
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

9:
16

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Graphene-based
aDepartment of Chemistry, Biosciences and

Stavanger, Stavanger, Norway. E-mail: hann
bCentre for Pharmacy, Department of Clinic

Norway
cDepartment of Internal Medicine, Haukelan

† Electronic supplementary informa
10.1039/d1na00778e

Cite this: Nanoscale Adv., 2022, 4,
1668

Received 29th October 2021
Accepted 27th January 2022

DOI: 10.1039/d1na00778e

rsc.li/nanoscale-advances

1668 | Nanoscale Adv., 2022, 4, 1668
phenformin carriers for cancer
cell treatment: a comparative study between
oxidized and pegylated pristine graphene in human
cells and zebrafish†

Abdelnour Alhourani, *a Jan-Lukas Førde, bc Mojdeh Nasrollahzadeh,a

Lutz Andreas Eichacker,a Lars Herfindalb and Hanne Røland Hagland *a

Graphene is an attractive choice for the development of an effective drug carrier in cancer treatment due to

its high adsorption area and pH-responsive drug affinity. In combination with the highly potent metabolic

drug phenformin, increased doses could be efficiently delivered to cancer cells. This study compares the

use of graphene oxide (GO) and polyethylene glycol stabilized (PEGylated) pristine graphene nanosheets

(PGNSs) for drug delivery applications with phenformin. The cytotoxicity and mitotoxicity of the

graphene-based systems were assessed in human cells and zebrafish larvae. Targeted drug release from

GO and PGNSs was evaluated at different pH levels known to arise in proliferating tumor

microenvironments. PGNSs were less cytotoxic and mitotoxic than GO, and showed an increased

release of phenformin at lower pH in cells, compared to GO. In addition, the systemic phenformin effect

was mitigated in zebrafish larvae when bound to GO and PGNSs compared to free phenformin, as

measured by flavin metabolic lifetime imaging. These results pave the way for improved phenformin-

based cancer therapy using graphene nano-sheets, where PGNSs were superior to GO.
Introduction

Despite recent advances in targeted therapies, resistance to
chemotherapy is a primary reason for cancer relapse.1,2 Thera-
peutics that are effective against chemo-resistant cancer cells,
such as biguanides, have been extensively studied in cancer
therapy to reduce cancer relapse.3,4 Metformin, a dimethyl
biguanide derivative, and a type 2 diabetes drug,2,4 has been
suggested as a potential adjuvant cancer treatment agent aer
meta-analysis studies of diabetic patients showed lower cancer
incidence compared to diabetic cancer patients that did not use
metformin.2 In vitro experiments have demonstrated its anti-
proliferative effect in various cancer cell lines.5,6 A phenethyl
biguanide, known as phenformin, is a more potent derivative,7–9

but its use was discontinued aer incidences of lactic acidosis
in diabetic patients.9 However, its potential re-use as a meta-
bolic anti-cancer drug has been argued to offset its side
effects,10,11 and is currently being evaluated in a clinical trial
(NCT03026517).
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Biguanide derivatives act by targeting the mitochondrial
electron transport chain (ETC), limiting the cell's ability to
utilize oxidative phosphorylation for energy production,2,11–13

thus, depleting the tricarboxylic acid (TCA) cycle intermediates,
which are critical for tumor growth.7,14 ETC complexes are
regulated by multiple co-enzymes, such as avin adenine
dinucleotide (FAD) and avin mononucleotide (FMN).15,16 The
redox state and subsequent uorescence of FAD and FMN are
tied to the electron ow through ETC during normal ATP
production,17–19 making the uorescence of these co-enzymes
sensitive to ETC disruption.20–22 Interestingly, inhibition of
complex I of the ETC is associated with a metabolic shi
towards alternative energy pathways, such as glycolysis, leading
to an increased response to chemotherapy.2,11–13 Therefore,
biguanide has the potential to revert chemotherapy resis-
tance,11,13 enhancing treatment outcomes.3,23

A challenge in utilizing metabolic anti-cancer drugs is their
inability to target malignant cells innately, showing no prefer-
ence towards proliferating cells, contrary to most chemothera-
peutic agents, which target actively proliferating cells,
malignant and non-malignant, giving rise to their common side
effects.24 Targeted nano-sized drug carriers can thus be used to
increase the concentration of metabolic agents at the tumor site
by exploiting the dysfunctional vasculature oen found in fast-
growing tumors, causing an enhanced permeability and reten-
tion (EPR) effect.25–28 Another feature of solid tumors is a harsh
© 2022 The Author(s). Published by the Royal Society of Chemistry
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surrounding microenvironment, oen with areas of lower pH
due to increased hypoxia.29–31

The utilization of graphene in drug delivery has been an
attractive area for investigation since its discovery.30,32–34

Compared to many other nano-sized drug delivery platforms,
graphene has many advantages, such as high absorption
area35,36 to efficiently load higher amounts of the drug, and pH
responsiveness.37–39

The oxidized form of graphene, graphene oxide (GO), is the
most studied form of graphene in drug carrier applications due
to its affordable production and ability to disperse in aqueous
solutions.29 However, previous biotoxicity studies showed that
GO induced the generation of reactive oxygen species (ROS),
leading to cytotoxicity in several cellular models40–43 and in
zebrash.44–48 The extent of cytotoxicity has been shown to
correlate with the oxygen content of GO in human umbilical
vein endothelial cells (HUVECs).49 Additionally, residual impu-
rities from the oxidation process during the production of
GO50–52 could also be a source of toxicity.

