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This study aimed to develop novel, biodegradable, antiseptic-loaded and low-cost scaffolds using a direct
ink writing (DIW) technique for antibacterial applications. Polylactic acid/cellulose acetate (PLA/CA)
mixtures with different composition ratios were prepared, and the effect of CA content on the
rheological behaviors of the inks was investigated. The printability of the prepared DIW inks was
improved with the addition of the appropriate amount of CA, since the formation of hydrogen bonding
3D network between PLA and CA. As a result, a liquid form ink consisting of majority of PLA and minority
of CA which was prepared and printed for the first time through DIW technique. Afterwards, the

antimicrobial agent, 1-chloro-2,2,5,5-tetramethyl-4-imidazolidinone (MC) was incorporated into the inks
Received 29th October 2019 f ti bacterial infecti hich sh d llent stabilit d effecti tibacterial activit
Accepted 19th December 2019 or preventing bacterial infections, which showed excellent stability and effective antibacterial activity
against S. aureus and E. coli O157:H7 in a short time. Owning the ease of fabrication and the biocidal

DOI: 10.1035/c9ra08916k property, our 3D printed scaffolds will have a wide range of potential applications in the field of food
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1 Introduction

Additive manufacturing (AM), otherwise known as 3D printing, has
been widely considered as a revolutionary manufacturing tech-
nology which has promising and significant applications in a broad
range of fields including modern devices,' sensors,” and human
tissue and organ engineering.®* This versatility is related to the
specially designed sizes and shapes, along with manufacturing
flexibility and efficiency.*® In addition to the tailored architecture,
objects can be endowed with the customized functionality accom-
plished by incorporation of functional compounds into the inks.
Polylactic acid (PLA)-based material has emerged as one of
the most promising biocompatible polymers in replacing
conventional petroleum-based polymers,"” and has been
approved by the Food and Drug Administration (FDA) for
a variety of human clinical and ecological applications.*” PLA-
based materials have been utilized for fabricating simple two-
dimensional to complex three-dimensional scaffolds via
various techniques, ranging from simple solution casting to
advanced 3D printing.*® However, 3D complex manufacturing
of PLA parts are mainly carried based on the deposition of
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packaging, communal facilities, medical equipments, and biomedical materials.

successive layers of PLA filaments by fused deposition model-
ling (FDM) technique in the past literature.*

Currently, halogen-based compounds, as antibacterial agents,
were adopted and used predominantly to effectively eliminate
lethal diseases from infectious pathogens and improve environ-
mental hygiene throughout the world." > N-halamine, a signifi-
cant subcategory of the halogen antibacterial agents, has drawn
significant interests in development of high-performance
textiles,”® biomedical devices," food packaging,” stainless
steel,'*"” plastics,'" and paints.>* The N-halamine has compa-
rable antibacterial activities with other biocides such as silver,
chitosan and phosphonium salt.** More specifically, it further
owns the major advantages including broad-spectrum bacteri-
cidal properties, high efficiency, long-term physicochemical
stability, high durability, regenerability, environmentally friendly,
and low manufacturing cost.** Therefore, the imidazolidinone-
containing N-halamine, 1-chloro-2,2,5,5-tetramethyl-4-
imidazolidinone (MC) is being introduced into our material
design to endow 3D printed devices with antibacterial function-
ality. However, the high temperature of FDM 3D printing for
melting thermoplastic PLA woulvdd cause the negative impacts
on the dispersed functional fillers and even could lead to the
decomposition of the N-halamine in the higher temperature.?*>*
Therefore, other alternative 3D printing approaches should be
investigated to avoid the adverse effect on MC.

