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« A universally dispersible graphene
oxide-based polyurethane (GO-PU) is

successfully prepared.

o This GO-PU can be used as an ink
modifier to endow the arbitrary
bioink matrixes with better

mechanical properties and
multifunction.

« In vitro and in vivo toxicity test
showed that GO-PU has excellent

biocompatibility.
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ABSTRACT

3D-printed bioscaffolds for the realization of individualized tissue regeneration remains challenging due
to the limitation in terms of current biomaterial inks. Exploring a universal ink modifier to enhance the
properties of the arbitrary inks for 3D printing of multi-functional scaffolds is therefore an alternative.
Herein, a universally dispersible graphene oxide-based polyurethane (GO-PU) ink modifier with network
structure constituting amphiphilic polyethylene glycol (PEG) and nanoscale GO (nGO) is presented for the
first time. GO-PU can be stably dispersed in various organic and aqueous solutions for 24 h without obvi-
ous aggregation, far superior to pure nGO. The excellent printability of GO-PU is demonstrated to fabri-
cate pure GO-PU and GO-PU modified composite scaffolds in which GO-PU is used as ink modifiers. The
addition of GO-PU with 5% (ww%/wt%) contents into PLGA or PEGDA can not only improve their mechan-
ical properties without decrease printability, but also endow the additional performances with the result-
ing scaffolds from the incorporated functional nGO segments, like photo-triggered release ability. In
addition, the results of in vitro and in vivo toxicity tests confirmed that GO-PU is biocompatible, indicating
that this facile and universal approach for introducing graphene materials into 3D-printed scaffolds is

with a great potential for tissue regeneration.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Biomaterial-based scaffolds with controllable structure, satis-
factory mechanical properties, excellent biocompatibility along
with even definable bioactivity are urgently desirable for in situ tis-
sue regeneration [1,2]. Although the emerging three-dimensional
(3D) printing technology with remarkable developments offers a
great promise to customize a personalized bioscaffold in physical
structure, significant challenges in chemical and biological features
of the 3D-printed bioscaffolds for the realization of individualized
tissue regeneration still remain. This should be due to the limita-
tions in terms of current biomaterials availably used as inks that
dissatisfy the requirements of multi-functional tissue-engineered
scaffolds. The development of bioink and the optimization of pro-
cess parameters can promote the development of extrusion-based
printing [3]. Application-driven inks usually require with high
printing accuracy and excellent biological activity. To extensively
promote the performances of current inks, exploring a universal
ink modifier with outstanding dispersibility, which can easily dis-
tribute into arbitrary inks system and simultaneously endow these
corresponding compound inks with enhanced characteristics to
satisfy the requirements of optimized tissue regeneration, is there-
fore an alternative.

As far as 3D printing ink modifiers are concern, previous studies
have developed a series of materials as rheological modifiers (e.g.
sodium alginate [4], Pluronic F-127 [5,6], Carbomer [7], nanoclay
[8-10] and nanocellulose [11]) to improve their printability, which
are able to adjust the ink viscosity and rheological properties to
endow the matrix ink with excellent printability to form 3D
heterostructure. On this basis, for tissue engineering applications,
researchers further developed a series of biological ink modifiers
(e.g. B-tricalcium phosphate (B-TCP) [12,13], black phosphorus
[14], graphene [15] and various active molecules [16]) to enhance
the poor or unavailable biological activity of matrix inks, which can
also be used in combination with rheological modifiers to develop
biological active ink systems that can be directly printed [8]. How-
ever, great challenges of bioactive modifiers for 3D-printing of
multi-functional tissue-engineered scaffolds still need to be
improved. First, some existing active modifiers are demonstrated
with special biological activity, only suitable for specific tissue
repair, leading to a narrow scope of application (e.g. B-TCP and
nanoclay are usually used for bone tissue engineering as active
modifier [17,18]); Second, most common bioactive modifiers are
nanoscale and their easy-to-aggregate properties should be one
of the main obstacles in the application of 3D printing [19,20],
leading to clogging of the injectors and forming the corresponding
scaffolds with uneven distribution in components [21,22].

Recently, the combination of graphene materials with a mate-
rial matrix as a high-performance composite biomaterial for tissue
engineering has been a hot topic [23-25]. Due to their unique
properties, graphene-incorporated composite biomaterials are
usually demonstrated with photothermal [26], adsorptive [27],
conductive [28] and shape memory properties [29] along with
the enhanced mechanical properties, suggesting that graphene-
based materials have the potential to be multifunctional ink mod-
ifiers. In addition, the diverse positive interactions between gra-
phene and cells, such as promoting the differentiation of neural
stem cells and adhesion of osteoblast have been confirmed, which
strongly inspire the biomedical application of graphene [30,31].
However, due to van der Waals interaction, two-dimensional
(2D) graphene sheets are difficult to disperse and usually trend
to agglomerate in composite system, thus hindering the utilization
of graphene-based composite materials. Therefore, the improve-
ment of their dispersibility is the first emphasis for preparation
of graphene-incorporated composites. Considering on its active
reaction sites, nanoscale graphene oxide (nGO) with plenty of
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carboxylic acid and hydroxyl groups has been attracted extensive
attentions [32,33]. Oxidative modification leads to more active
groups, but also leads to a decrease in electrical and thermal prop-
erties [34,35]. Meanwhile, researchers have tried to improve the
dispersibility of nGO by surface grafting or modification (e.g. poly-
ethylene glycol (PEG) surface modification [36], functionalization
of furfuryl alcohol [37], and grafting of poly citric acid [38]). How-
ever, these previous investigations can only increase the dispersion
of nGO in limited organic solvent or only aqueous solution but be
still unable to guarantee the stable and uniform distribution of
nGO in the matrix material, meaning that the aggregation and set-
tlement are still possible to happen in long-time operation process.
In addition, the uneven distribution of graphene-based materials in
the matrix material may also lead to the burst release of graphene
during the degradation process, resulting in a dose-dependent gra-
phene toxicity effect [39]. So far, there is no relevant research that
develops a graphene-based material as an ink modifier and thus
can be employed in a wide range of 3D printing processing system
to fabricate multifunctional bioscaffolds with uniform distribution
of graphene for tissue regeneration.

Motivated by addressing these challenges, we aim to develop an
amphiphilic graphene oxide-based polyurethane (GO-PU) as an ink
modifier for extrusion-based printing of multi-functional tissue-
engineered scaffolds in which PEG is chosen as soft segments
and nGO is used as chain extender (Scheme 1). Attributed to the
amphipathic soft segment PEG, GO-PU can be prospected to dis-
perse in various solution systems, meaning that it can be applied
as an ink modifier for a wide range of 3D printing processing sys-
tem. Moreover, by multipoint crosslinking between nGO and PEG,
the network molecule structure of GO-PU should be formed as
shown in Scheme 1, which should further benefit for the uniform
distribution and long-time stable dispersion of GO-PU in other
matrix materials via a physical interpenetrating manner. Due to
uniform distribution of GO-PU and the matrix inks, the mechanical
properties of these resulting composite materials can be signifi-
cantly improved and the addition of multifunctional behaviors
(e.g. photothermal, absorption capacity) should be also introduced
into the corresponding 3D-printed scaffolds. In addition, the
in vitro and in vivo experiments indicating that GO-PU are highly
biocompatible.