Contrary to GO, pristine graphene has been less studied as
a nano-sized drug carrier due to its relatively complicated
production process.53 Furthermore, its hydrophobicity54 leads to
low stability in aqueous solutions. Recently, higher yield
production processes of pristine graphene have emerged,55

including a plasma-enhanced CVD (PE-CVD) production
method, resulting in low-defect graphene sheets with low
oxygen content56,57 and less chemical impurities that would
make it a more promising drug carrier candidate compared to
GO.

Drug delivery of phenformin using a nano-sized delivery
system has been previously demonstrated using micelles.8

However, we just recently demonstrated that phenformin can
be loaded and released in a pH-responsive manner using gra-
phene as a nano-dug carrier.39 Here, we wanted to test the
applicability of polyethylene glycol stabilized (pegylated) pris-
tine graphene sheets (PGNSs) compared to GO as a potential
drug carrier of the metabolic drug phenformin in biological
systems. In our assessment, we used cell lines of different
Fig. 1 Stability of GO and PGNSs in complete cell culture media. Intensit
dynamic light scattering (DLS) at 37 �C with a five day interval. Normaliz

© 2022 The Author(s). Published by the Royal Society of Chemistry
origins and growth properties to test the effect, considering that
the graphene-based drug carriers may be administered intra-
venously. In addition, we evaluated the zebrash tolerance
towards free phenformin compared to loading on GO and
PGNSs by tracking the uorescence lifetime of FAD and FMN.
Results and discussion
Particle stability and phenformin retention capacity of GO
and PGNSs

To enhance compatibility with aqueous solutions, covalent
attachment of amine-terminated polyethylene glycol (PEG) onto
PE-CVD graphene was performed as described in our previous
work39 to produce pegylated graphene nano-sheets (PGNSs)
which were further assessed for loading and binding capacity for
phenformin as described in detail previously. We compared the
produced PGNSs to commercially available graphene oxide (GO).

To determine the retention ratio of phenformin on GO and
PGNSs, we used increasing concentrations of the drug carriers
and tracked the diffusion of phenformin through an imper-
meable membrane over 96 hours. We found that both GO and
PGNSs were able to retain on average a weight/weight
percentage (wt%) of 10% phenformin/graphene over the
measurement time (Fig. S1†).

The stability of GO and PGNSs was assessed in a human cell
culture medium by measuring changes in the size and zeta
potential. Dynamic light scatteringmeasurements (DLS) of 100 mg
mL�1 suspensions of GO and PGNSs in Dulbecco's modied
essential medium (DMEM) with 10% fetal bovine serum (FBS)
were performed 1 hour aer preparation and again aer ve days.

GO had higher polydispersity in DMEM compared to PGNSs,
as two distinct size distributions were observed for GO on the
day of preparation (day zero) (Fig. 1a and Table S1†), whereas
the intensity derived size of PGNSs maintained a stable distri-
bution over the ve-day period under the same conditions
(Fig. 1b and Table S1†). The larger size-intensity derived histo-
grams seen on day ve for GO indicated the formation of
agglomerates.
y-weighted size histograms of GO (a) and PGNSs (b) were obtained via
ed data are displayed as histogram averages (N ¼ 3).

Nanoscale Adv., 2022, 4, 1668–1680 | 1669
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Fig. 2 Cytotoxicity of PGNSs (grey) and GO (blue) in MOLM-13 cells (a and d), HUVECs (b and e), and SW948 cells (c and f) using CCK8 viability
assay expressed as mean � SEM; N ¼ 8 for HUVECs and N ¼ 9 for SW948 and MOLM-13 (a–c); 95% CI ranges of IC50 values are displayed as
insets within for each cell line. Membrane internalization of propidium iodide (Pi) normalized by Hoechst counterstaining is shown as bars
representing means normalized to control � SEM, N ¼ 5 (d–f). Statistically significant changes between the same concentrations of PGNS and
GO using a Student's t-test where significant differences are denoted as * for P < 0.05. Widefield fluorescence imaging of the whole well Pi and
Hoechst stained SW948 cells after 48 hours of GO and PGNS exposure (g).
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While DLS is not able to report accurate size distributions of
non-spherical materials, the measured trends would indicate
a change in size over time. Contrary to GO, there was no indi-
cation of agglomeration of PGNSs at either of the time points
measured. The cause of GO agglomeration could be the higher
ionic strength of the culture media than that of DiH2O. Ions can
disturb the repulsive stabilization mechanism in GO, while the
sterically stabilized PGNSs remain unaffected.39,58–60 The insta-
bility of GO in physiological solutions has previously been
shown to be caused by the “charge screening effect”,61 thus
resulting in agglomeration. This agglomeration can be miti-
gated to some extent using FBS which was shown to lower GO
cytotoxicity in cell models.40
GO is more cytotoxic than PGNSs in adherent and suspension
cell models