Lately, direct ink writing (DIW) technique has been studied
in 3D bioprinting. In this manufacturing process, the solvent
with high vapor pressure can evaporate from the aqueous inks
upon exiting from the nozzle and allows a solid part to be built

This journal is © The Royal Society of Chemistry 2020
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at ambient temperature. The 3D printing condition of ambient
temperature can protect the functional group of the N-halamine
from decomposition. Recent evidence suggested that the
appropriate viscosity and moduli were necessary for the
successful extrusion of semi-solid filaments without collapsing.
There were no literatures have been reported about the 3D
printing of PLA individually by DIW technique. It was reported
that cellulose nanofibrils could act as an interfacial stabilizer to
enhance the rheological properties of the inks.”> Huan et al.
prepared the two-phase and oil-in-water ink, and the internal
phase of PLA was stabilized by chitin/cellulose nanofibers.”®
Straightforwardly, DIW of cellulose acetate (CA) to build three-
dimensional objects has been investigated. And the results
suggested that the feedstock of CA may possess the potential for
customized functionalization via DIW technique.”” Neverthe-
less, the cost associated with obtaining CA might be somehow
expensive, although cellulose, as the raw material of CA, is
considered the most abundant polymer on the earth. We find
that PLA can possess a unique versatility after blending with
CA,*® and the formation of hydrogen bonding 3D network
between PLA and CA lead the enhanced interface interaction,
which signifies the stable 3D architecture without
collapsing.”®* Therefore, in this study, we investigate the
printability of the different compositions of PLA/CA pasted in
DIW, and the effect of CA on the rheological behavior of the inks
was discussed. The fabrication process of the antibacterial 3D
objects was given in Scheme 1. The work can make a significant
contribution to the field of printed antimicrobial 3D complex
scaffolds, which have potential application in the field of
biomedical materials.

2 Experimental section
2.1 Materials

PLA (4032D) was purchased from NatureWorks LLC (USA). CA
(degree of acetylation 38-40%), dichloromethane (DCM), and
dimethylformamide (DMF) were provided by Sinopharm
Chemical Reagent Co., Ltd (China). MC was obtained from
Cangzhou Jincang Chemicals, Ltd (China). All chemicals were
used directly without any further purification. The bacterial
strains used in this study were S. aureus (ATCC 6538) and E. coli
0157:H7 (ATCC 25922).

3D print Pathogen attack

S. aureus
E. coli O157:H7 .

] Ccr

Biocidal activity CI* release

Scheme 1 The manufacturing procedure of 3D printed scaffold and
the sterilization process.
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2.2 Ink preparation

Liquid inks were prepared by combining commercially available
materials of PLA and CA (100/0, 90/10, 70/30, 50/50, 30/70, 10/90,
0/100, w/w) in binary solvent mixture comprising DCM and DMF
(7/3, v/v) with mechanical stirring at ambient conditions. To
prepare antibacterial PLA/CA scaffolds, MC (1%, 3%, 5%, 7% and
9%, w/w) was added into the inks and the mixture was mixed
homogeneously by vortexing. Over the course of several hours,
excess DCM was evaporated until a quasi-static shear rate of
viscosity was achieved. Under ambient conditions, the high vapor
pressure of DCM evaporated rapidly accelerating the drying
process of the printed struts and produced self-supporting
structures upon extrusion-based printing. The remaining low
vapor pressure solvent of DMF imparted enough liquidity and
physically smooth transitions between adjacent layers to enable
seamless merging of subsequent and adjacent layers. Then, the
as-prepared ink mixture was extruded from a microneedle to
create architectures. The crucial factor for precision printing was
the graded volatility of the solvent.

2.3 Rheological characterization

The prepared inks were analyzed in terms of its rheological
behavior in order to evaluate its printability. A rheometer (TA,
Discovery HR-2, USA) with a 40 mm flat plate geometry and
a gap of 56 um was used to determine the rheological properties
of the inks. Prior to the test, the excessive material outside the
plate was scraped off. To determine the viscosity, an analysis
was done to record the apparent viscosity as a function of shear
rates from 4 x 10> to 10% s. In the oscillatory measurement,
the storage modulus (G’) and loss modulus (G”) were recorded
as functions of the different stress sweeping from 10™" to 2 x
10" Pa at a constant frequency of 1 Hz. All measurements were
carried out in triplicate and conducted at 25 °C.

