscible blend, whereby

an amount of amorphous PCL is dissolved in the PLA-rich

phase leading to a depression of the glass and melting tempera-

ture shift to lower values.16 Reportedly, PCL serves as a nucleat-

ing agent to promote PLA crystallization when blended with

PLA.16,60 The shift of onset and offset decomposition tempera-

tures of PLA–ZnO in comparison to the neat PLA film and

foam (19 and 10 8C, respectively) indicated an effect of ZnO on

thermal stability (Figure 7). Alkali earth metal oxide including

ZnO fillers are proven to catalyze degradation of the polyesters

including PLA especially at high processing temperatures (i.e.,

during melt-processing).63,65 DTA curves of B5–ZnO and B10–

ZnO composite scaffolds show a shift of decomposition peaks

to the lower temperatures in comparison to PLA–ZnO and B1–

ZnO (Figure 7b). Appearance of two decomposition peaks

observed for the composite scaffolds obtained from blends with

5 and 10 wt % of PCL (B5–ZnO and B10–ZnO) indicates a

more pronounce effect of PLA and PCL immiscibility.

A shift of glass transition and melting temperature peak to the

lower values observed for the ZnO composites obtained from

blends of PLA with PCL (B1, B5, and B10) confirmed plasticiz-

ing effect of PCL (Figure 7b). Accordingly, the appearance of

cold crystallization peak of ZnO–composites of the blends in

comparison to PLA–ZnO indicated positive effect of 1–10%

PCL on crystallization rate of PLA in presence of scCO2.

Composites scaffolds with higher amount of PCL, B5–ZnO, and

B10–ZnO had the fastest decomposition rate (Table II). How-

ever, similar rate of thermal decomposition of PLA foam and

PLA–ZnO scaffold (Table II) evidenced that effect of ZnO at

the level reported in the study (0.018–0.045%) and blending of

PLA with 1–10% of PCL decrease thermal stability at acceptable

level when exposed to scCO2 at given pressure and temperature

conditions (30 MPa, 110 8C, 2 h).

Figure 7. (a) Influence of %PCL on plasticization and crystallization of

PLA–ZnO composites and (b) kinetics of thermal decomposition of PLA–

ZnO composites.

Table II. Kinetics of Thermal Decomposition

Sample
Decomposition
temperature (8C) % wt/min

PLA bead 371 221.5

PLA foam 363 222.2

PLA–Zn(TTA)2 364 222.3

PLA–ZnO 352 222.8

B10 film 367 219.0

B10 foam 363 219.8

B10–ZnO 292 219.3

B5–ZnO 320 217.6

B1–ZnO 357 217.6
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According to the recent report, a significant effect of ZnO on

the thermal stability of PLA composite scaffolds is expected at

higher contents of the filler (�1 wt %).63

XRD Analysis

The influence of blending of PLA with PCL, scCO2 foaming

and deposited ZnO on crystalline structure was studied by

XRD. Comparative XRD analysis patterns of the untreated PLA

and B10 samples are shown in Figure 8. A broad and intense

peak between 128 and 228 in the XRD diffractogram of the non-

treated PLA (Figure 8a) indicates mainly amorphous structure

with presence of either small or imperfect crystallites.66 Blend-

ing of PLA with 10% of PCL resulted in appearance of crystal-

line peaks at 2h5 128, 16.78, 19.28, and 21.78 (Figure 8b). The

sharp and intense peak at 2h5 16.78 is ascribed to a form of

PLA crystallized in a pseudo-orthorhombic unit cell which con-

tains two 103 helices. This peak can be also observed in diffrac-

tograms of foamed PLA and also PLA–ZnO composite. In the

latter case its intensity is increased. The peak at 16.78 broaden-

ing is observed for the neat B10 scaffold. With ZnO deposition

onto B10 scaffold the peak sharpens. For both PLA and B10

deposition of ZnO seems to have positive effect on formation

of a crystallites. Diffractions at 2h5 128, 19.28, and 21.88 are

associated with PLA crystallization in a triclinic unit cell, in

which L-lactide and D-lactide segments are packed parallel tak-

ing a 31 helical conformation.67,68 Peak at 2h5 128 is the most

intensive crystalline peak observed in the diffractograms of the

tested scaffolds.

