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ORIGINAL ARTICLE

Graphene oxide significantly inhibits cell growth at sublethal concentrations
by causing extracellular iron deficiency

Qilin Yua, Bing Zhanga, Jianrong Lia, Tingting Dub, Xiao Yia, Mingchun Lia, Wei Chenb and
Pedro J. J. Alvarezc

aKey Laboratory of Molecular Microbiology and Technology, Ministry of Education, College of Life Science, Nankai University, Tianjin,
China; bCollege of Environmental Science and Engineering, Tianjin Key Laboratory of Environmental Remediation and Pollution
Control, Nankai University, Tianjin, China; cDepartment of Civil and Environmental Engineering, Rice University, Houston, TX, USA

ABSTRACT
Graphene oxide (GO)-based materials are increasingly being used in medical materials and con-
sumer products. However, their sublethal effects on biological systems are poorly understood.
Here, we report that GO (at 10 to 160mg/L) induced significant inhibitory effects on the growth
of different unicellular organisms, including eukaryotes (i.e. Saccharomyces cerevisiae, Candida
albicans, and Komagataella pastoris) and prokaryotes (Pseudomonas fluorescens). Growth inhib-
ition could not be explained by commonly reported cytotoxicity mechanisms such as plasma
membrane damage or oxidative stress. Based on transcriptomic analysis and measurement of
extra- and intracellular iron concentrations, we show that the inhibitory effect of GO was mainly
attributable to iron deficiency caused by binding to the O-functional groups of GO, which
sequestered iron and disrupted iron-related physiological and metabolic processes. This inhibi-
tory mechanism was corroborated with supplementary experiments, where adding bathophe-
nanthroline disulfonate—an iron chelating agent—to the culture medium exerted similar
inhibition, whereas removing surface O-functional groups of GO decreased iron sequestration
and significantly alleviated the inhibitory effect. These findings highlight a potential indirect det-
rimental effect of nanomaterials (i.e. scavenging of critical nutrients), and encourage research on
potential biomedical applications of GO-based materials to sequester iron and enhance treat-
ment of iron-dependent diseases such as cancer and some pathogenic infections.
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Introduction

Graphene oxide (GO) and its derivatives are an
emerging class of carbon nanomaterials that pos-
sess extraordinary electronic, mechanical, optical
and thermal properties, and have shown great
promise in many potential applications (Buriak and
Toro, 2015; Compton and Nguyen, 2010; Zhu et al.,
2010). Furthermore, GO materials have been consid-
ered as an excellent candidate for a number of bio-
medical applications, ranging from gene and drug
delivery to bio-imaging and bio-sensing (Chung
et al., 2013; Liang et al., 2015). The increasing pro-
duction, use, and accidental or incidental release of
these materials call for improved understanding of
their potential human health and ecological effects
(Seabra et al., 2014; Turco et al., 2011). Because
released GO-based materials would likely reach

biological systems at relatively low concentrations
(Gottschalk, Sun, and Nowack 2013; Mueller and
Nowack, 2008), there is a particular need to discern
sublethal effects. This would inform risk assessment
and also enable their benign use in medical
practices.

Cytotoxicity of GO has been previously reported
(Chatterjee et al., 2017; Chen et al., 2016; Ema et al.,
2016). The sharp edges and thin-film structure of
GO may cause plasma membrane damage (Carpio
et al., 2012; Mangadlao et al., 2015; Perreault et al.,
2015; Zou et al., 2016). GO can also lead to oxida-
tive stress regardless of the participation of induced
reactive oxygen species (ROS) (Li et al., 2014; Liu
et al., 2011), as well as interfere with biochemical
functions by interacting with intracellular compo-
nents such as proteins and deoxyribonucleic acid
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(DNA) (Feng et al., 2016; Frost et al., 2016). These
effects often result in cell apoptosis and necrosis
(Seabra et al., 2014; Bianco, 2013; Qu et al., 2013).
Most of the previous studies on GO cytotoxicity
focused on exposure of organisms to lethal-concen-
trations of GO. Only one study investigated the
effect of GO at sublethal concentrations, and showed
that GOmay promote the growth of both bacteria and
mammalian cells, even though the specific mecha-
nisms were not discussed (Ruiz et al., 2011). To date,
no studies have reported detrimental biological
effects of GO at sublethal concentrations.

