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ABSTRACT The delivery of bioactive molecules into cells has broad applications in biology and

medicine. Polymer-modified graphene oxide (GO) has recently emerged as a de facto noncovalent vehicle

for hydrophobic drugs. Here, we investigate a different approach using native GO to deliver hydrophilic

molecules by co-incubation in culture. GO adsorption and delivery were systematically studied with a

library of 15 molecules synthesized with Gd(lI1) labels to enable quantitation. Amines were revealed to be

a key chemical group for adsorption, while delivery was shown to be quantitatively predictable

by molecular adsorption, GO sedimentation, and GO size. GO co-incubation was shown to enhance
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delivery by up to 13-fold and allowed for a 100-fold increase in molecular incubation concentration compared to the alternative of nanoconjugation.

When tested in the application of Gd(lll) cellular MRI, these advantages led to a nearly 10-fold improvement in sensitivity over the state-of-the-art.

GO co-incubation is an effective method of cellular delivery that is easily adoptable by researchers across all fields.

KEYWORDS: graphene oxide - delivery vehicle - surface interaction - gadolinium - adsorption - sedimentation - cell culture

raphene oxide (GO) is a two-
Gdimensional mosaic of hydroxyls,
epoxides, carbonyls, and aromatic
rings."? Its specific surface area surpasses
that of other nanomaterials by 10-fold and
encroaches on the theoretical maximum.?
These quintessential surfaces noncova-
lently interact with each other and with
molecules in solution through a rich, multi-
valent combination of hydrogen bonding,
charge interactions, r chemistry, and hydro-
phobic effects.*> The unparalleled surface
area and the diverse surface chemistry
make GO an attractive platform as a cellular
delivery vehicle.®
Recently, surface-modified GO’ has been
shown to deliver a variety of molecules,'®'®
with hydrophobic drugs®'®~# and single-
stranded DNA”?~?’ being the most actively
explored. However, an incomplete under-
standing of the GO system and the synthetic
proficiency required to produce the nano-
complexes have hindered the adoption of
these approaches by the larger biomedical
community. Of equal importance, hydrophilic

HUNG ET AL.

small molecules as a class have been largely
overlooked in the studies of GO delivery
thus far due to the presumed critical role of
qt—t stacking and hydrophobic effects in the
cargo—GO interaction.3##16~ 1828

To gain a better fundamental under-
standing and to expand the practical hori-
zons of GO cellular delivery, we used native
GO to deliver a library of 15 hydrophilic,
Gd(lll)-labeled small molecules by co-incu-
bation in culture (Figure 1). Fundamentally,
the Gd(lll) labels and the chemical variety
found in the library enabled a quantitative
understanding of the molecular adsorption
and delivery process. Practically, the use
of unmodified GO allowed for the uncon-
ventional exploitation of sedimentation in
delivery, while the co-incubation approach
enabled the use of extremely high mole-
cular incubation concentrations. To demon-
strate the advantages of these properties,
GO co-incubation was evaluated in the
application of Gd(lll) cellular magnetic reso-
nance imaging (MRI). The systematic studies
performed inform the use of GO co-incubation
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Figure 1. Cellular delivery of bioactive molecules can be
enhanced by simple mixing and co-incubation with graphene
oxide in culture.

in other applications. The simplicity of the described
strategy makes it immediately accessible to the bio-
medical community at large.

RESULTS AND DISCUSSION

Two GO sizes with characteristic lateral lengths of
150 or 1500 nm were studied (Figure S1, Table S1). Both
samples were unmodified single sheets (Table S1) with
similar chemical compositions consisting of an aver-
age C—C:.C—0:C=0:C(0)0 distribution of 10:5.5:4.1:1.4
(Figures S2, S3). The small-molecule library studied
consisted of 12 synthesized and three commercially
available molecules (Figure 2). Their chemical charac-
teristics spanned a wide range of charges (4 negative,
6 neutral, 5 positive), hydrophobicity (—4.3 < logP <
—1.3), and functional groups (Table S2). For each of
the 30 molecule—GO pairs, molecular adsorption, GO
sedimentation, and cellular delivery enhancement
were measured in 10% serum-supplemented mini-
mum essential media (Figure 3). From these results,
the relative importance of different chemical groups in
GO surface interaction and the factors controlling GO
delivery performance were assessed.

Molecular Adsorption on GO. Out of the 15 molecules
in the library, nine showed appreciable adsorption on
GO up to a loading ratio of 27 wt % (Figure 3a). For
comparison, reported loading ratios for camptothecin,
Magnevist-PDDA, and doxorubicin are 5,'® 31,2 and
131—400 wt %,'”'822 respectively. The 1500 nm GO
exhibited similar to slightly higher adsorption com-
pared to the 150 nm GO, indirectly suggesting that the
molecules may be interacting with the GO basal planes
as opposed to their edges.