2. Material and methods
2.1. Materials

PEG (number average molecular weight, M, = 10,000 kDa), Poly
(ethylene glycol) diacrylate (PEGDA, number average molecular
weight, M, = 700 kDa), Irgacure-1173, stannous octoate (Sn
(Oct)y), Ethylene glycol (EG), hexamethylene diisocyanate (HDI),
and sodium alginate (Alg, low viscosity) were purchased from
Sigma-Aldrich (California, USA). Toluene, 1,4-dioxane, dichloro-
methane, N,N-Dimethylformamide (DMF), tetrahydrofuran (THF),
alcohol and chloroform were analytical grade and purchased from
Aladdin (Shanghai, China). PLGA (number average molecular
weight, M = 100,000 kDa) was purchased from Jinan Daigang Bio-
material Company (Shandong, China). GO was firstly purchased
from Aladdin (Shanghai, China) and then treated with ultrasound
and lyophilization to obtain nGO before used. Simulated body fluid
(SBF) was purchased from Leagene Biotechnology (Beijing, China)
and minocycline was purchased from Macklin (Shanghai, China).
Modified Eagle’s medium alpha («-MEM), high glucose medium,
fetal bovine serum (FBS), penicillin-treptomycin, and phosphate-
buffered saline (PBS) were purchased from Gibco (USA). Trypsin-
EDTA (0.25% trypsin-EDTA) was obtained from Invitrogen (Califor-
nia, USA).
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Scheme 1. A schematic diagram depicting the fabrication of the amphiphilic polyurethane ink modifier GO-PU and the application in the bioink modifcation in 3D printing.
Abbreviations: PEG: Polyethylene glycol; HDI: Hexamethylene diisocyanate; nGO: Graphene oxide nanosheets.

2.2. Preparation of the amphiphilic GO-PU

The GO-PU was synthesized in accordance to our previous study
[1]. In a brief, the macrodiols PEG was firstly dissolved in anhy-
drous toluene, then, HDI was added into the reaction system to
reacting with the PEG for 3 h (the molar ratio of PEG/
HDI = 1/1.2). The reaction conditions are as follows: 75 °C constant
temperature, mechanical agitation, nitrogen atmosphere and Sn
(Oct), as the catalyst (Sn(Oct),/PEG = 0.75%). Subsequently, the
DMF solution of nGO extender which was treated by ultrasound
for 45 min advanced was added into the reactor for 8 h chain
extension in 55 °C constant temperature. The GO-PUs were divided
into three groups of GO-PU (0.1%), GO-PU (0.2%) and GO-PU (1.0%),
which containing 0.1, 0.2, 1.0 g of nGO (the reactant PEG is 100 g),
respectively. In addition, GO-PU (0.8%) and GO-PU (0.5%) also tries
to use this method to synthesize. Polyethylene glycol polyurethane
(PPU) was fabricated by using ethylene glycol as polyurethane
chain extender instead of nGO (molar ratios of PEG/HDI/EG = 1/1.
2/0.2) and PPU (0.1%) was fabricated by mixing 0.1% mass ratio

of nGO into the PPU. Final GO-PU or PPU products were purified
by ethanol and then collected after freeze-drying.

2.3. Polymer characterization by '"H NMR and attenuated total
reflection flourier transformed infrared spectroscopy (ATR-IR)

The "H NMR spectra were recorded using a Bruker spectrometer
(AVANCE III 400, Bruker Inc, Massachusetts, USA), in CDCl; (TMS,
99.9+%, NMR grade, Sigma-Aldrich) solvent at room temperature
and the attenuated total reflection flourier transformed infrared
(ATR-IR) spectra were recorded by a Perkin Elmer spectrometer
(Frontier, PerkinElmer Inc, Massachusetts, USA) in the range of
4000-600 cm™ .

2.4. Morphological observation
The morphologies of the GO-PU films and fabricated scaffolds

were observed by using a 3D digital microscope (RH-2000, Hirox,
Japan) or a field emission scanning electron microscope (ZEISS
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SUPRA 55, Zeiss, Germany). The morphologies of original and ten-
sioned state of each sheet group should be observed. In SEM exper-
iments, all samples were vacuum coated with platinum for 30 s
before observation. Topographic characteristics of nGO were
observed using an atom force microscope (AFM, MultiMode 8, Bru-
ker, Germany).

Tensioned: at the moment when the film is stretched to break.

2.5. Transmission electron microscopy (TEM)

The presence and morphological of nGO were observed by a
field emission transmission electron microscope (JEM-3200FS,
JEOL, Japan). All samples were dissolved in water solution and then
dropping on Copper Mesh with Ultra-thin Carbon Film to prepare
the Ultra-thin samples.

2.6. Thermal analysis

The thermogravimetric analysis (TGA, METTLER TOLEDO,
Switzerland) was used to characterize the thermal properties of
GO-PU. The TGA tests were performed from room temperature to
600 °C at a speed of 10 °C min~! and the weight changes of the
samples were recorded along with the temperature increasing.

2.7. Gel permeation chromatograph (GPC)

Both number average molecular weight (M,) and weight aver-
age molecular weight (M,,) of the GO-PU and PPU samples were
measured by a GPC (Viscotek, USA) and the PDI was calculated in
accordance to the formula (1):

PDI = My /M, (1)

Samples preparation: 2 mg/mL GO-PU or PPU dissolved in DMF,
ultrasound for 25 min.

2.8. Settlement test and particle size analysis

Settlement test was used to characterize the dispersion of nGO
and GO-PU in different media. 0.2 g GO-PU (0.1%) or 0.2 mg nGO
was fully dispersed in 1 mL representative organic solvent or
deionized water to ensure that each sample contains the same con-
tents of nGO. Settlement situation of each sample in 2 min, 24 h
and 48 h after stationary was recorded by digital camera.

Representative solvent: toluene, 1,4-dioxane, dichloromethane,
N,N-dimethylformamide (DMF), tetrahydrofuran (THF), chloro-
form and deionized water. All solvent reagents except deionized
water were analytical reagent and purchased from Aladdin.

Condition of dispersed: 25 °C Ultrasound for 15 min.

Particle size analysis: samples were dispersed in water and
ultrasound for 20, 40, 80 and 120 min (concentration: 0.1%), and
then the particle size were analyzed by a nano particle size ana-
lyzer (Nano-ZS instrument, Malvern, UK).