2.4 3D direct ink writing process and characterization

A customized DIW 3D printer consists of a computer-controlled
three-axis moveable platform, and a pneumatic dispensing
module. A conical tip with an inner diameter of 0.25 mm was
used. Before 3D printing, the prepared ink mixture was loaded
into a luer-lock syringe, followed by sealing with an endcap and
centrifuging at 2000 rpm for 5 min to remove any residual
bubbles. Then, the syringe barreled with the as-prepared ink
being mounted onto the 3D printer. In a typical printing
process, the filaments were extruded and printed in parallel
with the X axis on the silicon substrate with the programmed
center-to-center filament spacing and then moved along the Y
axis to write the filaments, for the formation of a grid structure.
The width of the printed filaments and the morphology of the
printed scaffolds were assessed with an upright optical micro-
scope (Leica, DVM6 A, Switzerland). Scanning electron micros-
copy (SEM) images were obtained with a field-emission
scanning electron microscope (Hitachi, TM3030, Japan) with
an operating voltage of 15 kV. Atomic force microscope (AFM)
images were collected in tapping mode on an AFM instrument
(Park Systems, XE-100, Korea).
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2.5 Chlorine content measurement and antibacterial activity
of PLA/CA-MC scaffolds

To assess the chlorine content, scaffolds loaded with MC were
immersed in the deionized water at room temperature for
60 min. Potassium iodine (KI) and 0.5% starch solution were
added to the resulting solution for iodometric/thiosulfate
titration. The contents of oxidative chlorine (CI") on the MC
loaded scaffolds were calculated by the equation below:

N x V x 35.45

AT x 100

ClI* (%) =
where, CI' (%) is the weight percent of active chlorine content
on the scaffold. N and V are the normality (equiv. per L) and
volume (L) of the sodium thiosulfate (Na,S,053) titrant, respec-
tively. W is the weight (g) of the titrated sample.

The shaking flask method was employed to investigate the
antibacterial property of the scaffolds. The antibacterial activities
of the scaffolds (PLA/CA, PLA/CA-MC) were investigated against S.
aureus and E. coli O157:H7. Samples of PLA/CA and PLA/CA-MC
scaffolds with the their respective weight of 0.1 g, were dispersed
in 10 mL PBS solution with shaking at 200 rpm, and subsequently
followed by adding bacterial suspensions (10° CFU per sample).

At contact time of 5, 10, and 30 min, 0.5 mL bacterial
suspension solution samples were taken out and added into
4.5 mL of PBS and 0.05 N Na,S,0; (8 : 1, v/v) mixed solution.
Then, appropriate 10-fold serial dilutions were made, and 100
pL of each dilution were spread on Trypticase® soy agar (TSA)
plates in triplicate. The bacterial colonies were recorded after
incubation at 37 °C for 24 h and the antimicrobial efficacies
were calculated based on the bacterial percentage.

2.6 Storage stability test

The MC-loaded scaffolds were stored in a self-sealed bag under
dark environmental condition for a period of 90 days. After the
predetermined time of 10, 20, 30, 40, 50, 60, 70, 80 and 90 days,
the stabilities of the bound chlorine was analyzed by measuring
the remaining CI" content on the scaffolds using the standard
iodometric/thiosulfate titration method.

2.7 Evaluation of the release performance

The water release performance test of MC was monitored by
a spectrophotometric method.*® A series of working standard
solutions (10, 20, 40, 50, 80, 100 and 125 ppm) were prepared
and the respective absorbance values were tested with a UV-vis
spectrophotometer (SHIMADZU, UV-2450, Japan) against
a deionized water blank at 210 nm, and then the standard MC
absorbance concentration calibration curve was made. The
scaffolds with the mass of approximately 60 mg were placed in
centrifuge tubes containing 10 mL of deionized water for the
MC releasing experiments. At predetermined time intervals
during the 15 day periods, absorbance of immersion was
measured with a UV-vis spectrophotometer and the corre-
sponding concentrations of MC were calculated based on the
standard curve.
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3 Results and discussion
3.1 Rheological characterization of the ink