On the basis of molecules 1—7, alkyls, hydroxyls,
phosphates, and amines promote adsorption to GO
over carboxyls, quaternary ammoniums, and ben-
zenes. The low adsorption of 7 contradicts the pre-
valent view on the role of & chemistry in cargo—GO
interaction but is consistent with the density func-
tional theory studies performed by Saikia and Deka.?®
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Figure 2. Structures of the 15 molecules tested with GO for
adsorption, sedimentation, and cellular delivery. The quench-
ing properties of GO usually hinder quantitative studies. The
challenge is overcome by using Gd(lll) to enable analytical
quantitation by ICP.

The adsorption of camptothecin on GO was shown to be
facilitated by hydrogen bonding rather than 7 stacking
due to significant distortion of the GO basal plane.

Molecules functionalized by amines without the
triazole ring formed via click chemistry (9, 10, 11, and
13) showed the most prominent adsorption out of the
library. Replacement of the triazole in 4 by an alkyl
chain increased adsorption by 10—20-fold, suggesting
that triazoles do not interact with GO favorably. The
strong interaction between amines and GO is consistent
with similar observations published for graphenes®° and
carbon nanotubes>' The commonality suggests that
the sp? carbon network contributed to the amine—GO
interaction in addition to the oxygen groups.

Further quantitative analysis was prompted by the
adsorption of Magnevist (12), as the molecule lacks
apparently available chemical groups that would medi-
ate a strong interaction. The result showed that ad-
sorption could not be easily predicted by the charge,
hydrophobicity, or hydrogen-bonding potential of the
adsorbing molecule (Figure S4). Therefore, the intrica-
cies of GO adsorption in complex media are beyond
prediction by simple chemical variables.

GO Sedimentation. Surface-adsorbing molecules have
the potential to modify the sedimentation behavior
of GO by influencing the attractive and repulsive forces
between sheets. Sedimentation is generally regarded
as an undesirable property of nanomaterials due to the
additional variability it introduces into the system.>?
However, the same phenomenon can benefit cellu-
lar delivery via a local concentrating effect at the
bottom of the cell culture.®® Therefore, the increased
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Figure 3. (a) GO adsorbed a variety of molecules in cell culture media with amines (9, 10, 11, 13) producing the strongest
interaction. (b) GO sedimentation induced by molecular adsorption was measured by the fraction of GO remaining in the

molecule

supernatant after centrifugation at varying speeds. The area under each curve can be used to quantify sedimentation. (c) In

cell culture, co-incubation with GO enhanced the cellular delivery of a variety of molecules up to 13-fold. The Gd(lll) and GO

incubation concentrations were 188 xM and 18.8 ug/mL, respectively. Error bars show SEM.

sedimentation of native GO in media compared to
polymer-stabilized GO can be advantageous for cellu-
lar delivery in culture. To investigate this aspect of GO
delivery, the GO sedimentation of each molecule—GO
pair was measured by recording the percentage of
GO remaining in the supernatant after centrifugation
at varying speeds (Figure 3b). Quantitative com-
parisons were made by a calculation of the area under
the sedimentation curve (AUC). As expected, the re-
sults showed increased GO sedimentation in media
compared to water (Figure S5), with the 1500 nm GO
experiencing more sedimentation than the smaller GO.
Additionally, a minimum adsorption of 100 molecules/
10° C was found to be necessary to influence sedimen-
tation, with the degree of impact varying depending
on the adsorbing molecule.

Cellular Delivery Enhancement by GO Co-incubation. When
the library of 15 molecules was co-incubated with
GO in cell culture (HelLa), delivery enhancement of up
to 13-fold was observed (Figure 3¢, Table S3). Varying
degrees of adsorption among the different molecules
explain 70—80% of the variances in their delivery
enhancement by GO (Figure 4a). Additionally, mol-
ecules that induced GO sedimentation, as indicated
by smaller AUC, gained the most in delivery (Figure 4b).

Univariate analysis is limited by factor interac-
tions and confounding variables; therefore, multiple
linear regression was employed to build a more robust
quantitative model. Regression analysis shows that
adsorption, sedimentation, and size are all highly sig-
nificant independent predictors of delivery enhance-
ment (Figures 4c, S6, Table S4). The regression co-
efficients for adsorption (b;), sedimentation (b,), and
size (bs) are 1.0 x 1072, —1.4 x 1073,and —7.2 x 1073,
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Figure 4. Molecular adsorption, GO sedimentation, and GO
size control the cellular delivery process. Molecules that (a)
exhibited higher adsorption and (b) induced increased
sedimentation experienced greater delivery enhancement
by GO. Simple linear regression required separate fits for
the two GO sizes. (c) Multiple linear regression united the
data sets with a model that explained 92% of all observed
variances in delivery enhancement. Each of adsorption,
sedimentation, and size was found to be a significant factor
at p < 107°, Error bars show SEM.

respectively, when the variables are expressed in units
of Gd/10°C, AUC, and nm. The negative sign of b
indicates that cells intrinsically favor the smaller GO
over the larger GO. Importantly, this conclusion was
reached after removing the confounding effects of
sedimentation.®® The higher delivery of the smaller
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GO suggests that it experiences more frequent endo-
cytic uptake®* and cell membrane insertion®>3¢ rela-
tive to the larger GO. The combination of statistical
modeling and a quantitative library was proven to be a
powerful approach for gaining mechanistic insights
into the GO system.