The biocompatibility of a drug carrier is a critical aspect of its
safe use in vivo to minimize the side effects of loaded drugs
effectively. The cytotoxicity of GO and PGNSs was therefore
Fig. 3 Bioenergetic parameters of SW948 cells after 48 hours of exposu
100 mg mL�1 exposure to GO (a) and PGNSs (b) are shown with the se
antimycin A. Calculated spare capacity (c), ATP production (d), and proton
from control� SEM,N¼ 7 for 5 and 25 mgmL�1 concentrations andN¼ 9
dotted line represents no change from control. Statistical significance (P
test is denoted as * and between GO and PGNSs for the same concentr

© 2022 The Author(s). Published by the Royal Society of Chemistry
tested in three cell models representing different tissue types
that would be exposed to the graphene drug carrier if used in
vivo. MOLM-13 is a non-adherent myeloid cell model repre-
senting white blood cells; HUVECs are endothelial cells, and the
colorectal cancer (CRC) cell line SW948 represents cancer cells
originating from adenocarcinoma. The viability of these cell
lines was assessed aer 48 hours of exposure to GO and PGNSs
(Fig. 2).

Cytotoxic effects were observed in all three cell lines, and the
myeloid cell model, MOLM-13 was the most sensitive. GO
induced signicant cytotoxicity compared to control at
concentrations as low as 5 mg mL�1 in MOLM-13 cells and the
cytotoxicity increased in a concentration-dependent manner
(Fig. 2a). PGNS induced less toxicity in MOLM-13 cells, but at
the highest concentration of 100 mg mL�1, we found a signi-
cant decrease in viability compared to control.

GO was also more cytotoxic than PGNS towards HUVECs. The
viability of HUVECs (Fig. 3b) was below 50% at the higher GO
doses, whereas the viability did not decrease below 50% in PGNS
re to GO and PGNSs. Oxygen consumption rates (OCR) of SW948 after
quential injection ETC inhibitors of oligomycin, CCCP, rotenone, and
leak (e) after exposure to GO and PGNSs are displayed as fold-changes
for 100 mgmL�1 concentrations from 3 independent experiments. The
< 0.05) with respect to graphene-free CTRL using a two-way ANOVA
ations is denoted as #.

Nanoscale Adv., 2022, 4, 1668–1680 | 1671
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treated cells even at a concentration of 100 mg mL�1. The least
affected cells were of the CRC model SW948, where viability was
only reduced to 75% at 100 mg mL�1 of GO, whereas there was no
decrease in viability aer PGNS exposure compared to control
(Fig. 2c). The results show that GO induced higher toxicity in all
cell models (Fig. 2a–c) at all concentrations compared to PGNS.
Furthermore, PGNS did not cause signicant toxicity in treat-
ment concentrations as high as 25 mgmL�1, compared to control,
where lower concentrations showed no discernable differences
from control. Finally, to exclude the possibility of endotoxin
contamination in the GO or PGNS solutions used to inuence the
viability measurements, we performed a limulus amebocyte
lysate (LAL) based endotoxin assay on both GO and PGNS
ltrates. Endotoxin levels were found to be well below the
acceptable concentration (0.5 EU per mL) in both ltrates. Thus
the decrease in viability we observed was not caused by the
presence of endotoxins in the GO and PGNS ltrates.

The increase in cytotoxicity was accompanied by increased
propidium iodide (PI) internalization, a measurement of cell
membrane damage (Fig. 2d–g and S2†). Previous studies have
suggested that graphene sheets may pierce the cell
membrane,43,62,63 possibly causing membrane disintegration,
which is supported by our ndings. The higher toxicity in
MOLM-13, compared to the other two adherent cell models,
especially in the case of GO, could be due to their increased
endocytotic capacity leading to an increase in reactive oxygen
species as has been described previously for hematological
cells.64 In contrast, the signicantly lower toxicity seen in
MOLM-13 cells by PGNS could be due to the polyethylene glycol
(PEG) functionalization as well as the lower oxygen content,
both of which are shown to reduce endocytosis.65 The covalent
PEGylationmethod used in PGNSs relies on the amidication of
the edge dominant carboxyl groups,57,66 which could result in
a decreased uptake in cells.65
Fig. 4 The cytotoxicity of phenformin-loaded GO and PGNS on SW948
treatment with free phenformin (2–250 mM) compared with the same m
measured by CCK8 viability assay. The viability is presented as an averaged

