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Abstract The impact of graphene oxide (GO) on

normal cells has been widely investigated. However,

much less is known on its effect on cancer cells.

Herein, GO nanosheets were incorporated into elec-

trospun cellulose acetate (CA) microfibers. The GO-

incorporated CA (GO/CA) microfibers were com-

bined with bacterial cellulose (BC) nanofibers via

in situ biosynthesis to obtain the nano-microfibrous

scaffolds. The GO/CA–BC scaffolds were character-

ized by scanning electron microscopy (SEM), Fourier

transform infrared spectroscopy (FTIR), thermogravi-

metric analysis (TGA), Raman spectroscopy, and

X-ray photoelectron spectroscopy (XPS). The GO/

CA–BC scaffolds were used for breast cancer cell

culture to evaluate the effect of GO on cancer cell

behavior. Fluorescence images revealed large multi-

cellular clusters on the surface of GO/CA–BC scaf-

folds. Compared to the bare CA–BC scaffold, the GO/

CA–BC scaffolds not only showed enhanced mechan-

ical properties but also improved cell proliferation. It

is expected that the GO/CA–BC scaffolds would

provide a suitable microenvironment for the culture of

cancer cells which is necessary for drug screening and

cell biology study.
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Introduction

Graphene oxide (GO) is a biocompatible material with

unique characteristics (Chang et al. 2011; Liao et al.

2011; Wojtoniszak et al. 2012). Unlike hydrophobic

graphene and carbon nanotube, GO possesses good

hydrophilicity and high reactivity thanks to the

presence of abundant oxygen-containing groups, such

as hydroxyl, epoxide, and carboxyl (Park and Ruoff

2009; Soldano et al. 2010). These functional groups

can not only improve the dispersion of GO in the

polymers (Verdejo et al. 2011; Young et al. 2012), but

also lead to enhanced mechanical properties of the

GO-incorporated polymer composites over pristine

polymers due to the interfacial interaction between

GO and polymers (Young et al. 2012; Zhu et al. 2010).

Therefore, GO is believed to be an ideal reinforcing

agent for composites (Da et al. 2012). For instance,

Depan et al. reported the improvement of the mechan-

ical properties in chitosan scaffolds through incorpo-

ration of GO (Depan et al. 2011). The GO/poly(vinyl

alcohol) nanofibrous scaffolds fabricated by Qi et al.

showed improved tensile strength and modulus over

neat poly(vinyl alcohol) (Qi et al. 2013). Pinto et al.

reported increased mechanical properties and higher

barrier to gases by adding GO to poly(lactic acid)

(Pinto et al. 2013). Our previous work also demon-

strated that incorporation of GO significantly

improved the mechanical properties of sodium algi-

nate (Mu et al. 2014) and bacterial cellulose (BC) (Si

et al. 2014; Luo et al. 2018a).

More importantly, apart from mechanical proper-

ties, GO could improve adhesion and proliferation of

different kinds of cells such as L-929 (Chen et al.

2008), MC3T3-E1 (Liang et al. 2018; Fu et al. 2017),

Schwann (Li et al. 2016; Jin et al. 2015), and stem cells

(Jin et al. 2015; Kim et al. 2017; Mazaheri et al. 2014).

Depan et al. observed improved cell attachment,

proliferation, and cell growth on GO-incorporated

chitosan scaffolds (Depan et al. 2011) and improved

proliferation of osteoblasts was also reported on GO/

poly(vinyl alcohol) nanofibrous scaffolds (Qi et al.

2013). Akhavan et al. reported that GO foam induced

effective proliferation and differentiation of the

human neural stem cells (hNSCs) (Akhavan et al.

2016). Cao et al. found that the scaffold consisting of

chitosan/poly(vinyl alcohol)/GO nanofibers could

deliver more appropriate environment for the growth

of mouse chondrogenic cells (ATDC5) when com-

pared with chitosan/poly(vinyl alcohol) (Cao et al.

