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A
major goal in nanochemistry is the
synthesis of hybrid structures that
exhibit multiple functions that can-

not be achieved in single-phase, homoge-
neous nanomaterials. The functions may
involve a combination of magnetic, photo-
nic, radiological, electrical, fluorescent, and
delivery behaviors,1�8 and the hybrid struc-
tures include core�shell,8�10 dumbbell,11,12

“patchy” particle assemblies,13 polymer-
coated binary NPs,14 and basic geometries
(spheres, cylinders, sheets) with adherent
nanoclusters.15

One example application area is bio-
medical imaging, where nanoprobes are
being developed for disease detection using
magnetic resonance imaging (MRI), X-ray
computed tomography (CT),positronemission
tomography (PET), or fluorescence.12,14,16�18

Biomedical diagnostics often incorporate
more than one imaging modality (e.g.,
MRI/fluorescence,1,19 MRI/radiological/fluo-
rescence,20 PET/CT5) or combine imaging
diagnostics and therapies to produce hy-
brid materials for theranostics.8,10,21�23 MRI

and CT are now two of themost widely used
noninvasive imaging techniques in clinical
diagnostics, and several groups have reported
dual-functional contrast agents.14,18

Manymultifunctional nanostructures com-
bine different solid-phase chemistries in a
single structure through a series of chemical
synthesis steps, which become increasingly
difficult as the complexity of the probe
increases with corresponding decrease in
yield. Recently, an aerosol-phase method
has been demonstrated for encapsulat-
ing nanoparticles or macromolecules in
graphene “nanosacks”.24�28 This process
is simple, continuous, and scalable and
would have the potential to become a
general and flexible route for creation
of multifunctional nanostructures if multi-
ple cargo materials can be simultaneously
and uniformly wrapped. To achieve this
requires a better understanding of the
aerosol encapsulation process, which de-
termines the nature of the cargoes that
can be successfully wrapped, the structure
of the hybrid materials, and their solute
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ABSTRACT Hybrid nanoparticles with multiple functions are of great interest in biomedical

diagnostics, therapies, and theranostics but typically require complex multistep chemical synthesis.

Here we demonstrate a general physical method to create multifunctional hybrid materials through

aerosol-phase graphene encapsulation of ensembles of simple unifunctional nanoparticles. We first

develop a general theory of the aerosol encapsulation process based on colloidal interactions within

drying microdroplets. We demonstrate that a wide range of cargo particle types can be encapsulated,

and that high pH is a favorable operating regime that promotes colloidal stability and limits

nanoparticle dissolution. The cargo-filled graphene nanosacks are then shown to be open structures

that rapidly release soluble salt cargoes when reintroduced into water, but can be partially sealed by

addition of a polymeric filler to achieve slow release profiles of interest in controlled release or theranostic applications. Finally, we demonstrate an

example of multifunctional material by fabricating graphene/Au/Fe3O4 hybrids that are magnetically responsive and show excellent contrast enhancement

as multimodal bioimaging probes in both magnetic resonance imaging and X-ray computed tomography in full-scale clinical instruments.
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release characteristics relevant to delivery and
theranostics.
In this article, we propose a new theory for the

colloidal dynamics that govern aerosol-phase encap-
sulation by graphene oxide and extend the aerosol
process to multiple cargo materials. We also show that
the sacks are intrinsically open structures that rapidly
release soluble cargoes into solvent environments but
can be partially sealed to achieve slow release profiles.
Finally, we demonstrate one example of a simple
synthesis of a graphene/Au/Fe3O4 ternary probe that
is magnetically responsive and highly active as both an
MRI and CT multimodal bioimaging contrast agent.