1672 | Nanoscale Adv., 2022, 4, 1668–1680
The data converge on oxidative stress, mediated by increased
oxygen content, is the primary mechanism for graphene-
mediated cytotoxicity.41,49,67,68 PEGylation has been shown to
increase the in vivo biocompatibility of GO in mice, associated
with normal hematology markers.69 In contrast, non-PEGylated
GO has been shown to trigger hemolysis whenmixed with blood
samples.43 Thus, the toxicity in adherent cell models also shows
that PEGylation and lower oxygen content offset the toxicity
response towards higher concentrations of graphene, which
could be pivotal for the tolerance to the drug carrier.
Mitochondrial metabolic effects of GO and PGNSs on colon
cancer cells

The correlation found between reduced viability andmembrane
integrity in GO-treated cells could potentially be caused by ROS,
whereas the PGNS treatment did not result in loss of viability to
the same extent. To test if there was a possible mitochondrial
involvement in the treatment response, we performed an
extracellular ux analysis probing the different electron chain
complexes aer 48 hours of GO and PGNS exposure (Fig. 3).

PGNS treatment at 5 mg mL�1 induced a signicant change
in mitochondrial maximal respiration compared to control,
whereby spare capacity increased to 1.5-fold that of control
(Fig. 3c). Although a slight increase in spare respiratory capacity
was seen at the lowest concentration of GO, this was not
statistically signicant with respect to control. A signicant
decrease in spare capacity was induced upon the highest
concentration treatment of GO at 100 mg mL�1, where the same
concentration of PGNSs induced no change (Fig. 3c). There was
a minor change in the coupling efficiency aer GO and PGNS
treatment as ATP production was only affected at the highest
dose of treatment (Fig. 3d). The increase in spare capacity could
be due to an increased electron transport chain (ETC)
cancer cells. Cellular viability of SW948 cells after 24 and 48 hours of
olar concentrations of phenformin loaded GO and PGNSs at 10 wt%
ratio from control� SEM, andN¼ 7 from 3 independent experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 pH effect on the release of phenformin from GO and PGNSs.
Cytotoxicity after a prompt 2 hour exposure to 10 wt% free and bound
phenformin at pH 7.4 and pH 6 in SW948 cells (N ¼ 9 � SEM, P < 0.05
significance via a two-way ANOVA is denoted as * for a change from
the non-phenformin CTRL and ** for a significant change from free
phenformin at the same pH).

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

9:
16

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
uncoupling from the TCA cycle, consequently achieving higher
proton leak levels measured without a reduction in ATP
production (Fig. 3d and e). The proton leak was particularly
increased aer 5 mg mL�1 PGNS exposure up to 1.5-fold that of
the control, indicating that low concentrations of PGNSs affect
the mitochondria of SW948, without compromising viability
(Fig. 1c). The overall elevated bioenergetic parameters observed
aer the exposure to 5 and 25 mg mL�1 concentrations of gra-
phene indicate a mitochondrial stress response.

The mitotoxicity of graphene has been previously shown to
prompt a dose-dependent depolarization of the membrane
potential (MMP) by GO42 and pristine graphene,70 both leading
to increased intracellular ROS.42,70 These effects are claimed to
be a direct consequence of the inhibition of ETC complexes by
graphene.71 The mitotoxicity of graphene has been previously
shown to correlate with increased oxygen levels, where the GO
mediated decrease in mitochondrial activity was 12-fold that of
non-oxidized graphene.67 This corresponds with our data
showing that PGNSs are better tolerated by mitochondria than
GO.
Fig. 6 Oxygen consumption rates (OCR) over 250 min of SW948 after
phenformin towards an end concentration of 600 mM per well distribut
pendent experiments).

© 2022 The Author(s). Published by the Royal Society of Chemistry
Phenformin delivery using GO and PGNSs in cancer cells

To assess the effectiveness of graphene loaded phenformin in
vitro, viability of SW948 cancer cells was measured aer 24 and
48 hours of incubation with increasing concentrations of
phenformin (2–250 mM) both in the free form and loaded to GO
and PGNSs at 10 wt%.

The viability of SW948 cells in response to GO or PGNS
loaded phenformin was equal to that of the cells exposed to the
free drug aer 48 hour exposure (Fig. 4). However, upon 24 hour
exposure, there was a differential response to the different
treatments. These results indicate that phenformin uptake in
cells is unhindered by loading the drug onto graphene, at least
over longer exposure times such as 48 hours. The cytotoxicity
results were further conrmed using a modied LDH assay
(Fig. S3†) over 48 hours.

Phenformin may be actively transported into cells via
organic cation transporters,72 although the exact mechanism of
membrane transport is not yet clear.73 As we found a differential
response aer 24 hour exposure in cancer cells, we wanted to
test whether acute short exposure of cells to free phenformin
treatment would induce a clearer effect compared to GO and
PGNS retained drug (Fig. 5). Here, we treated cells for 2 hours
using a high phenformin concentration (200 mM) before
removing the drug and replenished with a fresh cell culture
medium and performed a viability assay aer another 24 hours.
Furthermore, we simulated the drop in pH that is normally seen
aer 24 hour drug exposure in cells by testing the drug response
at two different pH levels of 6 and 7.4 before returning the cells
to the original 7.4 pH medium for the 24 hour period.