2017). Shao and co-workers claimed enhanced bone

formation in electrospun poly(L-lactic-co-glycolic

acid)–tussah silk fibroin ultrafine nanofiber scaffolds

incorporated with GO (Shao et al. 2016). Very

interestingly, Kenry et al. demonstrated that the GO

film selectively accelerated the proliferation of both

metastatic and nonmetastatic breast cancer cells, but
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not that of noncancer breast epithelial cells (MCF-

10A) (Kenry et al. 2016). In spite of these achieve-

ments, no report can be found regarding the effect of

GO on cancer cell behavior when it is incorporated

into a structurally biomimetic scaffold, which has

hierarchical structure (varying collagen fibril diame-

ters) similar to natural extracellular matrix (ECM) in

some tissues such as muscles, blood vessels, bones,

skins, and neural networks (Xu et al. 2017; Du et al.

2019).

In this work, GO was incorporated into cellulose

acetate (CA) microfibers by electrospinning. The GO-

incorporated (GO/CA) microfibers were then impreg-

nated with the culture medium of bacterial cellulose

(BC), thus yielding novel nano-microfibrous GO/CA–

BC scaffolds via in situ biosynthesis (Luo et al.

2018a, b). The as-prepared GO/CA–BC scaffolds with

interpenetrated nano (*43–50 nm) and micron

(0.87–2.21 lm) fibers were seeded with human breast

cancer cells and the effect of GO on cell adhesion,

growth, and proliferation was assessed.

Materials and methods

Fabrication of GO—incorporated electrospun CA

microfibrous scaffolds

CA (Mn = 4.0 9 104 g mol-1) was supplied by

Shanghai Aladdin Bio-Chem Technology Co. Ltd.,

Shanghai, China. The CA solution with a concentra-

tion of 16% (w/v) was obtained by dissolving 1.2 g of

CA into 7.5 mL of mixture of acetone/acetic acid/

dichloromethane (volume ratio 2/2/1) under constant

stirring for 5 h. Subsequently, GO (thickness:

0.6–1.2 nm, lateral dimension: 0.5–5 lm, obtained

from Nanjing XFNANO Materials Technology Co.

Ltd., Nanjing, China) aqueous solution (2 mg mL-1)

was added to the above CA solution and stirred for 5 h

at room temperature. Then, electrospinning was

conducted at an applied voltage of 11 kV and a

dispensing rate of 0.3 mL h-1. An aluminum roller

acted as collector at a distance to the needle of 15 cm.

The temperature was kept at 25–30 �C and the relative

humidity at 30–35%. Microfibrous scaffolds were

obtained (named CA, GO/CA-1, GO/CA-2, and GO/

CA-3 with a GO content of 0, 0.1, 0.3, and 0.5 wt %,

respectively) and were vacuum dried to remove the

trace residual solvent.

Preparation of GO/CA–BC scaffolds

Figure 1 presents the fabrication procedures of GO/

CA–BC scaffolds by the combined electrospinning

and in situ biosynthesis. Briefly, a BC pellicle around

1 mm in thickness was first prepared by conventional

static culture using the bacterial strain Koma-

gataeibacter xylinus X-2. The culture medium was

composed of 2.5% (w/v) glucose, 0.75% (w/v) yeast

extract, 1% (w/v) tryptone, and 1% (w/v) Na2HPO4

and sterilized at 121 �C for 30 min, as described

previously (Wan et al. 2006, 2007, 2015). The thin BC

pellicle obtained was used as the substrate for the

preparation of GO/CA–BC scaffolds. Typically, the

electrospun GO/CA microfibrous scaffold was placed

on top of the BC pellicle. Afterwards, the culture

medium was sprayed into the GO/CA microfibrous

scaffold standing on BC substrate followed by in situ

BC growth inside the GO/CA scaffold until growth

completion. Immediately afterwards, the second cycle

of spraying and growing was initiated. The spraying

and growing cycle stopped when the fifth cycle was

completed, each one lasting around 1 h. The harvested

GO/CA–BC scaffolds with interpenetrated structure

of BC nanofibers and GO/CA microfibers was purified

by soaking in deionized water at 90 �C for 2 h, boiled

in a 0.5 M NaOH solution for 15 min, and then

washed several times with abundant deionized water

until neutrality. The thickness of the resultant GO/

CA–BC hydrogel was around 1 mm after removing

BC substrate. Finally, the GO/CA–BC scaffolds

(50 9 40 9 1 mm3) were purified, as reported previ-

ously (Luo et al. 2017, 2018a; Wan et al. 2007, 2018).