2.9. Bioink preparation

PLGA bioinks were prepared by dissolving the PLGA in 1,4-
dioxane and stirring overnight. GO-PU samples with different mass
ratios were added to the bioinks and fully mixed before scaffolds
fabrication. PEGDA bioinks were prepared by dissolving the PEGDA
in deionized water and fully dispersed. Subsequently, GO-PU and
1% Irgacure-1173 were added. Before forming for scaffolds, sodium
alginate was added to the PEGDA bioinks as a molding assistant.
The components of each bioink are shown in Table S1.
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2.10. Mechanical analysis

PLGA bioinks with diverse GO-PU content were fabricated to
membranes with size of 40 x 10 x 2 mm
(length x width x thickness) by a Teflon mold for uniaxial-
tensile tests. The stretching of the membranes was carried out by
a universal material testing machine (INSTRON5967, INSTRON,
USA) with grip-to-grip separation speed of 50 mm-min~! until
the membranes break.

PEGDA bioinks with diverse GO-PU content were cast into col-
umn Teflon mold and immediately fabricated to columns
(d = 15 mm, h = 30 mm) by photo-initiated radical copolymeriza-
tion in a XL-1000UV Crosslinker (Spectronics Corporation, NY,
USA). Compression test of PEGDA was performed by a universal
materials testing machine (INSTRON5967, INSTRON, USA) at a
speed of 5 mm-min~! until the brittle hydrogel PEGDA collapse.

2.11. Bioink rheological analysis

The rheological testing of the bioinks was carried out by a
Brookfield DV-III Ultra programmable rheometer (Brookfield,
USA) with spindles. Shear viscosity behaviors were determined at
the shear rate of 0.01 to 100 s~' in room temperature.

2.12. Scaffold design and fabrication

Scaffolds in this study were designed as cubes with the same
size of 15 x 15 x 2.5 mm (length x width x height) and fabricated
through cryogenic deposition 3D printing technology using a bio-
plotter pneumatic dispensing system (BioScaffolder 2.1, GeSiM,
Germany). In a brief, the prepared bioinks were loaded into a plas-
ticc barrel and then extruded onto a freezing stage (temperature:
—40 °C) by pneumatic pump via a 25G (diameter: 260 pm) metal
needle. The printing strands turned to solid quickly at low temper-
atures, neatly arranged side-by-side with 1 mm between each
strand until 15 mm and deposited layer-by-layer until 2.5 mm
height. The bioink extrusion pressure was set to a constant value
of 75 kPa, and the translation speed of the needle was set to
5 mm-s~'. Scaffold lines in adjacent layers are printed with a 90°
rotation. All scaffolds were removed carefully after freezing form-
ing and were subsequently placed in a —80 °C refrigerator (Thermo
Fisher, Massachusetts, USA) for pre-freezing at least 2 h. Then,
PLGA scaffolds were freeze-dried to remove the organic solvents,
while the PEGDA scaffolds were crosslinking molding by photo-
initiated radical copolymerization in a XL-1000UV Crosslinker. In
addition, the crosslinked PEGDA scaffolds were required to be
immersed in water for 6 h and washed three times to remove
excess Irgacure-1173 as well as sodium alginate.

2.13. Photothermal properties and drug loading/release evaluation

A fiber-coupled continuous semiconductor diode laser (808 nm,
KS-810F-8000, Kai Site Electronic Technology Co., Ltd. Shaanxi,
China) was chosen as the light source. To determine the photother-
mal properties of the scaffolds with GO-PU molding, scaffolds with
or without GO-PU were immersed in 5 mL SBF to simulated phys-
iological environment and irradiated with a laser at a power den-
sity of 0.17 W/cm? for 60 s. The temperature change of the
scaffolds was monitor by an infrared thermal imaging camera
(Fluke TiS75, USA).

Minocycline, an antimicrobial drug, was selected as a model
drug to determine the controlled release performance of scaffolds
in this experiment. Scaffolds were immersed into the 1 mg/mL
minocycline solution overnight for drug loading, and then gentle
flushed by SBF for three times. After that, the flushed scaffolds
were immersed into 5 mL SBF and static at room temperature for
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controlled release experiment. At the time of 0, 1, 2, 3 and 4 h after
immersed, the absorbance of 100 pL solution from each sample at
340 nm were measured using a microplate spectrophotometer
(Multiskan GO, Thermo Fisher, USA) and calculate the drug concen-
tration according to pre-determined standard curve. In addition,
60 s of near infrared radiation (NIR) stimulation at 808 nm was
given at the second hour to lead to a controllable sudden release
of the drug. The cumulative drug release was calculated by using
the following formula (2):

t
Release drug(ppm) =) m; )
t=0

where m, is the amount of the drug released from the scaffold at
time t.

2.14. Cytotoxicity assay

L929 mouse fibroblasts were used for evaluated the acute toxi-
city of GO-PU (0.1%) and nGO. Cells were seeded in a 24-well plate
at an initial density of 9 x 10* per well and cultured with DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin under
a humidified atmosphere of 5% CO, at 37 °C for 24 h incubation.
Materials were sterilized and re-suspended into fresh culture med-
ium to obtain the required concentration of suspension. After incu-
bating the plate at 37 °C under a humidified atmosphere of 5% CO,
for 5 h, the suspension in each well was replaced with the fresh cell
culture medium. The CCK-8 testing (CCK-8, Dojindo, Kumamoto,
Japan) was performed after 24 h of post treatment incubation for
determine the cell viability (%) in each well in accordance to the
manufacturer’s instructions. Wells without any material supple-
mented were considered as the control group. Live/Dead imaging
(Live or Dead™ Cell Viability Assay Kit, ATT Bioquest, USA) was
also carried out for observed the cell morphology at the same time.
All measurements were repeated three times. 3T3 mouse fibrob-
lasts were used as an alternative cell for the same experiment to
ensure that the results were credible.

2.15. In vivo evaluation of the biocompatibility and toxicity of GO-PU
bioink.

8-week-old female Balb/c mice were purchased from Charles
River Co. Ltd. (Beijing, PR China), and were housed in specific
pathogen free environment. They were given free access to water
and a normal commercial laboratory diet. After a week of environ-
mental adaptation, the mice were randomly divided into three
groups of 10 each. To determine the administered dose, we calcu-
lated that the GO-PU contained in one scaffold (15 x 15 x 2.5 mm)
was 1.3 mg, hence we defined 1.3 mg GO-PU/mice as a “low dose”
and 13 mg GO-PU/mice as “high-dose”. The experimental groups
were divided into control group (0.9% Nacl), low-dose group and
high-dose group according to the injection dose. The day of the
subcutaneous injection was designated as the 0 day. The procedure
was pre-approved by the Ethical Committee of the Shenzhen Insti-
tutes of Advanced Technology, CAS (SIAT-IACUC-190730-YYS- YJR-
A0874). Mice were sacrificed on 3™ day and 7™ day after the
injected procedure for histological analysis of the skin, heart, liver,
spleen, lung and kidney. For biochemical analysis, the blood and
the serum were collected on the 7% day (4 mice were sacrificed
for blood collecting and another 4 mice were sacrificed for serum
collecting). Briefly, a full-thickness skin sample with a 1 cm margin
around the injected area was removed from each animal, and was
fixed in 4% (v/v) paraformaldehyde in PBS overnight. The tissue
sample was embedded in paraffin after dehydration, sectioned at
3-4 pm, and stained with hematoxylin and eosin (H&E) or
Masson’s trichrome. The stained sections were observed and
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photographed under a microscope (Leica, Germany). Similarly,
the heart, liver, spleen, lung and kidney of the mice were collected
and treated in the same way. The blood and serum samples were
analyzed by the Automated whole cell hematology analyzer (BC-
2800vet, Mindray, China) and the Automatic biochemical analyzer
(Chemray-240, Rayto, China).