Coupling addition of 10% of PCL and scCO2 treatment resulted

in disappearance of peak at 16.78 and appearance of peak at

228. XRD patterns of the both PLA–ZnO and B10–ZnO com-

posite scaffolds, however, displayed an intensive peak at 128 and

a broad peak at 228. Accordingly, both CO2 treatment and ZnO

deposition affect crystalline structure reorganization. It was pre-

viously shown that both method of ZnO incorporation and its

content inside the matrix can affect crystalline structure of the

final PLA–ZnO composite material.37,69 Presence of small

amount of ZnO incorporated by melt blending (�0.5%) was

proven to have positive influence on crystallinity, whereas

higher loadings (1–3%) result in slightly crystalline to

completely amorphous structure.69 Previously reported XRD

pattern of PLGA/ZnO (0.55%) nanocomposite particles synthe-

sized by physicochemical solvent/nonsolvent method showed no

crystalline peaks.37 The SCFD of the Zn precursor and its poste-

rior transformation to ZnO therefore seemed to provide a good

dispersion of the filler and its interaction with the matrix.

Reportedly, XRD patterns of ZnO phase obtained from the

Zn(TTA)2 exhibit characteristic peaks at 2h of 31.908, 34.558,

36.408, 47.758, and 56.758 which are associated with the reflec-

tions of 100, 002, 101, 102, and 110 planes.53 These peaks

except 2h5 31.98 and 2h5 36.48 ascribed respectively to the dif-

fraction planes of (100) and (101) are hard to designate due to

a very low filler loading (�0.5%).69 However, XRD patterns of

neat and ZnO containing scaffolds, in particular in the case of

B10, are evidently different. In the case of PLA–ZnO, an

increased intensity of the peaks at 128 and 16.78 and appearance

of peak at 228 is observed. A broad diffraction peak observed

for B10 foamed with scCO2 is not visible on the XRD pattern

of its composite which indicates increased crystalline regularity

thereof.

Figure 8. Representative X-ray diffraction patterns of (a) PLA and (b) B10 samples.

Figure 9. Influence of ZnO and %PCL in PLA on compressive strength

and modulus.
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Mechanical Properties

Mechanical properties of the scaffold need to match those of

the tissues at the site of implantation. Compressive strength and

moduli of bone tissue depends on species and anatomical site.

Reported values for compressive strength and moduli for the

human cancellous bone are in the range of 2–12 and 20–500

MPa, respectively. Values of compressive strength and moduli of

the compact bone are 130–230 and 7000–30,000 MPa, respec-

tively.70 Compressive strength of PLA–ZnO and PLA–PCL–ZnO

composite scaffolds in this study ranged from 2.8 to 8.3 MPa

while corresponding compressive moduli were in the range of

24.4–87.2 MPa (Figure 9). These values of compressive strength

and moduli correspond to the ones reported for the trabecular

bone.

PLA–ZnO composite scaffold obtained after 2 h impregnation

of precursor (%ZnO5 0.037%) had a two times higher com-

pressive (5.68 MPa) strength in comparison to neat PLA scaf-

fold (2.8 MPa) which was foamed at same decompression rate

and after same time of exposure to scCO2 (2 h). This in accor-

dance to XRD analysis which showed a positive effect of depos-

ited ZnO on crystalline structure of both PLA and B10 scaffolds

(Figure 8).

Improved compressive strength of composite scaffolds with 1%

and 10% of PCL compared to PLA–ZnO could be due to faster

crystallization of PLA in presence of PCL (Figure 9). Accord-

ingly, deformation at maximal force for PLA samples was

shown to be 18.56 0.4% and of blends two times less,

10.56 0.5%.