Some hydrogel samples were freeze dried for charac-

terization. The same procedure was employed to

produce a CA–BC scaffold for control.

Characterization methods

The morphology of GO was characterized by atomic

force microscopy (AFM, Agilent 5500, Agilent

Technologies). The morphology of the scaffolds

(freeze dried samples) was observed by scanning

electron microscopy (SEM, FEI Nano 430). The

average fiber diameter was measured using the Nano

Measure1.2 software by randomly selecting at least

100 fiber segments as reported in our previous work

(Wan et al. 2015), and, similarly, the pore size was

obtained by measuring at least 200 randomly selected
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pores. X-ray diffraction (XRD) analysis was con-

ducted to determine the crystalline structure of GO/

CA–BC scaffolds using a Rigaku D/max 2500 X-ray

diffractometer using Cu-Ka radiation (k = 0.154 nm).

Fourier transform infrared spectroscopy (FTIR) was

performed using a Perkin-Elmer Spectrum One spec-

trometer. Water contact angles of scaffold materials

(after pressing at room temperature in order to produce

flat surfaces) were measured using contact angle meter

(Dropmaster 300, Japan).

To measure the mechanical properties of various

scaffold materials, hydrogel samples with dimensions

of 10 9 5 9 1 mm3 were tested by a micro-electro-

magnetic fatigue testing machine (MUF-1050, Tianjin

Care Measure & Control Co., Ltd., Tianjin, China).

The strain rates were 0.08 mm s-1 in each case. At

least five specimens from each group were chosen for

the tensile test, and the averages and standard devi-

ations were reported.

Cell studies

Cell culture and seeding on scaffolds

The human breast cancer cell line (MCF-7) obtained

from Shanghai cell bank of Chinese Academy of

Sciences, was used in this work. The MCF-7 cells

(passaged to the seventh generation) were cultured in

Dulbecco’s modified eagle medium (DMEM,

Hyclone, America) supplemented with 10% fetal

bovine serum (FBS, Gibco, South America) in a

humidified incubator with 5% CO2 at 37 �C.
Circular scaffolds with a thickness of 1 mm and a

diameter of 15 mm were sterilized at 121 �C for

30 min. Then the scaffolds were placed into 24-well

culture plates and seeded at a cell density of 1 9 104

cells per well, followed by incubation in a 5% CO2

incubator at 37 �C filled with DMEM supplemented

with 10% FBS. The culture medium was renewed

every other day. The cell-loaded scaffolds were

removed at specific intervals to examine cell attach-

ment, morphology, and proliferation with fluores-

cence, SEM, and cell counting kit-8 (CCK-8).

Cell viability assay

Cellular viability was measured using CCK-8 assay at

the first, third, and fifth day of culture. Following

incubation, 200 lL of medium (containing 10% CCK-

8 reagent) was added to each well and plates were

incubated in darkness for 2 h at 37 �C. After the

culture medium was transferred to 96-well plates, the

absorbance was read at 450 nm using microplate

reader (iMark, Bio Rad, USA).

Live staining

After cell culturing under the above-mentioned con-

ditions, the scaffolds were rinsed with phosphate

buffered saline (PBS) and then stained with

Fig. 1 Preparation procedures of GO/CA-BC scaffolds
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fluorescein diacetate (FDA). After incubation for

another 2 min, the stained cultures were observed

under a fluorescence microscope (Nikon, ECLIPSE

Ts2R, Japan).