2.16. Statistical analysis

At least four parallel samples (n > 4) were performed in all
experiments which required statistical analysis. All data were
expressed as means *+ SD and processed with Graphpad Prism 7
or OrginPro 8 software. The t-test was used for the mean differ-
ences between two groups or ANOVA was used if more than two
groups were involved. *, P < 0.05. **, P < 0.01. ns, no significant
difference.

3. Results and discussion
3.1. Preparation and characterization of the amphiphilic GO-PUs

As shown in Scheme 1, GO-PUs were prepared with the amphi-
philic PEG as soft segment while hexamethylene diisocyanate
(HDI) and nGO as chain extenders according to a two-step method.
Before adding to the reactor, nGO was fully dispersed in DMF by
ultrasonic treatment for 15 min to ensure that it was uniform
and single-layered with about 2-4 nm thick, which were deter-
mined by AFM (Figure S1). By regulating the mass ratio of nGO/
PEG from 0.1/100, 0.2/100 to 1.0/100, GO-PUs with a gradient con-
tent of nGO were successfully obtained and coded as GO-PU (0.1%),
GO-PU (0.2%) and GO-PU (1.0%), respectively. Besides, the polymer
of ethylene glycol (EG)-based polyurethane (PPU) obtained by only
using EG instead of nGO as extender and the composite by physical
mixture of PPU and 0.1% nGO (mass ratio of nGO/PPU = 0.1/100,
coded as PPU (0.1%)) were chosen as the control, respectively.
The 'H NMR (Figure S2) and ATR-IR (Figure S3) measurements
verified the successful preparation of GO-PU. In Figure S2, the
peaks between 1 and 1.5 ppm, the peaks at about 3.2 ppm and
the peaks at about 4.2 ppm of all groups were assigned to —CH,—,
—NH—CH,— and isocyanate bonds of HDI, respectively [40]. More-
over, comparing with PPU, a sharp peak near 1.8 ppm was
observed in GO-PU, while only a blunt peak at the similar chemical
shift was observed in PPU (0.1%). This may be attributed to the dif-
ference of active hydrogen between nGO in GO-PU (0.1%) by chem-
ically grafting and nGO in PPU (0.1%) by physical blending,
suggesting the successful introduction of nGO into polymers but
with different methods. Further, as shown in Figure S3, in the
ATR-IR spectra of GO-PUs and PPU, the absorption band of
—N=C=0 at 2350 cm! was invisible while the absorption bands
at 1528 cm~! and 1720 cm™! corresponded to the C=0 and amide
Il respectively were visible, indicating the successful reaction
between isocyanate and —OH and the formation of carbamate
bonds [40]. In addition, a weak absorption bend could be observed
at 1655 cm™! in only GO-PU samples, which should be attributed
to the stretching vibration of C=C bond in nGO [41]. With the
increase of nGO contents, the absorption bands tended to be
stronger.

To further clarify the properties of GO-PU, GPC and TGA charac-
terizations were performed. As summarized in Figure S4A, GPC
results also showed that polymer dispersity index (PDI) tended
to decrease with the increase of nGO, indicating that molecular
structure of GO-PU were preferring to form straight chain rather
than network chain while increasing the nGO extender (Fig-
ure S4B). Due to the steric hindrance, when the nGO is lacked,
the hydroxyl groups on the same graphene can be reacted by more
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macromolecular alcohols, thus forming a tangled network struc-
ture; when there is more graphene added, the macromolecular
alcohols tend to react with free nGO sheets. Besides, the molecular
weight of straight-chain GO-PU (1.0%) was higher than those of
network-chain GO-PU (0.1%) and GO-PU (0.2%). Two obvious ther-
mal decomposed stages could be easily observed in the TGA curves
of the GO-PUs and PPU (0.1%) but only one decomposed stage in
pure PPU (Figure S5A), suggesting that the first stage around
270 °C should attribute to the oxidative decomposition of nGO
and the second stage around 400 °C should attribute to the decom-
position of PEG segments in polyurethane. In particular, the initial
temperature (Tj,;;) and the maximum temperature (Tyqy) Of the first
stage and the ash¥% of all groups were recorded in Figure S5A. It
was found that both Tj,; and Ty, of the oxidative decomposition
of chemically grafted nGO in GO-PU groups were higher than those
of physically mixed nGO in PPU (1%), indicating that the chemically
grafted nGO in GO-PUs is able to tolerate higher temperatures. This
was because pure nGO directly turned to carbon oxides and
escaped into the air at a certain temperature, while the nGO in
GO-PU, which combined with polyurethane through carbamate
bonds, had to break the carbamate chemical bond by consuming
some of the internal energy prior to be oxidized (Figure S5B).
Meanwhile, it was noteworthy that the oxidation decomposition
temperature of nGO in GO-PU (1%) was lower than those of nGO
in GO-PU (0.1%) and GO-PU (0.2%), due to the difference of entan-
glement combination of PEG chains and nGO between the liner
polymer chains of GO-PU (1%) and network polymer chains of
GO-PU (0.1%) and GO-PU (0.2%) (Figure S5B), which was accorded
with the results from GPC.