To further validate GO as the effector of delivery
and to better understand the practical parameters that
control the process, the co-incubation protocol was
studied in more detail on a single cargo—GO combina-
tion. Magnevist was selected for the studies because
it exhibited high adsorption and is commercially avail-
able. The 150 nm GO was selected over the 1500 nm
GO due to its superior delivery performance. Co-
incubation allowed for the independent control of
cargo and GO concentrations in culture, with GO enhan-
cing delivery across 2 orders of magnitude of Magnevist
concentration (0.19—35 mM) (Figure 5a). Significantly,
in the co-incubation approach, it was possible to use
a Magnevist concentration that is 100-fold greater com-
pared to using purified Magnevist—GO nanocomplexes
reported by our own group®” and others.3® Additionally,
the cargo-to-GO ratio achievable in co-incubation far
exceeds that achievable in a nanocomplex. At 35 mM
Magnevist and 20 ug/mL GO, the cargo-to-GO ratio is
2.1 x 10°Gd/10° C, compared to the measured adsorption
of only 326 Gd/10° C after repeated washing (Figure 3a).
The substantially higher cargo-to-GO ratio attainable
in co-incubation compared to noncovalent conjuga-
tion allows weak and transient interactions to con-
tribute to the delivery process. The ability to exploit
weak interactions and extremely high cargo concen-
trations are unique advantages of the co-incubation
approach.

In addition to the demonstrated dose-dependent
uptake in culture, GO delivery was further validated
by two lines of evidence. First, GO coloration can
be directly observed in cell pellets after incubation
(Figure 5b). Second, direct addition of Magnevist and
GO into media without a preincubation period in water
eliminated both adsorption and delivery enhance-
ment (Figures 5¢, S7). The kinetics of GO adsorption
and desorption are parameters that can potentially be
engineered through the choice of incubation media to
further control the delivery process.

Next, the cytotoxicity of GO was evaluated at vary-
ing cargo concentrations on Hela cells. Cell viability
remained above 90% for GO concentrations up to
250 ug/mL and Magnevist concentrations up to
35 mM (Figures 6, S8). When Magnevist concentra-
tion was increased to 70 mM, synergistic cytotoxicity
was observed. However, concentrations as high as
70 mM Magnevist and 250 ug/mL GO were required
to decrease the cell viability to below 60%. The high
tolerance of cells toward GO is consistent with litera-
ture reports and has been shown to be mediated by
serum proteins.>® On the basis of these results, there is
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Figure 5. Delivery by GO is (a) dose-dependent, (b) obser-
vable by cell coloration, and (c) abolished without sufficient
adsorption time. Co-incubation enabled the independent
control of molecular and GO concentrations. The use of
Magnevist in the mM range is 100-fold greater compared to
purified Magnevist—GO complexes. The 150 nm GO was
used for the studies. Error bars show SEM.
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Figure 6. Twenty-four-hour cytotoxicity assay using HelLa
cells at increasing Magnevist and GO concentrations. No
significant cytotoxicity was observed up to a Magnevist
concentration of 35 mM and a GO concentration of 250 1.g/mL.
The maximum GO dose required for cellular delivery enhance-
ment is 20 ug/mL, or an order of magnitude below the highest
tested dose. The 150 nm GO was used for the study.

no cytotoxicity concern for GO at the doses and time
scales required to achieve delivery enhancement.
Finally, the robustness of the co-incubation proto-
col was evaluated in terms of generalizability to other
cell lines, inherent variability, and sensitivity to procedur-
al parameters (Figures S9—S11). GO co-incubation
was shown to consistently enhance cellular delivery
across the entire range of tested conditions, although
the degree of enhancement achieved varied. Parameters
such as plated cell density, incubation vessel, and GO
concentration influence the performance of GO delivery.
Evaluation of GO Co-incubation in Gd(lll) Cellular MRI. In
addition to serving as a quantitative label, the contrast-
enhancing properties of Gd(lll) in MRI provide a con-
venient application for comparing GO co-incubation
with the nanoconjugation approach.***' In cellular
MRI, the sensitivity for Gd(lll)-labeled cells is directly
related to the Gd(lll) label relaxivity and the cellular
Gd(lll) content, with the minimum requirement being
0.1-1 fmol/cell.*? The highest cellular labeling re-
ported to date is 31 fmol Gd/cell using the clinical
agent ProHance at an incubation concentration of
100 mM.** Gd(lll) agents attached to nanomaterial
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Figure 7. GO co-incubation enhanced the sensitivity of
Magnevist-labeled cells from 5000 cells/uL to 500 cells/uL
on T;-weighted MRI at 7 T. For comparison, a packed cell
pellet has approximately 385 000 cells/uL using the reported
Hela cellular volume of 2.6 pL. The 150 nm GO was used for
the study.”®

scaffolds are an attractive alternative because they
exhibit increased relaxivity and show efficient cell
labeling.344~>1 However, their incubation concentra-
tion is typically limited to the uM range due to colloi-
dal instability or increased toxicity compared to clinical
agents 384775032734 Consequently, typical cellular la-
beling achieved with nanomaterial agents ranges from
0.1 to 2 fmol Gd/cell, or approximately an order
of magnitude below the state-of-the-art.*’*%>> GO
co-incubation combines the relaxivity and delivery
advantages of nanomaterials with the ability to use
extremely high label incubation concentrations.