Cell adhesion and morphology

SEM was used to observe the cell adhesion and

morphology. The MCF-7 cells were cultured on the

scaffolds and incubated in DMEM supplemented with

10% FBS at 37 �C for 5 days. The constructs with

cells were then gently washed 3 times with PBS, fixed

with 2% glutaraldehyde at 4 �C for 12 h and then

dehydrated through gradient ethanol solutions (50, 60,

70, 80, 90, 95, and 100%). Immediately afterwards,

the ethanol was replaced with hexamethyl disily-

lamine to preserve the morphology of cells. Finally,

the scaffolds with cells were coated with a layer of

gold and observed by SEM. From the SEM images, the

cell area (in lm2) was defined as the area covered by

the cell projected over the substrate (Collartdutilleul

et al. 2014; Galli et al. 2016).

Statistical analysis

The experimental data was analyzed using an SPSS

software (version 20) and a one way ANOVA with

least-significant difference (LSD) post hoc was used to

determine the presence of any significant differences

between different sample groups. Statistically signif-

icant differences were accepted as p value B 0.05.

Results and discussion

Morphology

As shown in Fig. S1 (Supplementary Material), GO

was about 500 nm in size and 0.6 nm in thickness,

thus consisting of single layer sheets, consistent with

the specifications provided by the supplier.

The SEM images together with fiber diameter

distribution and digital photos of CA–BC, GO/CA-

BC-1, GO/CA-BC-2, and GO/CA-BC-3 composites

are illustrated in Fig. 2. As expected, the sample color

becomes darker as GO content increases in CA

(Fig. 2a). The SEM image of CA–BC scaffold shows

two different kinds of fibers (Fig. 2b), one being

nanofibers with an average diameter of 43.50 nm, the

other being microfibers with an average diameter of

2.21 lm (Fig. 2c). Clearly, the entangled structure is

demonstrated in Fig. 2b. Such interpenetrated struc-

ture is beneficial to the improvement of mechanical

properties. SEM images suggest that all GO/CA–BC

scaffolds show similar structure with thick GO/CA

microfibers entangled with fine BC nanofibers

(Fig. 2b, e, h, k). Similar to previous reports

(Ardeshirzadeh et al. 2015; Liu et al. 2014; Liu et al.

2017), GO is hardly detectable from SEM observation

since these GO sheets are embedded inside the CA

fibers during electrospinning. Fiber diameter distribu-

tions (Fig. 2c, f, i, h) reveals the continuous decrease

of the average diameter of electrospun GO/CA fibers

with increasing GO content. Furthermore, pore size

measurements reveal that the incorporation of GO into

CA–BC scaffold leads to a slight change in the pore

structure (Fig. S2, Supplementary Material).

Physiochemical properties

Figure 3a presents the FTIR spectra of various mate-

rials. Powdery GO exhibits the characteristic peaks at

3432, 1723, 1630, and 1096 cm-1 for O–H stretching,

C = O stretching vibration, and C = C stretching, C–

O–C stretching vibration, respectively (Shao et al.

2016). CA shows O–H stretching at 3491 cm-1, -CH2

asymmetric stretching at 2894 cm-1, C–O–C stretch-

ing at 1052 cm-1 (Uddin et al. 2016; Liu and Hsieh

2002), and C = O in-plane stretching vibration at

1740 cm-1 which is an indication of the formation of

ester group as a result of acetylation reaction (Kabiri

and Namazi 2014). As expected, characteristic peaks

at 3348, 2890, and 1061 cm-1 are observed in the

spectrum of BC, which correspond to –OH bonds,

asymmetric stretching vibration of C-H, and anti-

symmetric bridge stretching of C–O–C, respectively.

These peaks are also observed in the spectra of GO/

CA–BC. However, the peak at 1740 cm-1 in CA

disappears in GO/CA–BC due to acetate hydrolysis in

alkaline medium during purification of BC, as previ-

ously reported by Liu et al. (Liu and Hsieh 2002).