Next, the mechanical properties of GO-PU (0.1%, 0.2% and 1%),
PPU and PPU (0.1%) were further evaluated. PPU (0.1%) is a control
group that the PEG-based polyurethane with the physical mixture
of 0.1% nGO. As shown in Fig. 1A, GO-PUs showed better mechan-
ical properties than PPU groups in generally. Both tensile stress and
elongation at break, GO-PU groups were significantly better than
PPU groups. This might be attributed to the existence of main block
segments between PEG soft segments and nGO layers to hence
form a network structure in GO-PUs (Fig. 1B). The interfacial inter-
action between graphene and materials is helpful to improve the
mechanical properties of materials therefore was without any sur-
prise that the addition of nGO could improve Young’s modulus of
PPU (Fig. 1C). Similar with the PPU, the increase of nGO contents
was able to improve Young's modulus of GO-PU, which might be
the explanation of the phenomenon that Young’s modulus of GO-
PU (0.2%) was better than GO-PU (0.1%) (Fig. 1C). However, the
Young’s modulus of GO-PU (1%) was significantly lower than GO-
PU (0.2%), which might be attributed to the difference in molecular
structure (Figure S4). The tensile stress of GO-PU (0.1%) could even
reach 10 MPa (Fig. 1D), and its elongation at break neared 400%
(Fig. 1E) This is attributed to the unique micro network structure
of GO-PU, which can effectively resist external force tearing, thus
showing stronger tensile stress than linear polyurethane PPU.
Meanwhile, the tensile stress and elongation at break of PPU
(0.1%) were slightly higher than those of PPU, which might be
due to the weak hydrogen bonding force between the nGO and
PEG (Fig. 1A, D and E).Further, the stretch evaluation of GO-PU
(0.1%) directly demonstrated its good toughness (Fig. 1F) and the
variation of surface morphologies of GO-PU (0.1%) and PPU film
were explored by 3D digital microscope and SEM. As shown in
Fig. 1G, GO-PU film showed a relatively uniform black color and
with uniform black particles distributed under 3D digital micro-
scope in the original state, while PPU film performed as pure white.
The network fibers on the surface of GO-PU could be observed
under SEM, while the fibers on the surface of PPU were not obvi-
ous. The stretched fibers of GO-PU could be seen under 3D Digital
Microscope (Fig. 1G) and SEM (Fig. 1H); on the contrary, due to the
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poor toughness of PPU, it could hardly be stretched and only a few
stretched fibers could be captured on the fracture surface under 3D
digital microscope while almost no fibers could be seen under SEM
(Fig. 1G). Meanwhile, a large amount of nGO should be seen like
linkers between the stretched GO-PU fibers under SEM (Fig. 1G),
which endowed excellent toughness to the polyurethane through
chemically bonded (Fig. 1B).

It was found that the mechanical properties of GO-PU tend to
decline with the graphene content increasing. We also tried to syn-
thesis the GO-PU (0.08%) and GO-PU (0.05%) for higher PDI, how-
ever, the mechanical properties of GO-PU (0.08%) had shown no
significant different with that of GO-PU (0.1%), and the synthesis
of GO-PU (0.05%) even failed (Figure S6). Besides, the productivity
of GO-PU (0.08%) was significantly lower than the GO-PU (0.1%). As
consequences of the network GO-PU with more excellent mechan-
ical properties and simultaneous introduction of nGO as much as
possible, the follow-up experiments were carried out with GO-PU
(0.1%).

3.2. Excellent dispersity and printability of GO-PU

One of the primary indicators of a universal ink modifier is to be
able to uniformly mix in a variety of solution processing systems,
and to maintain stable for enough time for mass production. As
shown in Fig. 2A, GO-PU could be stably dispersed in organic sol-
vents or aqueous system at different concentrations. As the con-
centration increased, the viscosity also showed an upward trend
(Fig. 2B), benefiting for extrusion printing process. We also
observed the viscosity of GO-PUs with different content of nGO,
and the results showed that when the content of nGO increased,
the viscosity tends to be decreased (Figure S7). Further, as shown
in Fig. 2 (C and D), the dispersity and stability of GO-PU and pure
nGO with the equal concentration of 0.2 mg/mL nGO in seven rep-
resentative system were detected. It was as expected that GO-PU
could be evenly dispersed in organic or aqueous solution for at
least 24 h (Fig. 2C), while pure nGO obviously precipitated in the
dispersed phase except DMF and water (iii and vii) only 2 min after
ultrasonic dispersion (Fig. 2D); with the extension of time to 48 h,
partial precipitation could be seen at the bottom of the bottle of
GO-PU groups. In contrast, nGO with the same contents could only
maintain a certain degree of dispersion in DMF (iii) and water (vii)
for only 24 h after ultrasound (Fig. 2B), indicating that its dispersity
is far less than GO-PU. This may be attributed to when GO-PU
enters the solution system, the amphiphilic PEG soft segments
open a large “cage” in the solution while nGO enters the solution
system, the strong van der Waals interaction makes it easy to
aggregate and settle (Fig. 2E); The “cage” efficient prevents the
van der Waals interaction on the surface of nGO, thus preventing
the occurrence of aggregation and settlement. In order to confirm
our conjecture, we used particle size analyzer to analyze the swel-
ling of GO-PU and PPU in aqueous solution. According to the previ-
ous section of structure characterization, with the increase of nGO
content, GO-PU will be closer to the linear structure, which is not
conducive to the formation of “cage” structure, resulting in smaller
swelling and smaller particle size. As shown in Figure S8, we
observed that GO-PU had more obvious swelling behavior and lar-
ger particle size than PPU, and this phenomenon tended to disap-
pear with the increase of nGO content. This is consistent with
our structural characterization and speculation. Relevant analysis
instructions can be seen in the description of Figure S8 in support-
ing information.

Further observation and comparison of the nGO states in GO-
PUs and PPU (0.1%) were essential for further confirmation of this
view, and therefore the TEM image of pure nGO, PPU (0.1%), and
GO-PUs were taken and be analyzed (Figure S9). TEM results
showed that the pure nGO was relatively transparent and not easy
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Fig. 1. (A) Stress-strain curves of GO-PUs and PPUs. (B) Network structure between each nGO in GO-PU. (C) Young's modulus of GO-PUs and PPUs. (D) Tensile strength of GO-
PUs and PPUs. (E) Elongation break (%) of GO-PUs and PPUs. (F) Strong toughness of GO-PU (0.1%). (G) and (H): Surface morphologies of GO-PU membranes observed by 3D
Digital Microscope (G, with scale bar of 200 pm) and SEM (H, with scale bar of 10 um). Statistical significance was set to **p < 0.01 and *p < 0.05.

to fold (Figure S9 A, E and I); and the binding sites of PEG and nGO
in PPU were disordered, irregular and accumulated in a large area,
while in GO-PUs there were various uniform dots, which indicated
that the bonding modes of PEG and GO on graphene surface were
different (Figure S9B, F and J). In all samples, the parallel lattice
planes had been observed (Figure S8). The planes showed an
ordered stacking with the interlayer spacing of 0.33 nm (Fig-
ure S9C, G and K). In Figure S9D, the diffraction spots were com-

paratively diffuse and show constant intensity. This implies that
the nGO sample used comprises free sheets that have not aligned
in a way that makes them exactly perpendicular to the incident
electron beam. After mixing with PU or after PU conjugation, no
lattice fringing had been observed, but a more diffuse halo ring
was formed. This showed that the degree of crystallinity was fur-
ther declined because of the PEG coating (Figure S9H). Compared
to the case of mixing of PPU (0.1%), the decline in the degree of
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crystallinity was more significant for the case of GO-PU, indicating
that the uniform PEG layer hinders the observation of crystallinity
of nGO. (Figure S9L). In summary, the PEG segments between nGO
in GO-PUs leads to the increase of steric hindrance between nGO
sheets, which, together with the decrease of crystallinity, may con-
tribute to the increase of dispersion.