At pH 7.4, no signicant difference in toxicity was observed
between the free phenformin drug and PGNS and GO loaded
phenformin exposure (Fig. 5). However, GO only exposure did
induce a signicant decline in viability (20%) compared to
control that was not seen in the PGNS treated cells (Fig. 5).
Interestingly, the viability at pH 6 was signicantly decreased
aer PGNS- and GO-loaded phenformin delivery compared to
the free drug, at 74% and 71% versus 90% (P < 0.05), respec-
tively. Furthermore, at pH 6, there was a 20% reduction in
viability by GO treatment alone, which was not seen in PGNSs.
the acute injection of free phenformin, PGNS–phenformin, or GO–
ed over 2 injections after 15 and 100 min (N ¼ 4 � SEM, from 2 inde-

Nanoscale Adv., 2022, 4, 1668–1680 | 1673
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The increased cytotoxic effect of graphene-loaded phenformin
at pH 6 compared to that at pH 7 (Fig. 5) is of interest as it could
reserve a higher proportion of the drug to be released in tumor
microenvironments where pH is lower than physiological levels.
In GO-loaded phenformin, the increased toxicity could be
a result of both phenformin and GO, as GO on its own induced
toxicity (Fig. 5). While toxicity in cancer cells is considered
desirable, possible GO toxicity in other cells as measured in
normal HUVECs (Fig. 3b) would be less desirable for a nano-
carrier. Interestingly, the phenformin loaded PGNSs showed
Fig. 7 Label-free metabolic fluorescence lifetime, gated for FAD and FMN
Time-gated (>10 ns lived photons, after a 470 nm excitation pulse) am
phenformin; values are represented as mean� SEM and N¼ 3; significan
(top). Representative Z-maximum projection of zebrafish images for eac
mask denoting lifetime change (bottom).

1674 | Nanoscale Adv., 2022, 4, 1668–1680
increased toxicity at pH 6 compared to the free drug at the same
pH. This is highly desirable as a pH-responsive drug release
would protect normal cells growing at pH 7.4, but more
importantly target cancer cells growing in more hostile condi-
tions of lower pH.74,75 This pH-responsive effect was not signif-
icant in GO, giving PGNSs a clear advantage as the more
promising nano-drug carrier.

Maintaining a continuous drug exposure in cancer treatment
is important, and oen requires repeated dosage over time. As
phenformin is known to act on mitochondria,7,76 we wanted to
in 4 dpf zebrafish larvae segmented into four main regions of interest.
plitude weighted fluorescence lifetime of free and graphene-loaded
t changes from CTRL via a two-way ANOVA (P < 0.05) are denoted as *
h condition overlayed with a rainbow pseudo-colored overall lifetime

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measure the effect of phenformin adsorption on PGNSs and GO
in real-time as a function of cellular changes in oxygen
consumption rates (OCR). This was accomplished by measuring
the OCR levels in SW948 cells aer a two-phase exposure
regimen of free and PGNS- or GO-loaded phenformin. We found
that PGNS- and GO-loaded phenformin caused a decrease in
oxygen consumption over time compared to the response seen
during the free drug exposure (Fig. 6). Although cells exposed to
the PGNS- and GO-loaded phenformin had a delayed decline in
the oxygen consumption compared to the free drug, this effect
was not statistically signicant, indicating that the drug was
reaching its target.
Metabolic FLIM of phenformin treated zebrash larvae

To test whether the retained drug effect seen in in vitro cell
models could be further assessed in a more complex in vivo
model system, we used the transparent zebrash larvae (Danio
rerio) “Casper”.77 Specically, we wanted to assess if the phen-
formin drug bound to GO and PGNSs would reduce effects
compared to free phenformin by measuring changes in the
uorescence lifetime of mitochondrial avins. Phenformin has
previously been reported to cause yolk sac edema in zebrash
larvae aer aquatic exposure.78 Furthermore, it was found to
accumulate in the liver, causing toxicity aer prolonged aquatic
exposure in adult zebrash.79

Phenformin was injected as a free or graphene-bound drug
into the yolk sac of zebrash larvae and monitored for 24 hours
aer injection (Fig. 7). No mortality was recorded among the
injected zebrash at 10 wt%, indicating that the selected
phenformin concentration did not exert acute toxic effects
within 24 hours of treatment. However, higher concentrations
of free phenformin induced dose dependent mortality
(Fig. S4†).