Compared with CA, a significant red shift for –OH

groups is observed in CA–BC, which can be due to the

formation of hydrogen bonding between CA and BC

(Wan et al. 2018). There is also an obvious peak shift

of –OH groups in GO/CA as compared to the pristine

materials, indicating the hydrogen bonding reaction

between CA and GO. Similar interactions between
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filler and polymer matrices, detected as a shift of –OH

stretching band, have been noticed in several types of

composites (Aboamera et al. 2018; Layek et al. 2018).

The crystalline structure of CA–BC and GO/CA–

BC materials was determined (Fig. 3b). The XRD

pattern of BC is typical, showing three characteristic

peaks at 14.6�, 16.8�, and 22.8�, which correspond to

the (1 �1 0), (110), and (200) diffraction planes of

cellulose, in line with previous studies (Luo et al.

2018b; Si et al. 2014; Tokoh et al. 1998). Likewise,

GO shows a typical pattern with an intense character-

istic peak at 2h = 11.5�, corresponding to its diffrac-

tion plane of (001), consistent with previous works

(Blanton and Majumdar 2013). The XRD pattern of

CA is also similar to previously reported results,

showing two broad peaks at 2h = 9.6 and 20� (He et al.
2007). Obviously, the XRD pattern of CA–BC is

approximately the mixture of BC and CA but without

Fig. 2 Digital photos (a, d, g, j), SEM micrographs (b, e, h, k),
and fiber diameter distribution (c, f, i, l) of CA-BC (a, b, c), GO/
CA-BC-1 (d, e, f), GO/CA-BC-2 (g, h, i), and GO/CA–BC-3 (j,

k, l) scaffolds prepared by electrospinning and in situ biosyn-

thesis. Scale bar: 5 lm
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showing the weaker peaks of CA and BC. The XRD

pattern of GO/CA–BC-2 is almost identical to that of

CA–BC without showing the characteristic peak of

GO, due to the limited amount of GO (0.3 wt %).

Similarly, the XRD pattern of GO/CA-2 does not show

the GO peak.

Raman spectroscopy was used to further confirm

the existence of GO in the CA fibers and its structure.

As shown in Fig. 3c, two characteristic peaks are

observed at about 1345 and 1590 cm-1 in the Raman

spectra of GO, GO/CA-2, and GO/CA–BC-2, which

correspond to the D and G bands, respectively (Si et al.

2014; Stankovich et al. 2007). It is noted that BC does

not show any peak. Although, similar to a previous

report (Baldino et al. 2015), there are peaks in the

spectrum of CA, they do not contribute to D and G

bands. These results confirm the presence of GO in

GO/CA-2 and GO/CA–BC-2. The intensity ratio of

the D band to the G band (ID/IG, another parameter

reflecting the structure of carbon materials and repre-

senting the disorder degree of carbon materials [3]) is

calculated to be about 0.99 for GO. The ID/IG of GO/

CA-2 is close to that value, indicating little effect of

the electrospinning process on the structure and

texture of GO. However, the ID/IG of GO/CA–BC-2

increases to 1.08 after the introduction of BC. This

effect can be assigned to the removal of some oxygen-

containing functional groups on the surface of GO

during washing in boiling NaOH solution (Fan et al.

2008; Si et al. 2014).

To determine the functional groups and bonding

characteristics of the CA, CA–BC, and GO/CA–BC

materials, XPS analysis was carried out and the results

are displayed in Fig. 3d, Fig. S3, and Table S1

(Supplementary Material). As shown in Fig. S3, the

wide-scan spectra of the three materials are similar,

showing the presence of C and O elements, as

expected. Figure 3d1 and Table S1 show that the

high-resolution C 1 s of CA can be deconvoluted into

four sub-peaks at 284.6, 286.4, 287.5, and 288.7 eV,

which can be assigned to C–C or C–H (62.8%), C–O

(21.4%), C–O–C (7.9%), and O–C = O (7.9%)

groups, respectively (Dorris and Gray 1978). As

shown in Fig. 3d2 and Table S1, the deconvoluted

results of the high-resolution C 1 s of CA–BC show

the same constitution of C–C/C–H, C–O, C–O–C, and

O–C = O groups. However, Table S1 reveals that the

binding energies of C-O and O–C = O in CA–BC

become lower than CA, likely due to the hydrogen

bonding interaction between –OH in BC and O–C = O

in CA. This finding agrees well with the FTIR result.