In extrusion-based printing, a large amount of deposition and
aggregation of the materials should lead to uneven distribution
of the materials in the matrix, and even lead to blockage of needles,
further limiting its application. As the excellent dispersity, anti-
aggregation and suitable viscosity of GO-PU, it should be a great
potential to be directly applied as an ink to fabricate 3D
graphene-based devices. In the previous studies, although a few
graphene-based devices had been fabricated under very severe
printing conditions, this kind of graphene-base ink that could be
suitable for various 3D-printed processing systems has not been

reported yet [42-44]. Due to the suitable viscosity with proper
concentration of GO-PU, it was capable for 3D printing by layer
stacking to prepare 3D graphene devices, and its fiber diameter
could reach 200 pm (Figure S10A and B). It was found by the
SEM observation that the surface of the scaffold prepared by pure
GO-PU had certain pores, and no obvious aggregation found (Fig-
ure S10C). That is to say, GO-PU ink can be printed with high pre-
cision, showing a potential to fabricate customized 3D graphene
devices. However, attributed to the dispersity of GO-PU in numer-
ous solutions, the fabricated 3D graphene devices cannot stably
keep the structure when they meet in water-based or organic-
based solution, further limiting its application for directly printing
of pure GO-PU devices. Therefore, all of these evidences encourage
us to further explore GO-PU as the ink modifiers to fabricate multi-
functional scaffolds with excellent performances resulted from
incorporation of nGO.
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3.3. GO-PU as the ideal ink modifiers

In order to thoroughly evaluate the improvement of inks by
adding the GO-PU ink modifier, solvent-phase processing bioink
PLGA and water-phase processing bioink PEGDA were used as
the representative inks. PLGA is a FDA-approved biomedical mate-
rial that is considered an ideal material for tissue engineered bone
repair because of its mechanical properties, biocompatibility, and
ease of processing [45]. PEGDA is a PEG derivative with double
bond, which can be cured by UV initiation under initiator condi-
tions to form a solid with adjustable mechanical properties [46].
However, both PLGA and PEGDA usually lack biological activity
and intelligent response, thus limiting their utilization in 3D print-
ing of tissue regenerative scaffolds [47]. For ink modifier, the effect
of its addition amount on the matrix material should not be
ignored. Too low concentration of modifier may not enough to
endow the function to the matrix materials, while the too high
concentration may affect the biological properties (e.g. the toxicity
from the modifier may cause the decline of biocompatibility of
matrix) or forming process of the matrix material (e.g. the modifier
affect the crosslinking efficiency of light-induced ink). As far as ink
modifier concerns, the amount is usually less than 10 wt% in the
matrix [6,8]. Therefore, we will use the addition amount of 2.5%,
5%, 7.5% (wt% of liquid bioink PEGDA and ww% of solid bioink
PLGA) GO-PU as the experimental group for the following
experiment.

3.3.1. GO-PU significantly enhances the mechanical properties of its
composite materials

We successfully prepared the composite samples for
mechanical test by mixing PLGA or PEGDA with GO-PU, the
results were as shown in Fig. 3A and their detailed composi-
tions were depicted in Table S1. In particular, the uniform
PLGA/GO-PU composite films were obtained by molding the
PLGA/GO-PU composite solution (1,4-dioxane as the solvent)
and subsequently lyophilizing. The PEGDA composite columns
were fabricated by adding initiator-1173 to PEGDA/GO-PU solu-
tion and further treated with UV irradiation in a column mould.
As brittle materials, the mechanical properties of PEGDA were
determined by compression; on contrast, as ductile materials,
we used tensile to determine its mechanical properties of PLGA.
As shown in Fig. 3 (B and C1), the compressive strengths of
PEGDA (5 %GO-PU) and PEGDA (7.5 %GO-PU) were significantly
higher than those of pure PEGDA and PEGDA (2.5 %GO-PU).
There was no significant difference in the compressive strain
at break of all groups (Fig. 3C2). The varied trend of compres-
sive modulus of PEGDA material after introducing GO-PU was
consistent with that of compressive strength; the introduction
of 5% and 7.5% GO-PU could significantly enhance the compres-
sive modulus of PEGDA, while the improvement of composites
materials by introduction of 2.5% GO-PU was no significant
comparing with pure PEGDA (Fig. 3C3). It is worth noting that
PEGDA (7.5% GO-PU) has no significant increase compared with
PEGDA (5% GO-PU) in both compressive strength and compres-
sive strength at break, which may due to the inadequate
crosslinking of PEGDA (7.5% GO-PU) (Figure S11A). In Fig-
ure S11A, we further discussed the effects of the addition
amounts of GO-PU on the process of photoinitiated radical poly-
merization by a flat-leaned method and when the addition
amounts of GO-PU were up to 7.5%, the inadequate crosslinking
of PEGDA was observed after 60 s. For PLGA, the addition of
GO-PU could significantly increase the tensile strength and ten-
sile modulus. The tensile strength of PLGA (2.5% GO-PU), PLGA
(5% GO-PU) and PLGA (7.5% GO-PU) was significantly higher
than that of PLGA group (Fig. 3D, E1 and E2). Similar to the
change of tensile stress, the introduction of different content
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of GO-PU could also significantly improve the tensile modulus
of PLGA, especially when the amount of GO-PU introduced
was 5% (Fig. 3E3). However, the tensile modulus of PLGA
(7.5% GO-PU) showed not statistical difference to the PLGA
group. Consequently, it can be concluded that the 5% addition
amount of GO-PU are suitable for both ductile materials and
brittle materials for future application. An interpretation for
the enhancement on mechanical properties of composites by
introduction of GO-PU ink modifier is that the polymer chains
from matrix materials can insert into the GO-PU network to
form a dual network structure (Figure S11B). According to
mechanical tests, when the GO-PU content is 5%, the composite
material has relatively best performance, suggesting the optimal
dual network to be formed. In the samples that contain 7.5%
GO-PU, excessive GO-PU addition can’t be fully interlaced into
the dual network structure, resulting in no significant difference
on the enhanced mechanical property.