Various nanomaterials (e.g. carbon nanotubes
and CeO2 nanoparticles) can adsorb and decrease
the bioavailability of different nutrients, such as fol-
ate, amino acids, proteins, phosphate, and metal
ions (Guo et al., 2008; Hoecke et al., 2009;
Hernandez-Viezcas et al., 2016; Lowry et al., 2012;
Ma et al., 2015). Accordingly, even at sublethal con-
centrations, nanomaterials may hinder biological
systems by depleting extracellular nutrients that are
essential for cell growth. Thus far, only one study
has reported this issue – it attributed the inhibitory
effect of carbon nanotubes to their adsorption and
extracellular depletion of folate (Guo et al., 2008).
GO is rich in surface O-functional groups (Dreyer
et al., 2010), and can interact strongly with many
different nutrients (e.g. metal ions, amino acids, and
vitamins). In particular, the carboxyl and phenolic
groups of GO are strong metal-complexing moieties
(Gao et al., 2017a; Ren et al., 2014, 2016; Sitko et al.,
2013; Sun et al., 2013; Zhao et al., 2011), and
can interact strongly with certain divalent and triva-
lent cations (e.g. Fe3þ/Fe2þ, Cu2þ, Zn2þ, Mn2þ, and
Ca2þ) in both extracellular and intracellular
environments.

This study investigated how sublethal exposure
to GO affects cell growth. We postulated that strong
binding of essential elements (e.g. iron) by GO may
interfere with their cellular uptake, resulting in sig-
nificant negative effects on cell growth and
impaired metabolism. Four types of unicellular
organisms, including eukaryotic and prokaryotic
cells (i.e. Saccharomyces cerevisiae, Candida albicans,
Komagataella pastoris, and Pseudomonas fluorescens)
were tested. Cell counting and propidium iodide
(PI) staining were used to quantify effects on cell
growth at sublethal concentrations. ROS accumula-
tion, endocytosis-induced intracellular dysfunction,

and transcription profiling analyses were also con-
ducted to understand the primary inhibitory mecha-
nisms. Additional confirmatory experiments were
conducted to control the bioavailable iron concentra-
tion, by using an iron chelating agent and a NaBH4-
reduced GO (rGO). The physiological effects of iron
deficiency were corroborated by inhibited adenosine
triphosphate (ATP) production and aconitase activity.

Materials and methods

Preparation and characterization of GO and rGO

The GO material used in this study was synthesized
using the modified Hummer’s method (Hummers
and Offeman, 1958). The rGO was prepared by
reducing GO with NaBH4 in a Teflon-lined stainless
steel autoclave (Shen et al., 2009). GO and rGO
were characterized by atomic force microscopy
(AFM, NT-MDT, NTEGRA Prima, Russia), Raman spec-
troscopy (Renishaw, inVia, UK), Fourier transformed
infrared spectra (FT-IR, Bio-rad, FTS6000, Hercules,
CA, USA), and X-ray photoelectron spectroscopy
(XPS, Kratos Analytical Ltd., Axis Ultra DLD, UK).

The key physicochemical properties of GO are
shown in Figure 1. AFM images show that GO had
lateral dimensions of 100–1000 nm, and thickness of
approximately 1 nm (Figure 1(A)). The Raman spec-
trum shows the typical G band at �1580 cm�1, D
band at �1350 cm�1, and 2D band at �2700 cm�1

(Figure 1(B)), consistent with the literature (Zhao
et al., 2011; Valles et al., 2008). The XPS spectrum
exhibits strong C KLL, O KLL, O1s, and C1s bands,
indicating a high surface O content (30.15%). The
C1s spectrum shows the existence of C–O (286.2 eV,
26.38%), C@O (287.8 eV, 16.88%) and O–C@O
(289.0 ev, 3.36%) surface functional groups (Figure
1(C)) (Zhao et al., 2011; Waltman, Pacansky, and
Bates 1993). FT-IR analysis further confirms that GO
contained surface O-functional groups, including
C@O (1725 cm�1) and C–O (1161 cm�1 and
1059 cm�1) (Figure 1(D)). The XPS data of rGO show
that rGO had much lower surface O-content
(11.67%), as the majority of the O-containing groups
was removed during reduction (Fig. S1).