DIW was an extrusion-based 3D printing technique, and the
ink's capability of flowing smoothly through the nozzle and
then retaining the 3D shape were crucial to prevent the printed
pattern from collapsing after exiting from the micro-nozzle. The
apparent viscosity of the pastes with different fractions (100/0,
90/10, 70/30, 50/50, 30/70, 10/90, 0/100, w/w) were plotted as
the function of shear rate and shown in Fig. 1a. All the pastes
showed that the apparent viscosity decreased remarkably with
the increase of shear rate, indicating that pastes were pseudo-
plastic fluids. On the basis of these results, the pastes possessed
shear-thinning behaviour, which were suitable for printing.**

In addition to viscosity, oscillatory measurements were used
to determine the viscoelastic properties of our prepared inks.
The stress sweep data are shown in Fig. 1b. It was obviously seen
that G” were always larger than G’ under the same concentration
of 16.40 wt% for the paste of PLA and the paste of CA. In these
conditions, the inks had liquid-like characteristics, namely the
inks were unable to maintain the initial configuration when the
applied external forces were given to the inks. Surprisingly, G’
was larger than G” when PLA and CA were mixed in the
appropriate ratios. The cross appeared in the curves which
indicated that G’ was equal to G”. Before this point, the G’ was
higher than the G” suggesting that the inks predominantly
exhibited an elastic behavior at low shear rates. In terms of fluid
structure, elastic behavior signified that the intermolecular
force was larger than the external force and resulted in a high
resistance against deformation of the filament during the
printing process. From this point on, G” was constantly higher
than G/, indicating that the fluids shifted from “solid-like” to
“liquid-like” and the viscous behavior played the dominant
effect in the printing process.*” Under these conditions, the inks
could not return to the initial configuration after extrusion from
the micro-nozzles. Specifically, it should be noted that the G’
value of the ink (PLA:CA = 70 : 30) was distinguished from the
G’ value of another ink (PLA:CA = 90 : 10). The G’ value of the
ink (PLA:CA = 70 : 30) was larger in approximately an order of
magnitude than that of the ink (PLA:CA = 90 : 10) and was in
good agreement with those reported for other colloidal inks
designed for DIW technique.*

According to previous reports,*® the existence of hydrogen
bonding between the -OH of CA and the -C=0 of PLA was
attributed to limited extensibility of PLA chains. It was believed
here that the increase of magnitude of modulus could be the
consequence that the presence of 30% CA restrained the
mobility of PLA chains via interface interaction of hydrogen
bonds. With more CA being added to the blends, the G” were
higher than the G'. It was related to the repulsive forces between
the two slightly hydrophobic polymers that further led to the
decline of the G’ and G” of the polymeric blend.? Therefore, the
excessive addition of CA had a negative effect on the printability
of the ink. Hence, the results clearly demonstrated that the ink
of PLA/CA at 70 : 30 weight ratio was the most desirable mate-
rial for extrusion.

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Rheological properties of (a) the apparent viscosity plot as a function of shear rate in the range of 4 x 1072t0 10%s7%; and (b) storage and
loss moduli as a function of shear stress sweeping from 10~* to 2 x 10* Pa at a constant frequency of 1 Hz of PLA/CA pastes at different mass

ratios (w/w).

3.2 The printing parameters and analysis of tuning chlorine
concentration

The filament, as the building block of the printed object, was
critical to the quality of the complete structure, and was affected
by lair pressure, writing speed and nozzle size. Fig. 2 displays the
filament width as functions of the air pressure and the printing
speed. As expected, filament width was inversely proportional to
printing speed and proportional to air pressure. In general, the
faster printing speed could facilitate the print process. However,
it might be tough to print with high path accuracy. For example,
it could cause discontinuous filaments occasionally. As shown in
Fig. 2, it was obvious to observe the ultimate and optimized
printing parameters with a print speed of 16 mm s~ * and the air
pressure of 15 psi to realize the proper and continuous filaments
with the width all around 250 pm. Finally, the printed scaffolds
were dried at room temperature and peeled off from substrates
for further characterization and tests.