Hela cells labeled by Magnevist with and without
GO were suspended in agarose at various densities to
characterize their sensitivity on MRI (Figure 7). Proce-
dural changes needed to produce the cell—agarose
phantoms, including a change in culturing plates and
the need to centrifuge cells, decreased the cellular
Gd(lll) contents in this experiment compared to the
other studies performed (Figures S10, S11). The label-
ing achieved using Magnevist alone (35 mM) and with
GO co-incubation (10 ug/mL) was 30 and 47 fmol Gd/
cell, respectively. As expected, the labeling by Magne-
vist was comparable to the highest reported literature
value, while that attained with GO represented
a further improvement of 57%. Compared to Gd(lll)-
DNA gold nanoparticles,*” Gd(lll)-labeled polymer-
liposomes,*® gadonanotubes, and gadofullerenols,>
GO co-incubation achieved a cellular Gd(lll) payload
that is 30—50-fold greater. The co-incubation approach
provided an advantage in Gd(lll) delivery over nano-
conjugation by allowing the use of millimolar cargo
concentrations during incubation.

In addition to Gd(lll) payload, the sensitivity of
cellular MRI is affected by Gd(lll) relaxivity. Relaxi-
vity is a measure of the ability of a paramagnetic label
to generate contrast. GO has been known to increase
the relaxivity of Gd(lll) agents through a slowing of

MATERIALS AND METHODS

Synthesis of Gd(lll)-Labeled Molecules. All reactions were con-
ducted under an atmosphere of nitrogen gas, and all solvents
and chemical reagents were obtained from Sigma-Aldrich

HUNG ET AL.

molecular tumbling.372%>” Additionally, studies sug-
gest that GO interacts with cells by both endocytosis>*
and direct membrane insertion,>>*° resulting in the
delivery of cargos to the cytosol,'?* the cell membrane,
and the endosomes.®* Therefore, the Gd(lll) labels deliv-
ered by GO are not expected to experience significant
barriers to water access. In contrast, Gd(lll) labels without
nanomaterial delivery are sequestered into cells by
pinocytosis and experience a phenomenon known as
relaxivity quenching due to reduced water exchange.*?
The combination of increased Gd(lll) payload and en-
hanced relaxivity mediated by GO has a multiplicative
effect that evidently increased the MRI sensitivity for
labeled cells by nearly 10-fold compared to Magnevist
alone (Figure 7). In other words, the use of GO provided
a dual advantage of both increased cellular Gd(lll) con-
tent and improved Gd(lll) potency. To our knowledge,
the level of sensitivity achieved has not been previously
reported for a Gd(lll)-nanomaterial and serves as a
testament to the benefits of GO co-incubation over
nanoconjugation as an approach to nanomaterial
delivery.

CONCLUSION

In conclusion, GO co-incubation enhances the cel-
lular delivery of a variety of hydrophilic small molecules
in culture. The strategy is simple and inexpensive and
requires no synthetic expertise. High degrees of en-
hancement up to 13-fold were achieved for molecules
that adsorbed strongly and induced sedimentation.
Adsorption was found to be mediated by alkyls, hydro-
xyls, phosphates, and amines, while triazoles disrupt
the interactions. GO with a lateral dimension of 150 nm
achieved intrinsically higher cellular delivery com-
pared to its 1500 nm counterpart independent of
sedimentation. Compared to using purified nanocom-
plexes, co-incubation allowed for a 100-fold increase in
cargo incubation concentration. As a direct conse-
quence, GO co-incubation circumvented a key short-
coming of other nanomaterial solutions in the
application of Gd(lll) cellular MRI.

Guided by the results of the systematic studies
performed, the strategy of GO co-incubation can be
expected to generalize to other cargos and applica-
tions. Further optimization of the co-incubation proto-
col may be achievable using centrifugation, high-
density 2D materials, or engineered incubation media.
Potential opportunities await in translating the co-
incubation approach in vivo via co-injection and in fur-
ther understanding the forces that control molecular
adsorption and desorption in GO.

Chemical Co. (St. Louis, MO, USA) unless otherwise noted and
used without further purification. Deionized water (18.2 MQ-cm
at 25 °C) was obtained from a Millipore Q-Guard System equipped
with a quantum Ex cartridge. Thin-layer chromatography (TLC)
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was performed using 60F 254 silica gel plates (EMD Biosciences),
and flash column chromatography was performed with standard
grade 60 A 230—400 mesh silica gel (Sorbent Technologies).

Purification and characterization were performed using
reverse-phase HPLC/MS. Electrospray ionization mass spectro-
metry (ESI-MS) spectra were acquired on a Varian 1200L single-
quadrupole mass spectrometer. Unless otherwise noted, analy-
tical reverse-phase HPLC-MS was performed on a Varian Prostar
500 system with a Waters 4.6 x 250 mm 5 um Atlantis C;g
column, and preparative runs were performed on a Waters 19 x
250 mm Atlantis C;g column.