RESULTS AND DISCUSSION

A wide range of nanoparticles are of interest for
application in multifunctional materials. We thus be-
gan by exploring the limits of the aerosol graphene
encapsulation process for particle cargoes of differing
type. Figure 1 shows the aerosol encapsulation process
and example structures made from binary feed solu-
tions, meaning those containing graphene oxide (GO)
and one cargo particle type. Here an aqueous dis-
persion containing the cargo and graphene oxide
is ultrasonically nebulized, and the microdroplet mist
is carried by an inert gas flow through an electrically
heated furnace. The dried nanosacks are collected
on a polytetrafluorethylene filter (Figure 1A), and in
the most common experiment, the furnace tempera-
ture is set at 500�600 �C, converting the GO sack to

reduced graphene oxide (rGO). We observed success-
ful encapsulation with many of these binary systems,
but not all. Some systems formed gels or visible
precipitates in the feed suspension that led to nonuni-
form products or significant numbers of isolated un-
wrapped nanoparticles (e.g., in the case of CuONPs and
Co NPs functionalized with L-cysteine ethyl ester).
Other systems led to good encapsulation even though
the nanoparticle cargoes did not form stable colloidal
suspensions on their own in water (e.g., Fe3O4, BaTiO3).
There are also subtle differences in structure among
the successful cases, with some completely encapsu-
lated with a high degree of sack�cargo segregation
(Figure 1B), while others show particles that appear to
be on the outer surface (arrows, Figure 1D,E). HRTEM
on these systems reveals that some of the nanoparti-
cles are in fact covered by very thin reduced graphene
oxide films with a width of∼2 nm and are thus “inside”
but in the near-surface region (Supporting Information,
Figure S1). On the basis of these facts, we hypothesized
that colloidal interactions involving the cargo particles
and the graphene oxide sheets play an important role
in successful aerosol encapsulation and the structure
of the hybrid material products.
Our previous work24 proposed a mechanism for

sack�cargo formation, inwhich graphene oxide shows
a thermodynamic preference to localize at the air�
water interface and its large hydrodynamic size leads
to slow diffusion away from the drying front. GO thus
collects as a multilayer film at the droplet outer surface

Figure 1. Aerosol-phase synthesis of cargo-filled graphene nanosacks and examples of binary materials with a single
homogeneous cargo. (A) Continuous aerosol fabrication process leading to Ag-filled nanosacks.24 (B�E) Electron micro-
graphs of selected binary composite product structures (reduced GO with single cargo material). (B) Tannic-acid-capped
AuNPs, (C) Si NPs, (D,E) Fe3O4 NPs, (F) Fe3O4-filled nanosacks can be easily cleared from ethanol solution with a hand-held
magnet demonstrating stable encapsulation and the absence of free rGO. The particles alone cannot be dispersed in ethanol,
so the graphene oxide serves as both a dispersing and encapsulation agent in this case. Arrows on D and E show a minority
of particles on or very near the outside surface of the Fe3O4-filled nanosacks.
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and collapses by capillary forces in the late stages of
drying. The NP cargoes in contrast diffuse away from
the drying front to localize preferentially in the sack
interior.24 This theory was developed for citrate-
capped Ag NPs, which show a large negative surface
charge in common with GO, and the original theory
was specific for suchmutually repelling binary colloids.
Some NPs of interest here in the larger sample set,
however, have positive charge or are nearly isoelectric,
and amore general theory is needed to understand the
range of applicability of the aerosol technique and to
explain the observations above.
Figure 2 shows the elements of a new, general

theory of sack�cargo assembly that applies in different
electrostatic regimes. The theory will be formulated for
binary colloids but is easily extended to systems with
three or more colloidal components. Figure 2A shows
pH-dependent zeta-potentials for a generalized binary
colloid, which give rise to three regimes: two electro-
statically repulsive regimes at high and low pH, where
colloidal stability and sack�cargo segregation are ex-
pected, and an attractive regime at intermediate pH,
where complex association phenomena can occur
between the colloidal particle components. To apply
this to sack assembly, we measured zeta-potentials for
all candidate cargo particles in deionizedwater, but the
results were not directly relevant due to differences in
pH between the single-component suspensions and