3.3.2. GO-PU endows multifunctional performances of 3D-printed GO-
PU based scaffolds

Further, we used the GO-PU as ink modifier with the addi-
tion amount of 5% to successfully fabricate complex GO-PU
based scaffolds with three typical inks including PLGA, PEGDA
and alginate, as shown in Fig. 4A and Figure S12. There was
no needle blockage throughout the 3D printing process and
the bioink with 5% GO-PU added was slightly black and the
printed scaffold was uniform in color (Fig. 4B). For the brittle
material PEGDA, the scaffolds prepared with GO-PU adding
exhibited more ductile (Fig. 4C). We performed rheological tests
on PLGA and PEGDA bioinks with or without the addition of
GO-PU and found that bioinks with 5% GO-PU showed a more
pronounce shear thinning, indicating that the composite bioinks
exhibited better printability in extrusion printing process
(Fig. 4D, E). The rheological properties show that it can realize
scaffolds printing with complex or special structure such as gra-
dient printing scaffolds, so as to further enhance the mechanical
properties (Figure S12) [48]. In addition, due to the introduc-
tion of functionalized nGO, the matrix materials were endowed
with some additional properties that were not originally pos-
sessed, such as photothermal properties. By 808 nm NIR (Near
Infrared Radiation), scaffolds containing GO-PU emitted heat
for functional application of the matrix material. As shown in
Fig. 4F, minocycline, a drug with a pale-yellow appearance
was used as a model drug to demonstrate that GO-PU endowed
PEGDA and PLGA with controlled release ability. Due to physical
adsorption, nGO in GO-PU were able to adsorb the drug in the
solution, and the adsorbed drug were controllably released due
to the increase of Brownian motion when triggered through
808 nm NIR. As shown in Fig. 4G, the PLGA (5% GO-PU) scaffold
rose from room temperature to 47.7 °C by 808 nm NIR for
1 min, while the PLGA scaffold only rose to 28.2 °C; the PEGDA
(5% GO-PU) scaffold rose to 56.3 °C, while the PEGDA scaffold
only rose to 30.7 °C. The heating curves are shown in Fig-
ure S13. This indicates that the introduction of GO-PU endows
the matrix materials of PLGA or PEGDA with a significant pho-
tothermal effect. For the hydrophobic polymer PLGA, it is diffi-
cult to preserve the drug by absorbing the drug solution so that
it is difficult to achieve the drug-loading effect, however, the
modifier GO-PU endows a drug-loading function thereto. The
drug minocycline in the solution was physically adsorbed to
the surface of the scaffolds containing GO-PU, so that the scaf-
folds appeared to be pale yellow, while the scaffolds without
GO-PU were not able to adsorb the drug, and the appears of
scaffolds were no change after overnight immerse into the drug
solution (Fig. 4H). When stimulated by NIR at 808 nm, the scaf-
fold containing GO-PU could release the drug and turned the
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Fig. 3. (A) A schematic diagram depicting the composite materials formed of GO-PU and matrix materials. (B) Stress-strain curve, (C) compressive strength, compressive
strain at break and compressive modulus of PEGDA cylinders with different contents of GO-PU in the compression test. (D) Stress-strain curves, (E) tensile strength,
elongation at break and tensile modulus of PLGA membranes with different contents of GO-PU in the tensile test. All of the statistical significances were set to **p < 0.01 and

*p < 0.05.

original colorless solution to light yellow (Fig. 4H). The light-
triggered drug release of these obtained scaffolds was further
quantified. All scaffolds were previously immersed in the same
concentration of minocycline solution overnight for drug load-
ing and then were simulated the drug release process in SBF.
Because PEGDA hydrogel scaffolds could absorb a lot of water,
there was no significant difference in the drug release amount
of PEGDA scaffolds with or without GO-PU at first hour
(Fig. 4I). However, when the NIR was performed at the second
hour, it was found that the PEGDA scaffolds containing GO-PU
showed a sudden release of the drug, while the scaffolds with-
out NIR or the scaffold without GO-PU showed no drug burst
(Fig. 4I). The pure hydrophobic PLGA scaffolds were almost
impossible to carry the drug and there was almost no drug

10

release whether the NIR was performed or not at the second
hour; the PLGA scaffolds containing GO-PU were able to load
drug by physical absorption so that it was able to slowly
release the drug due to the diffusion effect (Fig. 4J). More
importantly, at the second hour, the amount of drug released
in the PLGA (5% GO-PU) + NIR groups was significantly higher
than that of the group without NIR but containing GO-PU
(PLGA + GO-PU). These evidences indicate that GO-PU can pro-
mote physical adsorption of the drug and can be controlled
release by NIR at 808 nm. Therefore, the introduction of GO-
PU can improve the mechanical properties and printability of
the bioinks and meanwhile endows multi-functional properties
of the resulting scaffolds from the incorporated functional
nGO segments, such as photothermal controlled release. This
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characteristic may inspire researchers to develop intelligent
bioink for tissue engineering or drug delivery by using matrix
materials and GO-PU.

Although nGO can physically disperse into the material system
by a series of means such as ultrasound, it may not be stable and
should precipitate into the medium due to the water exchange.
The introduction of nGO by adding GO-PU into the matrix should
provide an effective alternative to improve its stability in the GO-
based materials. As shown in Figure S14A1, when pure nGO was
homogeneous mixed into the matrix by ultrasound, the material
presented yellow brown color, and the distribution of the nGO in
the matrix material was not uniform. After immersion in SBF for
3 days, nGO precipitation was observed (Figure S14A2). In con-
trast, the as-prepared composite PEGDA/GO-PU without pho-
tocrosslinking appeared light black, showing a uniform, non-
aggregated morphology (Figure S14B1 and B2). After further pho-
tocrosslinking, the appearance of the composite PEGDA/GO-PU
material transformed to a uniform brownish black color, due to
the formation of rigorous polymer network structure (Fig-
ure S14C1). Meanwhile, nGO particles could not be seen on the
surface of composite PEGDA/GO-PU material, and no nGO precipi-
tated when it was immersed in SBF after 3 days (Figure S14C2).
This phenomenon could also be observed in the 3D-printed scaf-
folds after adding GO-PU. No nGO particles precipitated from the
scaffolds immersed in the solution on day O (Figure S14D) and
day 3 (Figure S14E), and no difference was observed compared
with the pure PEGDA scaffolds (Figure S14F). That is to say, GO-
PU can uniformly and stably distribute in the arbitrary ink materi-
als through forming the dual network structure between ink mate-
rials and GO-PU, thus enhancing the properties of the resulting
composite inks without any participation of chemical reactions.