Syntheses of 1—7 were carried out via copper(l)-catalyzed
azide—alkyne click chemistry between Gd(HPN3;DO3A) and
the corresponding alkyne-functionalized pendant group. Gd-
(HPN3DO3A) is an azide-bearing Gd(lll) chelate synthesized
using previously published procedures.”® 8 was synthesized
following previously published procedures.®® 9—11 were syn-
thesized following a synthetic route reported in the literature
with modifications.*® 12 was purchased from Sigma-Aldrich
(catalogue number 381667) and used as supplied. When pre-
paring solutions of 12, the pH was adjusted to 7 using 2.0 M
NaOH. 13 was synthesized following previously published
procedures.>” 14 was synthesized by reacting DO3A with
propylene oxide, followed by metalation with Gd(OAc);. 15
was generated by metalating the DOTA ligand purchased from
Macrocyclics, Inc. Details of the reaction conditions and purifi-
cation methods are reported in the Supporting Information.

Graphene Oxide Synthesis. GO was synthesized using a mod-
ified Hummers method as previously reported.®® A 115 mL
amount of concentrated sulfuric acid (Mallinckrodt Baker) were
cooled to 0 °C in an ice water bath. Five grams of natural
graphite flakes (Asbury Graphite Mills, 3061 grade) was added
to the cooled acid. A 15 g portion of KMnO,4 was then slowly
added to the acid and graphite mixture with stirring and further
cooling to keep the temperature below 20 °C. The mixture
was then heated and held at 35 °C for 2 h under constant
stirring. Then 230 mL of deionized water (DI) was added to
the mixture slowly to avoid a rapid increase in temperature.
The reaction was terminated 15 min later by the further addition
of 700 mL of DI. Finally, 12.5 mL of 30% H,0, was slowly added
under constant stirring. The slurry was then vacuum filtered and
washed with 1.25 L of 1:10 HCI solution to remove metal ions
and other contaminants. Following washing, the solution was
resuspended in 500 mL of DI and centrifuged for 12 h at
7500 rpm in an Avanti J-26XP| centrifuge (Beckman Coulter)
with a JS-7.5 swinging bucket rotor to sediment the GO. The
supernatant containing residual HCl was decanted. This wash
step in DI water was repeated six times so that the final
resuspension in DI resulted in a pH 6 mixture. For the 150 nm
GO, 90 mL batches of the resuspended solution were ultra-
sonicated in 150 mL stainless steel beakers using a Fisher
Scientific model 500 Sonic Dismembrator with a 1/2 in. tip for
1 h at 50% amplitude (~55 W) while cooled in an ice water bath.
For the 1500 nm GO, 90 mL batches of the resuspended solution
were bath-sonicated for 1 h. For both the 150 nm and the
1500 nm GO, a final centrifugation step of 5000 rpm for 10 min
was performed to remove any unoxidized graphite.

Atomic Force Microscopy. For sample preparation, GO was
deposited onto silicon wafers with a 300 nm oxide layer as a
substrate. This process is similar to a previously reported
procedure.®’ The substrates were washed with acetone and
2-propanol and thoroughly rinsed with DI water. They were
then submerged in a 2.5 mM (3-aminopropyl)triethoxysilane
(APTES) solution for 30 min. The substrates were then rinsed
twice with DI water and dried with nitrogen. Immediately, 15 uL
of a 0.005—0.01 mg/mL GO solution was placed on the surface
and left undisturbed for 10 min. The substrates were again rinsed
twice with DI water and dried with nitrogen. The samples were
annealed at 250 °C in air for 30 min to remove residual APTES.
AFM was performed with a procedure reported elsewhere®’
using a Thermo Microscopes Autoprobe CP-Research AFM
in tapping mode with conical, symmetric tips (Budget Sensors,
All-In-One, cantilever B).

Raman Spectroscopy. Sample preparation for Raman spectros-
copy was performed as with the AFM samples except the final
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annealing step at 250 °C was omitted. Raman spectra were
obtained using an Acton TriVista CRS confocal Raman system
with excitation radiation of an Ar—Kr 514.5 nm gas laser at a
power of ~10 mW. Spectra were recorded in the range of
1100—3500 cm ™' over several different GO sheets and samples.
Backgrounds were subtracted and spectra were normalized for
comparison.

X-ray Photoelectron Spectroscopy. For sample preparation, ap-
proximately 0.5 mg of GO was vacuum filtered onto a 0.025 um
membrane (Millipore, CSWP) and rinsed with 10 mL of DI.
The filters were allowed to dry in air before measurement.
XPS measurements were performed using a Thermo Scientific
ESCALAB 250Xi system. Several spectra were recorded for each
sample. Data were corrected for charge shifting and fitted using
the Thermo Scientific Avantage data system.