(uarl) Wppis wusweitd
w
2

w

100

Fig. 2 Filament width of the extruded PLA/CA ink using a nozzle with
an inner diameter of 0.25 mm as functions of the air pressure and the
printing speed.

This journal is © The Royal Society of Chemistry 2020

The MC and PLA/CA paste were mixed together with different
mass ratios of polymers/MC (100/1, 100/3, 100/5, 100/7 and 100/9, w/
w). After MC was dispersed uniformly, all inks were printed at room
temperature. Fig. 3 shows that the chlorine content in the scaffold
with 1% MC was 0.02%, increasing to 0.27% when MC was 5%.
However, the chlorine content was closed to the maximum even the
concentration of MC was increased. In a short period of time, the
MC existing in the inner of filaments released very slow, and then,
the active chlorine was hard to be detected. Obviously, the growth
rates of chlorine content reached a maximum when the content of
MC was 3 wt%. On top of that, 0.13 wt% of CI" was effective enough
to kill bacteria with 3 wt% MC.** Therefore, 3 wt% of MC in PLA/CA
(7 : 3, wiw) scaffold was selected for the subsequent experiments.

3.3 Morphologies of the scaffolds

The surface morphologies of the PLA/CA and PLA/CA-MC
scaffolds were observed by SEM (Fig. 4a and b). It could be

03}
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2
=
S
E |
(&)
2ot
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=
0.0 1 1 1 1 1 1 1 1 1
0 | 2 3 4 5 6 7 8 9 10

MC content (%)

Fig. 3 Relationship of MC content with the chlorine loading of the
scaffolds.
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clearly seen that some amount of bubbles appeared on the
surface of the PLA/CA scaffold, which could be attributed to
the evaporation of solvent. After MC loaded on PLA/CA scaf-
fold, as shown in Fig. 4b, the surface appeared cracks and
became rougher which might be due to the etching of chlo-
rine.”” Fig. 4c and d presented the optical images of the
microporous mesh-like scaffolds to show the quad-layer
structures and the width of the printed filaments which were
around 250 um after the evaporation of solvent. It was tough to
achieve such structure through traditional technology of
manufacturing. The SEM images of the fracture surfaces were
given in Fig. 4e and f. There were few isolated microscale voids
indicating the uniformity of the pastes.”” The tapping-mode of
AFM images were performed in Fig. 4g and h. The surface
roughness (R,) of the PLA/CA, and PLA/CA-MC filaments were
20.24 nm and 20.86 nm, respectively, which were in good
agreement with the SEM images revealing again the unifor-
mity of the inks. In addition to the grid structure, the DIW
technique allowed the manipulation of the different sizes and
shapes which were shown by digital image in Fig. 4i. The
excellent structural regulation and versatility of the DIW
technique, along with convenience, provided additional
advantages in manufacturing for various purposes.

3.4 Shelf life stability

Fig. 5 showed the storage stability of MC-loaded scaffolds. After
90 days, the chlorine content of the MC-loaded scaffolds was
0.13 £ 0.01%, which was 100.00% of the initial chlorine level.

View Article Online
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There was no significant loss of bound chlorine when MC-
loaded samples were stored in dark. The results revealed that
the MC-added antibacterial materials had excellent storage
stability.