3.4. GO-PU has excellent biocompatibility

In section 2.15, we calculated that the GO-PU contained in one
scaffold (15 x 15 x 2.5 mm) was 1.3 mg which nGO equivalent is
0.0013 mg. The body fluids of mammals account for about 60% of
the body weight, according to the conversion, after implantation
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of a scaffold, the content of nGO in the mice (16-20 g weight) body
fluid was increased to about 0.1 mg/L. Since the toxicity of gra-
phene is dose-dependent, we believe that such a low content will
not cause cytotoxicity. In order to verify this, we carried out the
corresponding cell experiment. As shown in Fig. 5A and B, the
results of Live/Dead imaging and CCK-8 showed that GO-PU had
high biocompatibility. With the increase of the dose, the L929 cell
morphology and survival rate did not change significantly. For fur-
ther verification, 3 T3 fibroblasts were also used to repeat the via-
bility experiment, and the results were consistent with the
conclusion of L929 group (Figure S15). The results of cytoskeleton
staining showed that the cells could adhere to the scaffolds with
excellent morphology whether GO-PU was added or not (Fig-
ure S16). In order to further demonstrate the biocompatibility of
GO-PU in vivo, we injected GO-PU into mice subcutaneously. His-
tological staining on the third and seventh days after injection
showed that neither low-dose nor high-dose GO-PU caused inflam-
matory infiltration (Fig. 5C). The skin tissue and collagen layer
were intact in all groups (Fig. 5C). These results indicate that GO-
PU has excellent biocompatibility when contacting tissues and
cells and does not cause contact toxicity, indicating its great poten-
tial for applications in tissue engineering. Due to the excellent dis-
persion of GO-PU, we did not observe the deposition of GO-PU in
the subcutaneous tissue of the injection site on the third and sev-
enth day, therefore, we did toxicological tests on the seventh day
to characterize the biocompatibility of GO-PU.

To further verify the biocompatibility performance of GO-PU
in vivo, we collected blood and serum from the mice on the seventh
day after subcutaneous injection of GO-PU for biochemical charac-
terization. The white blood cells (WBC), red blood cells (RBC), mean
corpuscular volume (MCV), platelets (PLT), mean corpuscular hae-
moglobin (MCH), haemoglobin (HGB), haematocrit (HCT), and mean
corpuscular haemoglobin concentration (MCHC) were measured
(Fig. 6A). The results showed no significant difference compared
with the control group for either low or high doses of GO-PU, reveal-
ing that GO-PU does not exert deleterious effects. Blood biochemical
examination was also carried out and the biochemical parameters
including alanine transaminase (ALT), aspartate transaminase

= nGO
B GO-PU (0.1%)
1204
B 100-
£ 804
E 60+
g
@ 404
204
0
Control  0.02 0.04 0.06 0.08 0.1 d,o‘
nGO equivalent concentration (mg/L) nGO equivalent concentration (mg/L)
Control Low-dose High-dose

Fig. 5. (A) Live (green)/Dead (red) fluorescent images of L929 cells treatment with different concentration of nGO or GO-PU, after 24 h of post-treatment incubation. (B)
Viability of L929 after treatment with nGO and GO-PU (0.1%), after 24 h of post-treatment incubation; (C) Histological analysis of the injection site on 3™ day and 7" day after
injection. Sections of the injection site are stained with H&E and Masson’s trichrome. All of the statistical significances were set to **p < 0.01 and *p < 0.05. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (A) Hematology analysis of the mice after GO-PU injection. The data were collected after 7 days injection of GO-PU. The following parameters were measured: WBC,
RBC, MCV, PLT, MCH, HGB, HCT and MCHC. (B) Blood biochemistry data of the mice with GO-PU 7 days after injection. The testing parameters including ALT, AST, TP, BUN,

ALB, ALP, DBIL, and GLU.

(AST), total protein (TP), blood urea nitrogen (BUN), albumin (ALB),
alkaline phosphatase (ALP), direct bilirubin (DBIL), and glucose
(GLU) were examined (Fig. 6B). Similarly, there is no significant dif-
ference in each group, indicating the high biocompatibility of GO-
PU. Since ALT, AST and ALP levels are usually associated with hepatic
and renal functions in mice, the results confirmed that GO-PU did
not cause significant hepatorenal toxicity.

For further confirmation, the histological morphology of major
organs of mouse were examined. The major organs including the
heart, liver, spleen, lung, and kidney are collected and sliced for
H&E staining and histological examination (Fig. 7). The results
showed that there were no obvious abnormalities at either low
or high doses of GO-PU compared with the control group, indicat-
ing that GO-PU does not lead to lesions in major organs of mice,
which illustrates that the excellent biocompatibility of GO-PU.

For 2D materials, especially nGO-based materials, although
some researchers claimed that they were biocompatible [49,50],
there were many different opinions expressing their concerns
[51-53]. Some studies proposed that 2D materials like nGO and
black phosphorus might enter cells through endocytosis, thus
causing cell damaging [54]. The accumulation of nGO in the body
might also cause toxic effects based on oxidative stress [39], and
the effects on potential gene expression [55,56], thus limiting the

biological application of 2D materials. In general, nGO was deemed
to be safer than graphene due to its higher degree of oxidation and
less free electrons [57]. Moreover, some studies have shown that
the effect of graphene on cells was size- and dose-dependent,
and the graphene of smaller size and higher concentration was
more easily taken up by cells [39,58]. In this study, the GO-PU con-
tents in the polymeric scaffold were only 5%, while nGO contents in
GO-PU were 0.1%, and its unique dispersibility allowed it to grad-
ually disperse in the body fluid and eliminated out as the scaffold
degraded, which could minimize the toxic effects of nGO; and pre-
vious studies indicating that even tiny amounts of nGO also can
endow the matrix materials to biological activity [59,60]. During
this process, the polyurethane GO-PU should be partially degraded
to form a PEG-nGO complex [61,62]. Studies have shown that such
complexes were biosafe and even more biocompatible than nGO
[63,64]. Compared with nGO and other derivatives which were
easy to be endocytosed, nGO-PEG could stimulate macrophages
to secrete many cytokines related to cell activation without inter-
nalization, and its interaction with cell membranes not only did
not destroy the integrity of the membrane, but also promoted cell
migration. These evidences suggest that GO-PU is biocompatible,
and the addition of GO-PU ink modifier is able to endow the matrix
materials with multifunction but any toxicity.
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Fig. 7. Histological data acquired from the heart, liver, spleen, lung, and kidney 7 days after injection of the GO-PU.

4. Conclusion

In summary, a polyurethane GO-PU ink modifier with excel-
lent dispersibility was successfully obtained. It was confirmed
that GO-PU could be dispersed in various organic/aqueous
processing solvents, enabling it to be adapted to a variety of
3D printing systems for molding and thus applied to the intro-
duction and modification of nGO into other matrix materials.
Taking PEGDA and PLGA matrix materials as examples, it was
found that only 5% of GO-PU needed to be added before
molding, and thus these resulting composite GO-PU based
materials with better printability could be 3D-prined to
fabricate a better scaffold. Further results revealed that the
introduction of GO-PU could not only improve the mechanical
properties and printability of the bioinks that was beneficial
for 3D printing, but also endow the enhanced performances
of the resulting scaffolds from the incorporated functional
nGO segments, such as the mechanical properties, photo-
triggered drugs release. Further, the GO-PU based materials
were demonstrated with no toxicity in vitro and in vivo.
Therefore, this study opens up a facile and universal approach
for introduction of the emerging GO materials into 3D-printed
tissue regenerative scaffolds, holding much promise in enlarg-
ing its application in tissue regeneration.
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