Growth inhibition experiments

Stock suspensions of GO and rGO (10,000mg/L)
were prepared in yeast extract–peptone–dextrose
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(YPD) medium (1% yeast extract, 2% peptone, 2%
glucose). The stock suspensions were sonicated for
30min (AS3120, Autoscience, China) before use.
Growth inhibition by GO was tested in 20-mL glass
tubes. For the concentration-dependent inhibition
assay, overnight-cultured S. cerevisiae INVSc1 cells
(Invitrogen, Carlsbad, CA, USA) were suspended in
fresh YPD medium (OD600 ¼ 0.1) containing GO at
varied concentrations (0, 10, 20, 40, 80, 160, 320,
and 640mg/L). Although these values might be
relatively high compared to other nanomaterial con-
centrations predicted by volume-averaged calcula-
tions at the regional scale (which typically suggest
sub-ppb levels in aquatic systems (Gottschalk, Sun,
and Nowack 2013; Mueller and Nowack, 2008)), they
are relatively low for therapeutic and antimicrobial
applications (Perreault et al., 2015; Liu et al., 2011;
Wu et al., 2017). Furthermore, some nanomaterial
concentrations near a point of release (e.g. waste-
water treatment plant effluents) can easily reach

10 s of ppm (Westerhoff et al., 2011; Kiser et al.,
2009). Therefore, it is meaningful to investigate the
biological effects of GO at the tested
concentrations.

The tubes were cultured by shaking at 30 �C for
24 h (or 48 h for longer-term exposure). Then, cells
in each tube were counted with hemocytometers,
and the percent of growth was calculated as the
cell number of each group divided by that of the
control (cells receiving no GO treatment)� 100. To
determine the effects of Fe3þ and the iron chelator
bathophenanthroline disulfonate (BPS, Sigma, St.
Louis, MO, USA) on the inhibitory effect of GO, the
yeast cells were cultured in the medium amended
with 1mM FeCl3 or 200lM BPS. To determine the
effect of ROS scavengers on the toxicity of GO, the
yeast cells were cultured in the medium containing
5mM N-acetyl-L-cysteine (NAC, Sigma) or 5mM
glutathione (GSH, BBI, China). In the endocytosis
inhibition test, the yeast cells were cultured in the

Figure 1. Characterization of as-synthesized GO. (A) AFM image. (B) Raman spectrum. (C) XPS C1s spectrum. (D) FT-IR spectrum.
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medium containing 0.2mg/L filipin (Sigma) or 2 lM
cytochalasin D (Cyt D, Invitrogen). Growth inhibition
tests of GO to other microbes were described in
Supporting Information (SI).

Cell damage assays

To determine cell damage under GO treatment, the
yeast cells were treated with GO for 24 h as
described above. The cells were harvested, washed
with PBS and stained with PI (prepared in double-
distilled water, final concentration of 5mg/L, Sigma)
for 5min to assess damage to the plasma mem-
brane (Bulcke, Thiel, and Dringen, 2014). Both the
PI-positive cells (dead cells) and the total cells were
observed using a fluorescence microscope (BX53,
Olympus, Japan). At least 20 fields were measured.
Cell damage was also observed using transmission
electron microscopy (TEM) as described in SI.

Transcription profiling analysis

To investigate the transcription profiling under GO
treatment, the yeast cells were cultured in YPD
medium or the medium containing 160mg/L GO at
30 �C for 24 h, and then harvested for ribonucleic
acid (RNA) extraction. Total RNAs were extracted
from the treated cells using the hot phenol method
(Shirzadegan, Christie, and Seemann 1991). The
quality and quantity of the total RNAs were ana-
lyzed using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and gel elec-
trophoresis. RNAs were used to generate double-
stranded cDNA using the SMARTTM cDNA Library
Construction Kit (Clontech, Mountain View, CA,
USA). The obtained cDNAs were then used to con-
struct a 454 library. Roche GS-FLX 454 pyrosequenc-
ing was carried out using Illumina HiSeqTM 2000
(Oebiotech Company, China). Gene annotations
were retrieved from S. cerevisiae genome browser
(www.yeastgenome.org). Assignment of Gene
Ontology and Kyoto Encyclopedia of Genes and
Genomes (KEGG) terms was based on Joint Genome
Institute (JGI) annotations. Enrichment of differen-
tially regulated genes in Gene Ontology and KEGG
was determined using GOSeq (Gou, Onnis-Hayden,
and Gu, 2010). The results of transcription profiling
analysis were confirmed by the real-time polymer-
ase chain reaction (RT-PCR) as described in SI.