the binary suspensions containing GO. We therefore
measured the pH of the GO/cargo nebulizing suspen-
sions and measured zeta-potentials for GO and parti-
cles at the relevantmixture pH (Figure 2B). For GO itself,
the net surface charge is negative between pH 2 and
12, and the potential/pH profile has a flat valley above
pH 5, which suggests carboxylate groups as an impor-
tant source of acidity and surface charge. Gold NPs
were characterized as an example cargo and are also
persistently negative due to their tannic acid capping.
The GO/Au system shows only one of the three possi-
ble regimes, and its highly repulsive nature leads to
good sack�cargo segregation. Iron oxide NPs show a
zeta-potential with a strong pH dependence and an
isoelectric point near 7.29 The GO/Fe3O4 system thus
shows two of the three possible regimes in Figure 2A.
The pH of our GO/Fe3O4 suspensions varies with
GO/Fe3O4 ratio and was measured as pH 3 for the case
shown in Figure 1. At this pH, the Fe3O4 NPs have
strongly positive surface charge and would associate
with the negatively charged GO. The Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory would predict
no repulsive barrier to association (heteroaggregation)
and indeed we see a single peak in zeta-potential
measurement in GO/Fe3O4 suspensions. We also see
a single zeta-potential peak for a variety of binary sus-
pensions containing GO and NPs with positive surface
charge at the mixture pH. We believe this association

Figure 2. Proposed theory for colloidal sack�cargo assembly in binary systems: (A) pH-dependent zones of electrostatic
attraction and repulsion (general behavior); (B) specific behaviors of graphene oxide and two example cargo materials. The
acidic nature of GO gives it a negative colloidal surface charge over a wide pH range. Only one regime is seen for the GO/Au
system and is repulsive. The GO/Fe3O4 system shows one attractive regime (pH<7) and one repulsive regime (pH>7). (C) Map
of size and surface charge for sack�cargo systems studied here and proposed assembly mechanisms in the repulsive and
attractive regimes. The hydrodynamic size of all cargoes is smaller than that of GO, allowing fast diffusion of the cargo away
from the drying droplet front and thus diffusion segregation and sack�cargo separation in the colloidal repulsive regime
where the particles act independently of the GO sheets.
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explains the ability to disperse and encapsulate these
Fe3O4 NPs, which are colloidally unstable in the ab-
sence of GO.30 In general, the association of NPs with
GO can aid inNPdispersion butmay also lead to charge
neutralization, GO�GO bridging, and aggregation.
Small aggregates may be incorporated into the 5 μm
droplets formed by ultrasound, but larger aggregates
or gel networks cannot be uniformly nebulized into
microdroplets, leading to poor encapsulation perfor-
mance, as seen for CuO and Co under some conditions.
In addition, some metal and metal oxide NPs are
unstable to dissolution, including Ag,31 ZnO,32 and
CuO.33We observed the zeta-potential of CuO/GOmix-
tures to be higher than either CuO or GO alone and to
form gel phases, which we believe is due to CuO partial
dissolution and Cu2þ binding to GO�COO� groups
that neutralize surface charge and destroy colloidal
stability. We found that NaOH titration of GO/CuO NP
suspension from pH 5.3 to 10 moves the system
from the attractive regime to the repulsive regime
and also suppresses oxide dissolution, allowing suc-
cessful CuO encapsulation (Supporting Information,
Figure S2). Titration to basic pH appears to be useful
to avoid metal and metal oxide dissolution during
encapsulation.
Figure 2C shows the range of NPs used in this study

and a conceptual model of the assembly process in the
attractive and repulsive regimes. The repulsive regime
leads to separate GO and nanoparticle phases, whose
differing diffusion rates lead to good sack�cargo
separation during drying (Figure 1B). The attractive
regime in contrast leads to GO�particle attachment,
which reduces the degree of sack�cargo segregation
and leads to the presence of some particles on the
external surface or in the near-surface regime interca-
lated between graphene sheets, as seen in Figure 1D,E.
This conceptual model explains why a wide variety
of colloidal particles can be processed by the aerosol
technique, including those that are colloidally unstable
on their own. Another useful result of this model is that,
when colloidal instability and/or poor encapsulation is
observed, base titration to high pH is an effective tech-
nique to establish the repulsive regimewhereGOand the
cargo particle both carry negative surface charges and
form stable binary suspensions. A further benefit of base
titration is the suppression of metal or metal oxide
dissolution, which is typically proton-mediated.31