Inductively Coupled Plasmon—Mass Spectrometry. ICP-MS samples
were prepared in 15 mL conical tubes by adding ACS reagent
grade nitric acid (70%), followed by incubation at 70 °C over-
night to allow for complete sample digestion. The effectiveness
of this digestion protocol was previously validated for GO.>’
After incubation, a multielement internal standard (containing
Bi, Ho, In, Li, Sc, Tb, and Y, Inorganic Ventures, Christiansburg,
VA, USA) and milli-Q water (18.2 MQ-cm) were added to
produce a final sample of 3% (v/v) nitric acid and 5 ng/mL
internal standard.

ICP-MS was performed on a computer-controlled
(Plasmalab software) Thermo X series Il ICP-MS (Thermo Fisher
Scientific, Waltham, MA, USA) operating in standard mode
equipped with an ESI SC-2 autosampler (Omaha, NE, USA).
Each sample was acquired using 1 survey run (10 sweeps) and
3 main (peak jumping) runs (100 sweeps). The isotopes selec-
ted for analysis were ">*'>”'%8Gd with '"°In and '%°Ho isotopes
selected as internal standards for data interpolation. Instrument
performance is optimized daily through an autotune followed
by verification via a performance report (passing manufac-
turer specifications). Instrument calibration was accomplished
by preparing individual-element Gd standards (Inorganic
Ventures) using concentrations of 0.781 25, 1.5625, 3.125, 6.25,
12.50, 25.00, 50.00, 100.0, and 200.0 ng/mL containing 3.0% nitric
acid (v/v) and 5.0 ng/mL of multielement internal standard.

Molecular Adsorption Assay. Solutions of Gd(lll)-labeled mol-
ecules were prepared by dissolving approximately 1 mg of
compound in 1 mL of Milli-Q water. The exact concentration of
Gd in each sample was determined by ICP-MS. These solutions
were then diluted to 1 mM Gd concentration and stored at 4 °C.
GO (150 and 1500 nm) solutions were prepared by diluting
the stock solutions to a concentration of 0.1 mg/mL as mea-
sured by UV—vis absorbance at 300 nm (extinction coefficient
3650 mLmg™' m™).°

To test adsorption, 75 uL of small molecules and 75 uL of GO
were mixed together and left undisturbed for at least 15 min.
Then 250 uL of MEM (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FBS (VWR Scientific, Radnor, PA, USA)
was added to result in a 400 uL mixture. The ratios and volumes
chosen replicate the conditions used in cell delivery experi-
ments. The mixtures were gently rotated for 30—60 min,
followed by centrifugation at 14800 rpm for 20 min (Thermo
Scientific,c, model Legend Micro 21R). A 385 uL amount of
supernatant was removed and saved for T, relaxation time
measurement. The pellet was resuspended with 385 uL of 5:3
MEM/Milli-Q water. The centrifugation wash step was repeated
until the T, relaxation time of the supernatant approximates
that of 5:3 MEM/Milli-Q water without Gd (2300—2500 ms)
as measured by a Bruker mg60 Minispec relaxometer (Bruker
Canada, Milton, Ontario, Canada). Typically, three washes were
necessary to satisfy this criterion. After the final wash, all
supernatant was removed and the pellet was resuspended
in 400 uL of Milli-Q water to minimize UV—vis interference.
A 200 uL portion of the final resuspended solution was used to
prepare ICP-MS samples for Gd concentration determination;
the remaining 200 uL was measured by UV—vis at 300 nm
wavelength to determine GO concentration. For samples that
flocculated, as evidenced by increased contribution from light
scattering during UV—vis measurement, the recorded absor-
bance was reduced by an empirical correction factor of 1.353.
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A control experiment was performed for each of the 14
small molecules by replacing the 75 uL of GO with pure Milli-Q
water. After the final wash, 385 uL of supernatant was removed
and replaced with 385 uL of Milli-Q water. A 200 uL amount of
the final solution was used to prepare ICP-MS samples for Gd
concentration determination.

To calculate adsorption, Gd concentration of the control was
subtracted from the Gd concentration of the Gd—GO mix-
tures. GO concentration was converted to carbon concentration
by atomic mass. The carbon concentration was overestimated
because oxygen was not taken into account in the conversion.
Adsorption was obtained by taking the ratio of the corrected Gd
concentration to the calculated carbon concentration.

Adsorption Time Study. For studies investigating zero adsorp-
tion time, 75 ulL of GO was added to 250 uL of media, followed
by the addition of 75 ulL of the Gd(lll)-labeled molecule. The
solution was left undisturbed for at least 15 min before being
transferred to a rotator. The rest of the study was performed
following the procedures as already described.

Octanol—Water Partition Coefficients. Approximately 1 mg of
each compound was dissolved in 1 mL of a 1:1 mixture
of water/1-octanol. After shaking the sample tube vigorously
for 30 s, the tube was placed on a rotator for gentle mixing over
6 h. The tube was then removed from the rotator and allowed
to sit for 12 h to ensure complete separation of the aqueous
and organic phases. Once separation was complete, 10 uL was
removed from each layer to determine the concentration of
Gd by ICP-MS. The partition coefficient was calculated from
the following equation: logqo P = log;o(Co/Cy), Where log; P is
the logarithm of the partition coefficient, C, is the concentration
of Gd in the 1-octanol layer, and C,, is the concentration of Gd in
the water layer.