Biochemical analyses

ROS levels in the GO-treated cells were assessed
using the oxidant-sensitive agent 20,70-dichlorofluor-
escin diacetate (DCFH-DA) (Liu et al., 2010). The
yeast cells were treated with different concentra-
tions of GO for 24 h, washed twice with PBS buffer,
and stained with DCFH-DA (dissolved in PBS buffer,
final concentration of 10mg/L) at 30 �C for 50min.
The stained cells were washed again with PBS buf-
fer, and observed with a fluorescence microscope
(BX53, Olympus, Japan) equipped with the GFP fil-
ter set. The DCF fluorescence-positive cells (ROS-
accumulating cells), and the total cells were
counted in each field. At least 30 fields were
observed.

ATP contents in the yeast cells were determined
based on the ATP-dependent luciferase (Lundin,
1999). The yeast cells were treated by GO (160mg/L),
Fe3þ, and BPS in YPD medium for 24 h, harvested,
suspended in 0.05M Tris–HCl (pH 7.6) and broken by
alternately vortexing and freezing with liquid nitro-
gen. The lysates were centrifuged at 12,000 rpm for
10min, and the supernatants were used for ATP
assay. ATP contents in the supernatants were
detected using an ATP analysis Kit (Beyotime
Biotech., China). The protein contents in the superna-
tants were also determined using the Coomassie bril-
liant blue agent.

Aconitase activity was assayed by detecting
reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) production coupled with cit-
rate–isocitrate–a-ketoglutaric acid conversion.
Aconitase is an important iron–sulfur protein, and
its activity reflects iron-dependent mitochondrial
function (Beinert, Kennedy, and Stout 1996). The
treated yeast cells were harvested and broken as
described in ATP assay, obtaining the protein
extracts. Aconitase activity of the protein extracts
was determined as described previously (Xu et al.,
2014).

Iron measurement

To detect extracelluar and intracellular iron concen-
trations, the cultures were centrifuged at 35,000 rpm
(OptimaTM LE-80 K, Eppendorf, Hauppauge, NY, USA)
for 60min. Then, both the supernatant and the
washed cells were digested with 33% HNO3, and the
iron concentrations were analyzed using an
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inductively coupled plasma–mass spectrometry
(ICP–MS) spectrometer (Elan drc-e, PekinElmer,
Waltham, MA, USA).

Adsorption of Fe3þ to GO and rGO

To compare the adsorption affinity for Fe3þ

between GO and rGO, a series of 40-mL amber glass
vials were prepared, each containing 80mg/L GO

(or rGO) and 28.5mg/L Fe3þ (pH¼ 6.5). The total
volume was adjusted to 10mL with double-distilled
water. The vials were shaken at 60 rpm for 24 h to
reach adsorption equilibrium. Afterward, the vials
were centrifuged at 35,000 rpm for 60min, and the
supernatants were withdrawn to analyze the con-
centrations of un-adsorbed Fe3þ. The adsorbed
mass was calculated based on a mass balance
approach (Wang and Chen, 2005).

Figure 2. GO treatment significantly inhibits the growth of yeast cells but does not cause noticeable cell death. (A) Growth inhib-
ition. The yeast cells were cultured in YPD medium containing the indicated concentrations of GO for 24 h. The cells were then
counted with hemocytometers, and growth (% Growth) was normalized to that of the control. (B) Cell damage. The GO-treated
yeast cells were harvested and stained with PI. The percent of PI-positive cells (dead cells) were determined using fluorescence
microscopy. Values represent mean± SD. � indicates statistical difference between the treatment groups and the control group
(p< 0.05).