Furthermore, although there are no changes in the

Fig. 3 FTIR (a), XRD (b), Raman (c), and XPS (d) results of relevant materials. Fitting results of C 1 s spectra of CA (d1), BC-CA

(d2), and GO/CA–BC-2 (d3)
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functional groups between CA–BC and GO/CA–BC-

2, a slight reduction in the binding energy of O–C = O

is noted (Fig. 3d3 and Table S1), which can be

attributed to the possible hydrogen bonding interac-

tion between –OH and O–C = O in CA and GO. The

XPS findings further confirm the interfacial interac-

tions among the three components.

Prior to mechanical characterization, thermal sta-

bility of GO/CA–BC, GO, and CA–BC was measured,

and the results are presented in Fig. S4 (Supplemen-

tary Material), which reveals that the three GO/CA–

BC scaffold materials show similar TG curves to CA–

BC, suggesting a negligible influence of GO due to its

low amount in the composites.

The mechanical testing results are displayed in

Fig. 4. As shown in Fig. 4a, the tensile stress–strain

curves of four scaffold materials suggest that their

maximum stress and strain at break are different.

Moreover, Fig. 4b–d reveals that the differences in

tensile strength, tensile modulus, and strain at break

are significant (p\ 0.01) among four scaffold mate-

rials except for strain at break between CA–BC and

GO/CA–BC-1 (p[ 0.05). Figure 4b reveals an

increasing trend of tensile strength with GO content

in the composites. The GO/CA–BC-3 with 0.5 wt %

GO shows an 83% improvement in tensile strength as

compared to bare CA–BC. The change of tensile

modulus with GO content exhibits the same trend

(Fig. 4c), while the reverse is observed for the strain at

break (Fig. 4d).

Wettability is a critical parameter, concerning the

use of the scaffolds for cell culture. Thus, we tested the

water contact angles of various scaffolds. Fig. S5

(Supplementary Material) reveals that all materials

except CA are hydrophilic (GO = 64.1�, CA =

124.5�, BC = 37.6�, CA–BC = 55.7�, GO/CA–BC-
1 = 45.8�, GO/CA–BC-2 = 42.6�, GO/CA–BC-

3 = 38.8�) with water contact angles of\ 90� due to
the good hydrophilicity of BC. The GO/CA–BC

Fig. 4 Tensile properties of CA-BC and GO/CA–BC scaffold

materials. a Typical stress–strain curves, b Tensile strength,

c Tensile modulus, d Strain at break. The values are expressed as

mean ± SD. Significance was defined as **p\ 0.01, n = 5. ns

represents not significant, p[ 0.05
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materials are significantly more hydrophilic than the

bare CA–BC (p\ 0.05).

Cell studies

To evaluate the cytotoxicity of various scaffolds, the

cellular viabilities of MCF-7 cells incubated on the

CA–BC and GO/CA–BC scaffolds were determined

via the CCK-8 assay (Fig. 5). The MCF-7 cells on the

four scaffolds show progressive increase over time in

optical density (OD), an indication of cell viability,

suggesting robust proliferation. At day 1, 3 and 5, GO/

CA–BC-2 shows significantly higher OD than other

composite scaffolds, suggesting an optimal GO for

cell proliferation.

The biocompatibility was also analyzed by fluores-

cence (viability) staining. Figure 6 shows images of

MCF-7 cells cultured on various scaffolds. The cells

exhibit good adherence, spreading, and robust growth

on all scaffolds. The number of cells increases

continuously. These results are in accordance with

cell viability assay results shown in Fig. 5, although

quantitative comparisons cannot be made.