Somewhat lower value of compressive strength of B10–ZnO

could be due to a slower crystallization of the polymer matrix

in presence of higher PCL percentage (10 wt %). This indicated

that blending of higher PCL amount with PLA due to their par-

tial miscibility could lead to nonuniformity in crystals arrange-

ment and uneven pore distribution. This observation is in

accordance with observed increase in open porosity for B10

scaffold (Supporting Information Table S1). Since mechanical

strength of a scaffold decreases with porosity, it should be

balanced with the mechanical requirements for the particular

tissue that is to be replaced.71,72

Effect of PCL Content in the PLA Films on Wettability

Hydrophilicity is one of the most important materials feature in

cell-related studies.73 This is due to the tendency of wettable or

hydrophilic surfaces to interact with biological entities or dis-

solved biomolecules in water. Wettability and surface topogra-

phy of neat PLA and blends with 1 and 10 wt % PCL were

analyzed due to relevance for cell attachment and proliferation.

Wettability of the PLA and blends’ films was determined by the

measurement of the material surface CA. Contact angle is a

phase interface property that can be measured directly and it

characterizes the drop shape on the solid surface. The influence

of PCL content in the PLA films on the water and saline CA

change is presented in Figure 10. Accordingly, PLA film changed

from the transition region hydrophobic/hydrophilic (CA5 908)

to hydrophilic (CA5 62–648) when blended with 1–10 wt % of

PCL. Similar water CAs were observed for saline on both neat

PLA and blends. It can be related with improved crystallization

of PLA films in presence of PCL (Figure 8b) which results in

surface roughness on nanometer scale and consequently

improved hydrophilicity.73

The wettability depends on both chemical composition and sur-

face roughness.73 The value of arithmetical mean surface rough-

ness (Sa) of PLA film was 0.4 lm and it triples after blending

with 10% of PCL (1.2 lm) (Supporting Information Figure S2).

Heterogeneity and discontinuities of the PLA film surface

increased with percentage of added PCL. The optimal value of

water CA for various cell adhesion was reported to be in the

range of 50–708.73,74 Reportedly, improved roughness positively

affects cell adhesion onto PLA materials.75,76

CONCLUSIONS

The processing route involving a subsequent scCO2-aided depo-

sition and foaming process followed by in situ synthesis of ZnO

was used for the first time to fabricate biopolyester–ZnO com-

posite scaffolds in a controlled manner. Optimal deposition

pressure, temperature and time were set according to PLA ther-

mal behavior under high scCO2 pressures, solubility of the pre-

cursor in the SCF and its deposition yield. Scaffolds of neat

PLA and blended with 1–10% PCL showed high open porosity

(69–77%) and values of compressive strength of 2.8–8.3 MPa

that correspond to trabecular bone. Incorporated amount of

ZnO (�0.04 wt %) positively affected compressive strength and

had no significant effect on thermal stability of the final foamed

product. Utilization of PLA blended with low percentage of

PCL (1–10%) was suggested for improved processability of

material and compressive strength of the obtained scaffolds.

XRD analysis showed that applied procedure for fabrication of

PLA-based composite scaffolds provides a good interaction of

both scCO2 and ZnO with polymer substrate and the positive

effect on rearrangements of the crystalline structure. Blending

of PLA and PCL also improved material wettability and surface

roughness which is a relevant factor for cell adherence and pro-

liferation. Analysis of structural, thermal and mechanical prop-

erties of biopolyester–ZnO scaffolds testified great potential of

Figure 10. Effect of PCL content on wettability of PLA films.
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approach for fabrication and/or functionalization of polymeric

platforms for bone regeneration. The proposed straightforward

processing route for fabrication of metal oxide-polymer com-

posite scaffolds is environmentally friendly, fast, easy to control

and suitable for processing thermosensitive polymers. Given a

good solubility of a wide range of precursors (b-ketonates, fluo-

rinated b-ketonates, and organometallic complexes) in scCO2

the presented platform is highly promising for design of novel

cellular systems with tunable properties for tissue engineering

applications.
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