Fluorescence lifetime imaging (FLIM) was used to track
endogenous uorescence of mitochondrial avins in zebrash
larvae. The uorescence spectra of FAD and FMN overlap,
leading to indistinguishable emission.80 However, their recor-
ded uorescence lifetime (s) varies signicantly, with FMN
uorescence being almost twice as long-lived as FAD and
exhibiting a 10-fold higher intensity.17,81,82 The s of both FAD
and FMN is much longer-lived than that of other reported
endogenously uorescing molecules in zebrash (Table S2†),
and therefore can be conveniently time-gated for improved
selectivity. A shi in the uorescence lifetime of these co-factors
indicates a disruptive ETC ow which would be an expected
response aer phenformin treatment.

We found that zebrash larvae, treated with the free phen-
formin drug, had a longer uorescence lifetime (s) than control
(Fig. 7), which could be due to an increase of s from FAD in
response to decreasing intracellular pH,83 a subsequent effect of
high lactate levels aer increased glycolysis.76 Additionally, this
could be due to a higher uorescence contribution of FMN,
a redox-active group noncovalently bound to complex I.15 FMN
would normally be reduced by NADH to FMNH2 during electron
transport before oxidation restores its affinity to complex I of
the ETC.84 As phenformin is known to inhibit complex I,76
© 2022 The Author(s). Published by the Royal Society of Chemistry
FMNH2 could become dissociated,84–86 unable to bind its
oxidized form to complex I,22,85 which can contribute to longer s
due to its uorescent state.17 Therefore, a prolonged s based on
the FAD and FMN endogenous uorescence would be indicative
of phenformin mitochondrial effects on complex I, whereby
a reduced s in the GO and PGNS bound phenformin treated sh
compared to the free drug would indicate a retained toxicity of
phenformin.

To see if the changes in s of FAD and FMN correspond to
certain areas of the zebrash larvae, the acquired FLIM images
were segmented into four regions of interest (ROIs), segmented
by straight lines to avoid biases when analyzing the different
zebrash larvae, where ROI 1 included the eye and parts of the
central nervous system (CNS), ROI 2 included an area with the
parts of the liver, heart, and CNS, ROI 3 mainly encompasses
skeletal muscles together with the yolk sac, GI tract, and swim
bladder, whereas ROI 4 mainly included the skeletal muscle
from the tail area. The s measurements were consistent across
the control larvae, whereas there was a signicant shi towards
longer s observed in ROIs 1, 2, and 4 aer free phenformin drug
injection, indicating a systemic effect of the drug exposure.
Interestingly, this shi was not detected for the larvae injected
with the phenformin drug loaded onto PGNSs or GO (Fig. 7),
most likely due to its prolonged retention on graphene.

Conclusions

The delivery of phenformin for cancer treatment using
graphene-based drug carriers has not previously been investi-
gated. We found that GO and PGNSs by themselves had
a differential cell response, where GO treatment induced
a reduction in viability that was not seen when treating with
PGNSs in three different cell models. The toxicity response from
GO could be due to plasma membrane damage as it was
accompanied by an increase in PI internalization, making
PGNSs the better candidate for targeted drug delivery, avoiding
possible toxic side effects on peripheral tissues. Moreover, the
phenformin drug effect when loaded onto GO and PGNSs was
signicantly increased at pH 6 compared to free phenformin at
the same pH when tested in cancer cells. Interestingly, the
phenformin drug effects were retained completely when
coupled to GO or PGNSs in a more advanced in vivo zebrash
model, even aer 24 hours post-injection.

This suggests that both GO and PGNSs were effectively
delaying the drug effects of phenformin under normal “physi-
ological pH” conditions in contrast to free phenformin, making
them attractive candidates to study further for targeted drug
delivery. Furthermore, the pH-responsive effect seen in our cell
model system will be important to further explore using in vivo
models with a tumor load for assessing targeted drug delivery in
the future.

Experimental section
Preparation of PGNSs and GO

10 mg of PECVD graphene akes (as obtained from CealTech
AS) were dispersed in MilliQ water and sonicated in a glass vial
Nanoscale Adv., 2022, 4, 1668–1680 | 1675
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for 10 minutes. To increase the carboxyl groups on the surface,
the dispersion was adjusted to basic conditions and stirred at
55c for 4 hours. Aerward, the pH was brought back to 5.5 with
HCl. Excess salts were removed by washing with water using 100
kDa MWCO concentrators. 50 mg of monofunctional 2k mPEG–
amine (1 : 5 wt%) was added and sonicated with the graphene
for 5min, and then cross-linking was performed using 1.5 mg of
EDC under sonication for 30 min. The dispersion was le under
constant agitation overnight. The excess EDC and PEG were
removed through dialysis. Aer two days of dialysis, the PEG–
graphene was repeatedly sonicated and washed using concen-
trator tubes until the ltrate had no clear peaks via UV-vis
spectroscopy. The nal concentration was estimated using
UV-vis spectroscopy.