To determine cell ingrowth inside the scaffolds,

laser confocal microscope was used. As seen in Fig. 7,

many cell clusters are found inside all scaffolds. To

further assess the cell proliferation behavior, cell

number was counted from the confocal images

(Fig. S6, Supplementary Material). The number of

cells per mm3 scaffolds is 126, 133, 197, and 161 for

CA–BC, GO/CA–BC-1, GO/CA–BC-2, and GO/CA–

BC-3, respectively. This result suggests that incorpo-

ration of GO into CA-BC promotes cell proliferation.

SEM was used to further observe the morphology

of MCF-7 cells cultured on scaffolds (Fig. 8).

Although no significant difference in cell morphology

can be discerned among four scaffolds, the cells on

these scaffolds show robust proliferation with spread-

out appearances as well as abundant leafy protrusions

(Fig. 8a–d) either at day 3 or day 5, which is an

indication of good cell attachment. Furthermore, as

shown in Fig. 8e, the spreading area is different

among these scaffolds. The GO/CA–BC-2 shows the

largest spreading area among these scaffolds.

Discussion

An ideal artificial scaffold (for the culture of either

cancer or normal cells) should have a suitable structure

to mimic ECM such that cellular behavior can be

promoted. In this study, to obtain an ideal scaffold

with ECM-like morphology and favorable mechanical

properties, GO-impregnated biomimetic scaffolds

composed of GO/CA microfibers and BC nanofibers

have been fabricated via the combined electrospinning

and in situ biosynthesis process. The aim of this work

was to evaluate the influence of GO incorporation into

CA on morphology and physiochemical properties as

well as cell adhesion, spreading, and proliferation.

First, we find that the morphology of GO/CA

microfibers is not significantly affected by GO incor-

poration except that the CA fiber diameter decreases

with the GO content. This is due to the higher viscosity

when more GO is added to CA solutions (Liu et al.

2014). Interestingly, SEM observations reveal the

interpenetrated structure of BC nanofibers (with an

average diameter of 43–50 nm) and GO/CA micro-

fibers (with a diameter of 0.87–2.2 lm). Such mor-

phology is similar to native ECM in muscles, blood

vessels, bones, skins, and so on (Xu et al. 2017; Du

et al. 2019) in which collagen fibrils have a varying

diameter ranging from tens to hundreds of nanometers

(Rho et al. 2006). In addition, to strengthen the CA–

BC scaffold, we have incorporated GO into the CA

microfibers and significantly improved mechanical

properties are achieved. The reinforcing effect of GO

nanosheets in polymer matrix composites has been

0.0
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Fig. 5 Cell viability assay results of MCF-7 breast cancer cells

cultured on CA–BC and GO/CA–BC scaffolds for 1, 3, and

5 days. The asterisk (*) indicates statistically significant

differences for p-values\ 0.05, double asterisks (**) indicate

statistically significant differences for p-values\ 0.01
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well documented. The interactions between the poly-

mer matrix and GO are believed to restrict the

movement of the polymer chains and increase their

entanglement, thus enhancing strength while reducing

Fig. 6 Representative fluorescence microscopy images showing the viability of MCF-7 breast cancer cells cultured on different

scaffolds. FDA was used to stain the live cells. All scale bars represent 100 lm

Fig. 7 Laser confocal microscopic images of MCF-7 cells after proliferation for 3 days on CA–BC (a), GO/CA–BC-1 (b), GO/CA–
BC-2 (c), and GO/CA–BC-3 (d) scaffolds. Scale bar: 100 lm
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ductility (Potts et al. 2011). In the present GO/CA–BC

composites, the significant improvements in tensile

strength and modulus can be attributed to the interfa-

cial interaction between CA and GO, as suggested by

FTIR and XPS analyses and the mechanical entangle-

ment between GO/CA microfibers and BC nanofibers.

The proposed mechanisms are schematically illus-

trated in Fig. 9.