Figure 3. ROS accumulation does not contribute to GO-caused growth inhibition of yeast cells. (A) ROS levels in the GO-treated
cells. Yeast cells were treated with GO at the indicated concentrations for 24 h, washed twice with PBS buffer, and stained with
DCFH-DA. The stained cells were observed with a fluorescence microscope. The percent of DCF fluorescence-positive cells (ROS-
accumulating cells) were calculated. (B) ROS scavenging. The yeast cells were cultured in the YPD medium or the medium contain-
ing 5mM N-acetyl-L-cysteine (NAC), 5mM glutathione (GSH), 160mg/L GO, 160mg/L GO plus 5mM NAC, or 160mg/L GO plus
5mM GSH. After 24 h of incubation, the cells were counted. Values represent mean± SD. � indicates statistical difference between
the treatment groups and the control group (p< 0.05). ns indicates that the difference is not significant.
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Statistical analysis

All the experiments were carried out in triplicate.
Significant difference between the treatments was
determined using one-way ANOVA (p< 0.05).
Statistical analysis was carried out using Statistical
Packages for the Social Sciences (SPSS, Version 20,
Chicago, IL, USA).

Results and discussion

GO significantly inhibits growth of unicellular
organisms at sublethal concentrations

Exposure of yeast cells to GO concentrations
between 10 and 160mg/L resulted in significant
growth inhibition (Figure 2(A)). Exposure to GO at
10–20mg/L caused a 20% decrease of biomass
growth, whereas 160mg/L of GO caused a 40%
decrease. These GO concentrations are sublethal,
since even at a GO concentration of 640mg/L less
than 1% of yeast cells were killed, as indicated by
the PI staining data (Figure 2(B)). Similar results
were observed with other unicellular organisms (i.e.
the fungal pathogen C. albicans, the industrial fun-
gus K. pastoris, and the common bacterium P. fluo-
rescens), where exposure to GO at 160mg/L did
not result in noticeable cell death (Fig. S2) but
exerted a significant inhibitory effect on cell growth
(Fig. S3).

Common cytotoxicity mechanisms cannot explain
the growth inhibition effects of GO

The commonly accepted cytotoxicity mechanisms of
GO materials cannot explain the observed growth
inhibition. For instance, membrane damage by the
sharp edges of GO has been reported to cause GO
toxicity to Escherichia coli and Staphylococcus aureus
(Akhavan and Ghaderi, 2010; Gao et al., 2017b).
However, PI staining showed that sublethal GO con-
centrations (�160mg/L) did not cause noticeable
plasma membrane damage and related yeast cell
death (Figure 2(B)). This may be attributed to differ-
ences in cell wall structure and composition among
different microorganisms, which leads to different
abilities to prevent GO from contacting and damag-
ing the membrane. Apparently, the relatively thick
yeast cell walls (Koll�ar et al., 1995) and exopolymeric
layer of P. fluorescens (Quil�es et al., 2012) hinder GO

penetration and mitigate contact with the plasma
membrane. Previous studies have also shown that
cytotoxicity of GO often involves ROS production
and ROS-dependent cell damage (Li et al., 2014; Liu
et al., 2011). However, DCFH-DA staining showed
that GO at concentrations up to 160mg/L had no
impact on intracellular ROS levels; higher GO con-
centrations (320 and 640mg/L) were required to do
so (Figure 3(A)). Consistently, addition of ROS scav-
engers NAC and GSH could not relieve the inhibi-
tory effect of GO on cell growth (Figure 3(B)).
Consistently, no obvious plasma membrane damage
or oxidative stress was observed following longer
exposure (48 h) to sublethal concentrations (Fig. S4).

Nanoparticles uptake by various unicellular
eukaryotic organisms commonly occurs via