Phenformin retention time on GO and PGNSs (HPLC)

13.34 mg of phenformin was added to GO and PGNS dispersions
containing 12.5, 25, and 50 mg of graphene in duplicates of 1 mL
each, and then sonicated for 10 min and stirred gently over-
night. The mixtures were then separated from a measurement
compartment containing 300 mL of DiH2O by using a 20k
MWCO regenerated cellulose membrane. 200 mL from the
measurement compartment was taken at 6, 24, 48 and 96 hours
and substituted with an equal volume of DiH2O. The samples
were measured for free phenformin using high-performance
liquid chromatography (Hitachi High Technologies, Tokyo,
Japan) at 233 nm over a phenyl–hexyl, 2.7 mm column using
a gradient of DiH2O and acetonitrile as the mobile phase.

Stability in cell culture media

PGNSs and GO were dispersed in DMEM cell culture media at
a concentration of 100 mg mL�1 by sonicating for 10 min and
then le for one hour to equilibrate; 1 mL samples of each
preparation were then analyzed using dynamic light scattering
(DLS) for hydrodynamic radius and zeta potential using a Zeta-
sizer Nano ZSP (Malvern Panalytical, Malvern, United
Kingdom). The measurements were repeated again aer ve
days to compare the stability over time.

Assessment of endotoxins in GO and PGNSs

1 mL of GO and PGNSs at a 100 mg mL�1 concentration were
ltered using 100 000 MWCO Vivaspin columns. The endotoxin
concentrations were then measured in the ltrate using
a Pierce™ LAL Chromogenic Endotoxin Quantitation Kit
according to the manufacturer's instructions.

Cell culture

Epithelial colorectal cancer cells SW948 from ETCC, hemato-
poietic acute myeloid leukemia cells MOLM-13 from the
German Collection of Microorganisms and Cell Culture (DSMZ,
Braunschweig, Germany), and human umbilical vein endothe-
lial cells (HUVECs) from Lonza were maintained in 5 mM
glucose complete DMEM (Corning, New York, USA), complete
RPMI (Corning, New York, USA), and Endothelial Cell Growth
Medium-2 (EGM-2) Lonza, Basel, Switzerland) culture media,
1676 | Nanoscale Adv., 2022, 4, 1668–1680
respectively. Complete DMEM and RPMI contained 2 mM L-
glutamine (Corning, New York, USA), 10% fetal bovine serum
(FBS) (BioWest, Nuaillé, France), penicillin (100 U mL�1) and
streptomycin (100 mg mL�1) (Merck Millipore Corporation,
Burlington, USA). EGM-2 was supplemented with FBS 10.00 mL,
hydrocortisone 0.20 mL, hFGF-B 2.00 mL, VEGF 0.50 mL, R3-
IGF-1 0.50 mL, ascorbic acid 0.50 mL, hEGF 0.50 mL, GA-1000
0.50 mL, and heparin 0.50 mL. The cells were cultured and
maintained under humidied conditions in a 5% CO2 incu-
bator at 37 �C and passaged at approximately 80% conuency
using 0.5% trypsin–EDTA for SW948 and MOLM-13 and 0.05%
trypsin–EDTA for HUVECs. HUVECs were also maintained
under passage 8 throughout this work.

Cellular viability and membrane integrity assays

Cells were cultured at 15k cells per well in a 96 well cell culture
plate and then incubated with 1, 5, 25, and 100 mg mL�1 of GO
or PGNSs for 48 h. Adherent cells were le to attach overnight
prior to graphene exposure.

CCK8 viability assay. Aer GO and PGNS treatment, the cells
were rinsed with PBS three times to remove free GO and PGNSs
from the wells, before adding full cell culture media with
a 10vol% CCK8 reagent (CCK-8; Dojindo Laboratories, Kuma-
moto, Japan) for another 2 hours. The absorbance at 450 nm
was measured using a SpectraMax Paradigm plate reader
(Molecular Devices, San Jose, USA) in 12 different locations for
each well and data were averaged. The background was
measured similarly at 650 nm and subtracted from each data
point.

PI-based membrane integrity assay. Cells were cultured,
exposed to GO or PGNSs, and rinsed three times with PBS. Aer
rinsing, full cell culture media were added together with 2 mg
mL�1 of the Hoechst 33342 nuclear stain and 10 mg mL�1 pro-
pidium iodide (PI), and le for 30 min. The cells were then
rinsed again with PBS to remove the excess of the dyes, and the
cells were cultured in uorobrite DMEM media before
measuring the uorescence intensity for both dyes from the
bottom of the plate (Hoechst 33342, Ex/Em ¼ 350/500 nm and
PI Ex/Em ¼ 550/650 nm) at 156 different points in each well
using a SpectraMax Paradigm plate reader. The intensity of PI
was normalized to that of Hoechst to account for cell numbers.