3.5 Antibacterial efficacy

The biocidal efficacies of 3D printing scaffolds against S. aureus
and E. coli 0157:H7 are shown in Fig. 6. The initial populations
of S. aureus and E. coli 0157:H7 were 1.00 x 10° CFU per sample
and 1.83 x 10° CFU per sample, respectively. After loaded with
MC, the antibacterial activities of the scaffolds against S. aureus
and E. coli O157:H7 were obviously enhanced compared with
the PLA/CA scaffolds within 30 min of contact time. The
bacterial reductions of S. aureus and E. coli 0157:H7 obviously
increased with the extension of contact time, and the bacterial
reductions of S. aureus and E. coli 0157:H7 reached to 100.00%
within 30 min contact time. The CI" from the N-Cl in the MC
compound caused damage to the cell wall through the direct
contact with bacteria, which is similar to the inactivation
mechanism of oxidative chlorine in hypochlorite (ClIO™).** In
addition, PLA/CA-MC scaffolds had higher bacterial reductions
of E. coli 0157:H7 than S. aureus in 5 min and 10 min contact
time. The distinction in inactivating rates was ascribed to the
different structures and chemical compositions of their cell
walls.*® Specifically, E. coli 0157:H7 contains only one thin layer
of peptidoglycan, while S. aureus possesses multilayers of
peptidoglycan in the cell wall, which might provide better
protection against antibacterial agent.*”

Fig. 4

(a and b) SEM images of the top view of the PLA/CA and PLA/CA-MC scaffolds. Two magnifications are shown with scale bars of 30 pm

and 2 mm (insets). (c and d) Optical microscope images of the side view and top view (insets) of the scaffolds with a quad-layer structure. (e and f)
Cross section SEM images of the PLA/CA and PLA/CA-MC scaffolds. Two magnifications are shown with scale bars of 100 um and 200 um
(insets). (g and h) AFM images (10 um x 10 pm) of the filament surfaces of the PLA/CA, and PLA/CA-MC scaffolds, respectively. (i) Digital image of

3D-printed letters with various shapes and sizes.
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Fig.5 Storage stability of the active chlorine contents on the PLA/CA-
MC scaffolds.
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Fig. 6 Antibacterial results of prepared PLA/CA and PLA/CA-MC
scaffold against (a) S. aureus and (b) E. coli O157:H7. ®Inoculum pop-
ulation was 1.00 x 10° CFU per sample, PInoculum population was
1.83 x 10% CFU per sample.

3.6 Release property of the MC

In order to further study the release profile of MC, the standard
curve was created for determining the relationship between the
absorption of solutions and the MC concentrations. As depicted
in Fig. 7a, the standard curve exhibited fine linear correlation
and the linear calibrated equation was listed as follow:

y = 0.0065x + 0.0263

Based on the linear calibration curve, the relationship
between concentration of MC and releasing time was

%

2

MC concentration (ppem)

Ri-0.9998
an 30006500263

o 20 40 60 80 00 120 0 2 4 G w12 4 16

o ] [
Concentration (ppm) Time (d)

Fig. 7 (a) The standard curve of MC. (b) Released MC levels from PLA/
CA-MC scaffolds.
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investigated. It can be seen from Fig. 7b that the concentration
of MC gradually increased with the extension of time, and
reached equilibrium within 10 d. The releasing process could be
divided into the early rapid releasing and the subsequent sus-
tained releasing. The data were in agreement with the report
from literature.®® Owing to the sustained releasing property, the
antibacterial scaffold was equipped with the prolonged sterili-
zation efficacy upon contacting with bacteria.

4 Conclusion

Desirable rheological behaviors of the printed inks could be
obtained by manipulating the ratios of PLA and CA. The mass
ratio of 7:3 (PLA:CA) mixture possessed a shear-thinning
behavior, which demonstrated an appropriate viscoelastic
fluids to ensure efficient flow through nozzles during extrusion
and rapid shifting from “liquid-like” to “solid-like” fluid with
a sufficient G’ for achieving shape retention upon deposition.
DIW technique allowed the manipulation of the versatile pore
sizes and shapes. The MC loaded PLA/CA scaffolds possessed
good antibacterial property, and the bacterial reductions
against S. aureus and E. coli 0157:H7 all were 100.00% within
30 min of contact time. In summary, the as-prepared 3D printed
antibacterial PLA/CA scaffolds have potential applications in
biomedical areas owing to the versatility and convenience in
manufacturing by using DIW technique.
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