Figure 4. Endocytosis is not involved in GO-caused growth
inhibition. (A) TEM observation of the control cells and the
GO-treated cells. (B) Endocytosis inhibition. The yeast cells
were cultured in the YPD medium or the medium containing
0.2mg/L filipin, 2lM Cyt D, 160mg/L GO, 160mg/L GO plus
0.2mg/L filipin, or 160mg/L GO plus 2lM Cyt D. After cul-
tured for 24 h, the cells in each group were counted, and %
growth was calculated. Values represent mean± SD. � indi-
cates significant difference between the treatment groups and
the control group (p< 0.05). ns indicates that the difference is
not significant.
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endocytosis (Zou et al., 2016; Akhavan and
Ghaderi, 2010; Maurer et al., 2016). To investigate
the possible link between the observed growth
inhibition exerted by GO and its endocytosis, we
examined the distribution of GO in exposed yeast
cells. TEM images show that GO mostly adhered
to the cell wall, rather than entering into the cells
(Figure 4(A)), indicating that the cell wall effect-
ively prevented GO from internalization as previ-
ously reported (Lefevre et al., 2016). Similar to the
cells receiving no GO treatments, the GO-treated
cells had intact mitochondria, nuclei, and endo-
membrane systems (Figure 4(A)). Moreover, GO
did not cause an obvious decrease of mitochon-
drial membrane potential (MMP) (Fig. S5A), and
had no impact on mitochondrial morphology (Fig.
S5B), corroborating that the mitochondria were
not impaired by sublethal GO concentrations
(160mg/L). Furthermore, adding endocytosis inhibi-
tors, filipin (inhibiting caveolae-associated endo-
cytosis), and Cyt D (disrupting actin cytoskeleton
dynamic) (Iversen, Skotland, and Sandvig, 2011),
did not relieve GO-induced growth inhibition
(Figure 4(B)).

Growth inhibition of GO is attributed to iron
deficiency

The above results demonstrate that the inhibitory
effect at sublethal GO concentrations is not due to
well-known cytotoxicity mechanisms, and implicate
interactions with extracellular (rather than intracellu-
lar) constituents. Since the main function of extra-
cellular constituents in the culture medium is to
supply nutrients for cell growth, we propose that
GO likely hindered nutrient uptake and conse-
quently resulted in the deficiency of essential
nutrients. In response to a specific nutrient defi-
ciency, cells generally upregulate genes associated
with the uptake and metabolism of that nutrient
(Fafournoux, Bruhat, and Jousse, 2000; Outten and
Albetel, 2013; Puig, Askeland, and Thiele, 2005).
Accordingly, mRNA sequencing and transcription
profiling analysis were carried out to identify which
nutrients were in deficiency for GO-treated cells.

Sublethal exposure to GO (160mg/L) led to sig-
nificant expression changes of 242 genes, including
97 up-regulated and 145 down-regulated genes
(Fig. S6). Biological process (BP) analysis revealed

Figure 5. Biological process (BP) and KEGG analysis of the differentially expressed genes under GO treatment. (A) Up-regulated BP
clusters in the cells treated by 160mg/L GO for 24 h.þ indicates positive;� indicates negative. (B) Down-regulated pathways in
the GO-treated cells; the genes coding for these pathways are recorded in the Kyoto Encyclopedia of Genes and Genomes (KEGG).
Note that all these metabolic processes require iron to maintain their activity.

NANOTOXICOLOGY 7

D
ow

nl
oa

de
d 

by
 [

Fo
nd

re
n 

L
ib

ra
ry

, R
ic

e 
U

ni
ve

rs
ity

] 
at

 1
2:

15
 0

9 
N

ov
em

be
r 

20
17

 

https://doi.org/10.1080/17435390.2017.1398357
https://doi.org/10.1080/17435390.2017.1398357
https://doi.org/10.1080/17435390.2017.1398357
https://doi.org/10.1080/17435390.2017.1398357


five up-regulated gene clusters. Three of these clus-
ters were associated with general transcription regu-
lation, and two clusters were associated with iron
metabolism (i.e. siderophore transport and cellular
iron ion homeostasis) (Figure 5(A)). These genes
included SIT1, ARN1, FIT2, FIT3, FTR1, FET3, FRE5,
ENB1, HMX1, TIS11, and SSQ1, encoding iron uptake-
related transporters (SIT1, ARN1), facilitators (FIT2,
FIT3), permease (FTR1), and oxidase/reductase (FET3,
FRE5), as well as intracellular iron utilization factors
(ENB1, HMX1, TIS11, and SSQ1) (Table 1). Up-regula-
tion of these iron metabolism genes following
exposure to sublethal GO concentrations was con-
firmed by RT-PCR (Fig. S7). Interestingly, up-regula-
tion of genes associated with uptake of other
nutrients was not observed. Therefore, we postulate
that GO treatment caused iron deficiency.