Sedimentation Assay. Solutions of Gd(lll)-labeled molecules
were prepared by dissolving approximately 1 mg of compound
in 1 mL of Milli-Q water. The exact concentration of Gd in each
sample was determined by ICP-MS. These solutions were
then diluted to 1 mM Gd concentration and stored at 4 °C.
GO (150 and 1500 nm) solutions were prepared by diluting
the stock solutions to a concentration of 0.1 mg/mL as mea-
sured by UV—vis absorbance at 300 nm (extinction coefficient
3650 mL mg~' m~").%!

In a 1.5 mL microcentrifuge tube, 75 uL of small molecule
and 75 uL of GO were mixed together and left undisturbed for at
least 15 min, followed by addition of 250 uL of MEM supple-
mented with 10% FBS to result in a 400 uL mixture. The ratios
and volumes chosen replicate the conditions used in cell
delivery experiments. After mixing, the solutions were gently
rotated for 30—60 min. To measure sedimentation, the solu-
tions were centrifuged for 10 min in a Legend Micro 21R model
centrifuge (Thermo Scientific) at predetermined speeds (e.g.,
0, 2000, 4000, 6000, 8000 rpm). Following each round of centri-
fugation, 100 uL of supernatant was removed and measured
with UV—vis at 325 nm wavelength using 5:3 MEM/Milli-Q
water as the blank. The supernatant was returned to the ori-
ginal solution and mixed using a pipet for another round of
centrifugation at a different speed. A sedimentation curve
was constructed by plotting the fraction of GO remaining in
the supernatant against centrifugation speed. Sedimentation
was quantified by taking the area under the sedimentation
curve, with more significant sedimentation being indicated by a
smaller AUC.

General Cell Culture. Dulbecco's modified phosphate-buffered
saline, media, and dissociation reagents were purchased from
Life Technologies. CorningBrand cell culture consumables
(flasks, plates, etc.) and sera were purchased from VWR Scien-
tific. HeLa cells (ATCC CCL-2) and KB cells (ATCC CCL-17) were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in phenol red-free minimum
essential media (MEM) supplemented with 10% fetal bovine
serum (FBS). Prior to all experiments, cells were plated and
allowed to incubate for 24 h before dosing. Cells were harvested
with 0.25% TrypLE for 5 min at 37 °C in a 5.0% CO, incubator.

For sterilization, all Gd(lIl)-labeled molecules were filtered with
0.2 um sterile filters prior to concentration determination and
storage at 4 °C. GO was used as prepared without further
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sterilization. Literature reports suggest that GO in water is
inherently bactericidal.®>~%* Cells were grown in a humidified
incubator operating at 37 °C and 5.0% CO,.

Guava ViaCount Assay for Cell Counting. Cell counting was con-
ducted using a Guava EasyCyte mini personal cell analyzer (EMD
Millipore, Billerica, MA, USA). After cell harvesting, an aliquot
(50 uL) of the cell suspensions was mixed with Guava ViaCount
reagent (150 uL) and allowed to stain at room temperature for at
least 5 min. The dilution factor of 4 was determined based upon
optimum machine performance (20—150 cells/uL). After vortex-
ing for 10 s, stained cells were counted using a Guava EasyCyte
mini personal cell analyzer using the ViaCount software module.
For each sample, 1000 events were acquired. Gating of live/
dead and cell/debris classifications was performed manually by
the operator. Instrument reproducibility was assessed biweekly
using GuavaCheck beads and following the manufacturer's
suggested protocol using the Daily Check software module.

Cellular Delivery Studies. Cellular delivery studies were per-
formed with HeLa and KB cells. HeLa and KB were plated at a cell
density of approximately 25000 and 50000 cells per well,
respectively, in a 24-well plate as counted by a hemocytometer.
Stock solutions of 1—15 (1 mM), 150 nm GO (100 ug/mL), and
1500 nm GO (100 ug/mL) were prepared using sterile Milli-Q
water. Prior to dosing, 80 uL (8.0 ng) of each GO (150 and
1500 nm) and 80 uL (80 nmol) of each Gd(lll)-labeled molecule
(1—15) were mixed and allowed to adsorb for at least 15 min.
Gd(Ill)—GO solutions of 150 uL were added to 250 uL of media
to give a final concentration of 188 uM Gd and 18.8 ug/mL GO.
Cells were incubated with the mixture of Gd(lll)-labeled mol-
ecules and GO for 24 h. To harvest, cells were rinsed in-plate
three times with 500 uL of PBS and trypsinized using 100 uL of
0.25% TrypLE. Following trypsin treatment, 150 uL of media was
added to each well and mixed by a pipet to ensure that all cells
were lifted into suspension. A 50 uL portion of the cell suspen-
sion was used for cell counting, and 150 uL was used for Gd
content analysis via ICP-MS.

For studies investigating zero adsorption time, 75 uL of GO
was added to 250 uL of media, followed by the addition of 75 uL
of the Gd(ll)-labeled molecule. The mixture was left undis-
turbed for 15 min before being added to the cells. The rest of
the study was performed following the procedures as already
described.