Seahorse mitostress test

The mitochondrial oxygen consumption rate (OCR) and extra-
cellular acidication rate (ECAR) of SW948 cells were measured
using a Seahorse XFp ux analyzer (Agilent Technologies, Santa
Clara, USA). 15k cells were seeded in multiple XFp cell cultures
and le overnight to attach prior to GO and PGNS exposure at 5,
25, and 100 mg mL�1 for 48 hours. Each run contained a tripli-
cate of graphene-free control cells to use as a baseline for the
measurement. Prior to measurement, wells were washed with
PBS to remove the graphene and re-cultured in an unbuffered
serum-free, phenol red-free DMEM (D5030, Sigma-Aldrich, St.
Louis, USA). The DMEM medium was adjusted to pH 7.4 and
supplemented with 2 mM L-glutamine (Corning, New York,
USA) and 5 mM glucose (Sigma-Aldrich, St. Louis, USA), and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cells were le for one hour to equilibrate at 37 �C in a CO2-free
incubator. Aer three 15 min cycles of basal OCR measure-
ments, sequential in-well injections of oligomycin (3 mM), CCCP
(0.25 mM), rotenone (1 mM), and antimycin A (1 mM) were per-
formed. Each injection was also followed by three mixing and
measuring cycles of the OCR and ECAR. Aer nishing the
measurements, each plate was washed with PBS, and a 4%
paraformaldehyde xation agent was added to each well with
the addition of 10 mg mL�1 Hoechst. The plates were then
imaged using a Leica TCS SP8 confocal microscope (Leica
Microsystems, Mannheim, Germany), and the number of cells
was counted using the LAS X 2D analysis workow.

The OCR aer acute phenformin exposure

The cells were seeded at 15k in multiple XFp cell culture plates
and le overnight to attach prior to conducting the experiment.
The following day, medium was removed and cells were washed
with PBS before addition of unbuffered serum-free, phenol red-
free DMEM (D5030, Sigma-Aldrich, St. Louis, USA). The DMEM
medium was adjusted to pH 7.4 and supplemented with 2 mM
L-glutamine (Corning, New York, USA) and 5 mM glucose
(Sigma-Aldrich, St. Louis, USA), and the cells were le for one
hour to equilibrate at 37 �C in a CO2-free incubator. The
measurements included three basal oxygen readings (5 minutes
apart) before addition of 100 mM free phenformin or phenfor-
min loaded to GO or PGNSs to initiate an acute response. The
decrease in oxygen consumption was monitored over 75
minutes before increasing the total concentration to 600 mM
phenformin, with sampling of data every 20 minutes until
completion of the experiment (250 minutes).

Phenformin 2 hour exposure assay viability and cell integrity

Cells were cultured at 15k per well in a 96 cell culture plate and
incubated with serial dilutions (2–250 mM) of free phenformin,
PGNS–phenformin, and GO–phenformin at 10 wt%. Aer the
duration of the exposure, cells were washed with PBS and
incubated for 2 hours with complete cell media with added
CCK8 before measuring viability. For the 2 hours of short-term
exposure to the treatments listed above, the cells were rinsed
and re-incubated in complete cell media for another 22 hours,
whereby the last 2 hours included the CCK8 reagent, before
measuring the absorbance as detailed above.

Modied LDH assay

The same experimental parameters were used as in the viability
assay, whereby 48 hour graphene exposure was performed
before the cells were washed using PBS, before incubation with
a LDH reagent and a lysis solution for 30 min. The reaction was
stopped aer 30 min using acetic acid, and LDH absorbance
was measured at 650 nm using a SpectraMax Paradigm plate
reader (Molecular Devices, San Jose, USA).

FLIM analysis of zebrash models

Zebrash larvae were injected four days aer fertilization (4df)
with free phenformin or 10% wt graphene-loaded drug
© 2022 The Author(s). Published by the Royal Society of Chemistry
phenformin (�1.5 ng per zebrash) in their yolk sacs while the
control was injected with equal volumes of DiH2O. A concen-
tration of 7.1 nMol of phenformin (�1.5 ng per zebrash) was
selected based on previous pilot experiments (data not shown)
to not cause mortality or extreme toxicity. 24 hours post-
injection, the sh were xed in 2% paraformaldehyde and
imaged using a Leica TCS SP8 falcon microscope. The uores-
cence lifetime was recorded upon 470 nm pulsed laser excita-
tion using a time-correlated single-photon counting
instrumentation setup. The uorescence lifetime decays were
analyzed using a tail-t model with three lifetime components
for photons arriving between 3.5 and 45 ns and with two time
components for time-gated analysis for photons arriving
between 10 and 45 ns. The average lifetime of all components
was then weighted by amplitude to calculate the uorescence
lifetime. All X2 values were close to 1, with no t residuals
observed.
Statistical analysis

Statistical comparisons were made using GraphPad PRISM
(version 8, GraphPad Soware, Inc., USA) soware with a two-
way ANOVA to determine signicant differences between
several treatment groups. Post hoc corrections for multiple
comparisons were applied according to recommendations by
GraphPad for each experimental data set (Dunnett). A student's
unpaired t-test was employed when only two groups were
compared. The number of biological replicates (N) is given in
the gures and legends, together with what was considered
a statistically signicant P-value and the standard error of the
mean (SEM).
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