During culturing of yeast cells in GO-free
medium, the concentration of iron in the medium
slightly decreased with increasing incubation time.
After incubation for 24 h, the iron concentration
decreased from 1.1mg/L to 0.9mg/L, indicating
consumption of iron by cell growth (Figure 6(A)).
Addition of GO—regardless of the presence of yeast
cells—led to drastic decrease in the concentration
of iron in the medium, to below 0.3mg/L after 4 h
of incubation and below 0.03mg/L after 24 h
(Figure 6(A)). Consistently, GO-treated cells had
much lower intracellular iron concentrations than
the control cells (Figure 6(B)). Therefore, GO caused
a significant decrease of both extracellular and
intracellular iron concentrations, indicating that iron
sequestration by GO was a major inhibitory
mechanism.

The possible connection between GO-caused iron
depletion and growth inhibition was further investi-
gated by addition of Fe3þ or the iron chelator BPS
to the medium. Similar to the effect of GO, iron

Figure 6. GO causes a significant decrease in iron concentra-
tion in both the medium (A) and yeast cells (B). (A) The YPD
medium containing 160mg/L GO, the medium containing
yeast cells (the initial OD600 of 0.1) and the medium contain-
ing both 160mg/L GO and yeast cells were incubated with
shaking at 30 �C for 24 h. The suspensions were then centri-
fuged at 35, 000 rpm to remove GO and yeast cells. Iron con-
tents in the supernatants were detected by ICP–MS
spectrometry. (B) The control cells and GO-treated yeast cells
were washed several times with distilled water, digested with
33% HNO3 and used for determination of iron contents. Values
represent mean± SD. � indicates statistical difference between
the GO treatment group and the control group (p< 0.05).

Table 1. Genes associated with iron metabolism that were up-regulated by GO treatment.
Systematic
name

Gene
name Function

YEL065W SIT1 Ferrioxamine B transporter; member of the ARN family of transporters that specifically recognize siderophore-iron chelates
YHL040C ARN1 ARN family transporter for siderophore-iron chelates; responsible for uptake of iron bound to siderophores
YOR382W FIT2 Facilitator of iron transport; involved in the retention of siderophore-iron in the cell wall
YOR383C FIT3 Facilitator of iron transport; involved in the retention of siderophore-iron in the cell wall
YER145C FTR1 High affinity iron permease
YMR058W FET3 Multicopper oxidase that oxidizes ferrous (Fe2þ) to ferric iron (Fe3þ) for uptake by transmembrane permease Ftr1p
YOR384W FRE5 Ferric reductase with similarity to Fre2p
YOL158C ENB1 Endosomal ferric enterobactin transporter; expressed under conditions of iron deprivation
YLR205C HMX1 ER localized heme oxygenase; involved in heme degradation during iron starvation and in the oxidative stress response
YLR136C TIS11 mRNA-binding protein expressed during iron starvation; involved in iron homeostasis
YLR369W SSQ1 Mitochondrial Hsp70-type molecular chaperone; required for assembly of iron/sulfur clusters into proteins
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sequestration by BPS significantly inhibited the
growth of yeast cells (Figure 7(A)). While adding
Fe3þ to the culture medium receiving no GO or BPS
treatment had no effect on yeast growth, Fe3þ add-
ition to the GO- or the BPS-amended medium
restored yeast growth to the uninhibited level
(Figure 7(A)). Similarly, Fe3þ addition also restored
the growth of other tested organisms that had
been inhibited by GO (Fig. S8).

XPS and FT-IR characterization of the GO surface
showed the presence of oxygen-containing groups,
including C–O, C@O and O–C@O (Figure 1(C,D)).
We propose that these groups play a key role in
adsorbing iron ions. To verify this, we compared the
iron-binding capability between GO and rGO (with
much lower abundance of surface O-functional
groups). As expected, GO exhibited significantly
greater adsorption affinity for Fe3þ than did rGO –
the observed logarithm adsorption coefficient (log

Kd) values are 4.18–4.82 for GO, versus 2.76–2.98 for
rGO. Neither GO nor did rGO cause noticeable cell
damage at 160mg/L (Fig. S9). However, unlike GO,
rGO at this sublethal concentration did not signifi-
cantly inhibit yeast cell growth (Fig. S10). Hence,
reduction of GO attenuated both iron sequestration
and growth inhibition, which corroborates the etio-
logical relationship between iron deficiency and
impaired growth, and demonstrates the critical role
of O-functional groups on the GO surface.