To examine concentration-dependent delivery by GO, the
concentration and ratio of Magnevist/150 nm GO were varied.
Prior to dosing, stock solutions of 150 nm GO (107, 80, 53, 27,13,
and 0 ug/mL) and Magnevist (186.7, 93.3, 46.7, and 23.3 mM)
were prepared. An 80 uL amount of each concentration of GO
and 80 uL of each concentration of Magnevist were mixed and
allowed to adsorb for at least 15 min before adding to 250 uL of
media, creating a total of 24 separate conditions. The final
concentrations of GO were 20, 15, 10, 5, 2.5, and 0 ug/mL; the
final concentrations of Magnevist were 35, 17.5, 8.8, and 4.4 mM.
All other procedures were performed as already described.

Statistical and Error Analysis. Simple and multiple linear regres-
sion were performed using IBM SPSS Statistics software (ver. 19,
IBM, New York, NY, USA). The r? reported are adjusted r* that
take into account the number of explanatory variables in the
model so that comparisons across different models are valid.
Coefficients of variation (%CV) were calculated by taking the
ratio of the standard deviation to the mean. For quantities
that were calculated from several different raw measurements
(e.g., adsorption and fold delivery enhancement), the errors
were propagated according to the arithmetic operations per-
formed. Where applicable, Table S5 lists the number of repli-
cates and the %CV of each experiment.

Cell MR Imaging. Hela cells were labeled by Magnevist
with and without 150 nm GO co-incubation in six-well plates.
Two plates seeded at 300000 cells per well were needed to
produce a sufficient number of cells for imaging. For the condi-
tion of GO co-incubation, 4500 uL of a Magnevist—GO mixture
was prepared at a concentration of 93.3 mM Magnevist and
27 ug/mL GO. The mixture was allowed to adsorb for at least
15 min. Then 375 uL of the Magnevist—GO mixture was added
to 625 uL of media in each well to reach a final concentration of
35 mM Magnevist and 10 ug/mL GO. The cells were incubated

VOL.8 = NO.10 = 10168-10177 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

10174



with the mixture for 24 h. To harvest, cells were rinsed in-plate
three times with 3000 uL of PBS and trypsinized using 400 uL of
0.25% TrypLE. After 5 min of incubation at 37 °C, 600 uL of media
was added to each well and mixed by a pipet to ensure that all
cells were lifted into suspension. After combining all the wells
into a 12 mL cell suspension, three aliquots of 25 uL each were
obtained for cell counting by Guava. A 175 uL amount of Guava
ViaCount reagent was used for dilution. Additionally, 200 uL of
the cell suspension was transferred to a 1.5 mL microcentrifuge
tube, centrifuged at 1000 rpm for 5 min (Thermo Scientific,
model Legend Micro 21R), and resuspended in 200 uL of media
to wash the cells. From the washed cell suspension, two aliquots
of 25 ulL each were used for cell counting by Guava and
two aliquots of 25 uL each were used for Gd content analysis
by ICP-MS. For the condition without GO co-incubation, the
same procedures were followed except GO was replaced by
Milli-Q water.

To create the cellular phantoms in agarose, 1% media/
agarose was prepared by mixing media and 2% low-melting-
point agarose (Life Technologies) in equal parts. At 7 T, the
media/agarose has a T; of 2952 + 152 msand a T, of 96 &= 1 ms.
Ina 4 mL 15 x 45 mm glass vial, 2 mL of media/agarose was
gelled at room temperature around a 5 mm o.d. NMR tube that
was later removed to create a cylindrical bore. To fill the bore,
the suspension of labeled cells was centrifuged at 1000 rpm for
5 min. After removing the supernatant, the cell pellet was
resuspended in media/agarose and further diluted to densities
of 10000, 5000, 2000, 500, and 100 cells/uL. A 300 uL portion of
each cell suspension was used to fill the bores in the 4 mL vials.
After filling, the vials were cooled to 4 °C for 20 min to solidify
the suspension. Approximately 3 mL of media was added on top
of the media/agarose to completely fill the vial.

T;- and T,-weighted imaging were performed on a Bruker
PharmaScan 7.05 T imaging spectrometer fitted with shielded
gradient coils and an RF RES 300 1H 089/023 quadrature
transceiver volume coil at 25 °C (Bruker BioSpin, Billerica, MA,
USA). Imaging was performed using a rapid acquisition with
refocused echoes (RARE) pulse sequence. For T;-weighted
imaging, the imaging parameters were TR = 200 ms, TE =
11.7 ms, NEX = 1, FOV = 21 x 21 mm? slice thickness =
2 mm, and matrix size = 256 x 256. For T,-weighted imaging,
the imaging parameters were TR = 5000 ms, TE = 100 ms,
NEX =1,FOV =15 x 15 mm? slice thickness = 2 mm, and matrix
size = 256 x 256. The signal intensities of the acquired images
were normalized such that the blank media/agarose has the
same intensity across all images. Image processing was per-
formed using Image) (NIH, Bethesda, MD, USA). T;- and
T,-weighted images were processed separately.
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