We then compared the attachment, spreading,

proliferation, and morphology of MCF-7 cells seeded

on different scaffolds. Our main finding is that GO

incorporation significantly influences the behavior of

MCF-7 cells that adhere and proliferate on different

Fig. 8 SEM images (a–d)
and cell spreading area (e) of
MCF-7 cells seeded on CA-

BC (a), GO/CA-1 (b), GO/
CA-2 (c), and GO/CA-3

(d) scaffolds for 3 (upper

row) and 5 (bottom row)

days. The asterisk (*)

indicates statistically

significant differences for

p\ 0.05, while double

asterisks (**) indicate

statistically significant

differences for p\ 0.01,

scale bar: 50 lm

Fig. 9 A schematic illustration showing the improved mechanical properties of GO/CA–BC materials
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scaffolds. Although both CCK-8 and live cell staining

demonstrate progressive cell proliferation on all

scaffolds, quantitative CCK-8 assay and spreading

calculation indicate more robust cell proliferation on

and inside GO/CA–BC-2 scaffold. These results

suggest that the GO/CA–BC-2 scaffold is very

promising in providing favorable microenvironment

for cancer cells. All together, the combined results of

cell studies demonstrate that GO incorporation into

biomimetic scaffolds can lead to improved prolifera-

tion of cancer cells.

We believe that the improved cancer cell attach-

ment, spreading, and proliferation can be attributed to

the following two aspects. On the one hand, the

biomimetic nano-micron morphology contributes to

the good cell functions. Although there is no report on

cancer cells cultured in nano-microfibrous scaffolds, a

few previous studies confirmed the suitability of

nanofibrous scaffolds for cancer cell growth and

survival (Sims-Mourtada et al. 2014; Kazantseva

et al. 2018; Bae et al. 2011), which indicates that both

normal and cancerous tissues are responsive to ECM-

like microenvironments. Here, we combine nanofibers

with microfibers to provide a more elaborate ECM-

like microenvironment than single nanofibers or

microfibers. Thus, MCF-7 cells cultured on the

nano-microfibrous scaffolds display persistent prolif-

eration, which may significantly improve the cell–cell

and cell–ECM communications. On the other hand,

GO incorporation is responsible for such improve-

ments, which has been demonstrated by many previ-

ous studies (Kenry et al. 2018; Akhavan et al. 2016).

Furthermore, we also find that cancer cell spreading

and proliferation are dependent on the GO content.

The GO-dependent toxicity has been well documented

in literature (Mohammadrezaei et al. 2018). Mazaheri

et al. reported a GO content-dependent proliferation of

stem cells (Mazaheri et al. 2014). Ordikhani et al.

found that the GO/chitosan is highly biocompatible to

human osteosarcoma cells (MG-63) up to 30 wt. %

GO, and a slight cytotoxicity is noticed at higher

concentrations (Ordikhani et al. 2015).

Although further studies in vivo are still required to

evaluate their efficacy in promoting cancer formation,

the current studies suggest that the GO/CA-BC

scaffolds might provide favorable microenvironment

for the proliferation of cancer cells and may serve as

an in vitro cancer cell model which is important for

drug screening and cancer biology research (Xu et al.

2014; Horning et al. 2008). The results presented in

this work may accelerate the application of GO in the

scaffolds for the culture of cancer cells.

Conclusions

In summary, biomimetic scaffolds consisting of BC

nanofibers and GO-incorporated CA microfibers were

prepared by a combined technique of electrospinning

and in situ biosynthesis. Our results showed that the

mechanical properties of the GO/CA–BC scaffolds

were improved by GO incorporation due to the

interfacial interaction between CA and GO and the

mechanical entanglement between GO/CA microfi-

bers and BC nanofibers. Similarly, the hydrophilicity

of the GO/CA–BC scaffolds was significantly

improved by GO incorporation. In vitro cell studies

including CCK-8 assay, fluorescence staining, and

SEM observation revealed significantly better cellular

adhesion, growth, and proliferation on and inside the

GO/CA–BC-2 scaffold over the bare CA–BC scaffold,

suggesting the positive impact of GO. Our results

demonstrated that the GO/CA–BC-2 scaffold with

optimum GO content exhibited improved mechanical

properties and cancer cell attachment, spreading, and

proliferation. We believe that the GO/CA–BC-2

scaffold has great potential as platform for the culture

of cancer cells which is necessary for drug screening

and cancer biology research.
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