GO-induced iron deficiency disrupts other
iron-related physiological processes

Iron-containing cofactors (such as heme and iron-
sulfur clusters) and mononuclear or di-iron enzymes
are essential for most of the cellular metabolic proc-
esses (Lill and M€uhlenhoff, 2008; Ozer and Bruick,
2007; Shakoury-Elizeh et al., 2010). For instance, ATP

Figure 7. Iron addition restores yeast growth and iron-related functions. (A) Growth inhibition test. The yeast cells were cultured
in YPD medium containing 1mM Fe3þ, 160mg/L GO, 160mg/L GO plus 1mM Fe3þ, 200lM BPS or 200lM BPS plus 1mM Fe3þ,
and the percent of growth was determined. (B) ATP contents in the treated cells. (C) Aconitase activity. Values represent
mean± SD. � indicates statistical difference among the treatments (p< 0.05).
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production requires the participation of iron-con-
taining cofactors, and iron depletion could affect
ATP production. To assess this possibility, we deter-
mined ATP levels in cells amended with GO or BPS,
both in the presence and absence of additional
Fe3þ. While GO and BPS caused a drastic decrease
of intracellular ATP levels, addition of Fe3þ signifi-
cantly promoted ATP production in GO- or BPS-
treated cells (Figure 7(B)), implying that inhibition of
ATP production was caused by iron deficiency due
to iron sequestration by GO.

Aconitase is an important enzyme in the tricarb-
oxylic acid (TCA) cycle that converts citrate to isoci-
trate (Beinert and Kennedy, 1993; Regev-Rudzki
et al., 2005). This enzyme contains the iron–sulfur
cofactor, and hence its activity is regulated by intra-
cellular iron levels (Pierik, Netz, and Lill, 2009).
Similar to the ATP results, GO and BPS significantly
hindered intracellular aconitase activity (and thus
the TCA cycle), while Fe3þ addition recovered this
activity in the GO- or BPS-treated cells (Figure 7(C)).
In addition, GO downregulated other important
pathways required for cell growth, such as oxidative
phosphorylation and amino acid biosynthesis (Table
S1, Figures 5(B) and S11), which might also contrib-
ute to iron deficiency-related growth inhibition.

Overall, GO-caused iron depletion contributes to
dysfunction of iron cofactor-dependent enzymes and
changes in gene expression that hinder metabolic
activity and cell growth. Since most cancer cells and
clinical pathogens, such as C. albicans,
Mycobacterium tuberculosis and Pseudomonas aerugi-
nosa, require iron for proliferation and invasion
(Lounis et al., 2001; Ramanan and Wang, 2000;
Renton and Jeitner, 1996; Richardson et al., 2009;
Vasil and Ochsner, 1999), GO may be used as an iron
scavenger for treating cancers and some microbial
infections. However, caution should be exercised
against some infections that are exacerbated by iron
deficiency, such as production of diphtheria toxin by
Corynebacterium diphtheria, where iron serves as a
co-repressor of the tox gene (Schmitt and Holmes,
1991; Tao et al., 1994). In this case, GO-caused iron
deficiency may enhance the virulence of this patho-
gen by promoting toxin production.

Conclusions

At sublethal concentrations, GO can significantly
inhibit cell growth and metabolism. This inhibitory

effect is attributed to iron deficiency caused by the
strong binding of iron to O-functional groups on
the surface of GO. Extracellular iron sequestration
disrupts several iron-related physiological processes
and hinders metabolic activity. These findings high-
light the importance to consider nutrient sequestra-
tion in assessing potential adverse effects of
nanomaterials at sublethal concentrations, and
encourage further research on potential biomedical
applications of GO-based materials to treat iron-
dependent diseases, such as cancers and some
bacterial or fungal infections, by decreasing the
bioavailable iron concentration.
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