Nanosack Sealing and Controlled Release. A second fun-
damental issue to resolve in nanosack technology
relates to nanosack sealing and internal solute release.
If graphene nanosacks are hermetically sealed, this
would be useful for biological application of acutely
toxic cargoes, which can be isolated from tissue by the
graphene sack acting as a barrier. If, however, the sacks
are open to smallmolecule transport, then applications
as catalyst supports, electrode materials, drug deliv-
ery vehicles, and theranostics are possible. Several

independent assays were devised to characterize nano-
sack sealing and solute exchange. First we studied
nitrogen vapor adsorption on nanosacks filled with
Fe3O4 NPs as a probe for the accessibility of internal
pores and surfaces. Figure 3B shows the pore size
distributionof Fe3O4-filledgraphenenanosacks obtained
from nitrogen vapor adsorption data analyzed by non-
local density functional theory (DFT) using a carbon slit
pore model.34 There is a characteristic mesopore size of
about 4 nm, which is similar to that seen in the empty
sacks and possibly attributed to the inner space in loop-
shaped ridges seen by SEM and TEM.24 The Fe3O4-filled
graphene nanosacks have a total accessible surface area
of 78 m2/g and about 0.5 cm3/g of total pore volume
(Figure 3A). Using a true density of 1.8 g/cm3 for reduced
graphene oxide, the porosity, Vpores/Vtotal, is estimated to
be 0.66, which suggests that the internal spaces are open
to theN2 adsorbate. The surface area and pore volumeof
the Fe3O4-filled nanosacks lie between those of the
empty sacks and the Fe3O4 nanoparticles alone as a bulk
powder andare roughly consistentwith a simple additive
relationship for the relevant Fe3O4/graphene mass ratio,
which is 5.7:1.

This significant pore volume suggests the sacks are
open, though these data alone donot indicatewhether
the pores connect the particle exterior to the internal
cargo. Evidence for this connection comes from acid
dissolution studies (Figure S3). Immersing the Fe3O4-
filled sacks in HCl is seen to etch away the internal
particles, leaving the sack intact (Figure S3). Further,
cesiumchloridewasusedasmodel solute to study release
from the sack interior. We found that exposing CsCl-filled
graphene nanosacks to humid room air prior to SEM
analysis led towater uptake and the release of salts clearly
seen in Figure 3C. The highly hygroscopic nature of these
sacks comes from the fact that high surface area nano-
crystals of the highly soluble CsCl are exposed to ambient
water vapor. In Figure 3D, we use a chloride-specific
electrode to measure release kinetics. Release from the
as-produced nanosacks is too fast to measure with this
technique (<10 s). The rapid release in the as-produced
sacks is consistent with pore transport over these length
scales. With the relevant particle length scale of 100 nm,
a porosity values of 0.66 and a Cl� aqueous diffusion
coefficient of 2 � 10�5 cm2/s,35 characteristic diffusion
times, L2/D, are predicted to be on order of 7 μs if the
pores connect the cargo space with the exterior. Each of
these tests indicates that the sacks are open and capable
of quickly releasing small molecule cargoes.

Delivery or theranostic applications will require con-
trolled release behavior rather than the rapid release
observed for as-produced sacks. As a proof-of-principle,
we added carboxymethyl cellulose (CMC) to see if an
additional fillermaterial could provide a diffusionbarrier
to achieve slow release of the CsCl salt probe. Addi-
tion of CMC to the nebulizing suspension led to rGO/
CsCl/CMC nanosacks (Figure S4), and the 500 �C drying
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temperature decomposes CMC to volatile matter and
carbon filler. Figure 3D shows that a portion of the salt
release nowoccurs overmuch longer time scales, on the
order of days. The ability to add water-soluble solutes
and fillers to graphene nanosacks opens up the possi-
bility for controlled release applications either alone or
in combination with diagnostic functions.

Example Multimodal Probes. The theory for binary col-
loids presented in Figure 2 is easily extended to
systems with Ncomponents > 2, which is the regime of
interest for multifunctional materials. We chose to
demonstrate the multicomponent capability by fabri-
cating dual-purpose magnetically responsive contrast
agents for bothMRI and X-ray CT.MRI and CT are two of
themost widely used techniques in clinical diagnostics
and can be applied alone or in combination.36 Due to
its good availability and relatively low costs, CT is often
the preferred technique for pretreatment evaluation of
cancer and offers high patient throughput and high-
resolution imaging.37 MRI is a flexible technique that
identifies pathology based upon their difference on T1,
T2 (or T2*) relaxation time and proton density between
diseased and normal tissue. Figure 4A�C shows three
different multicomponent graphene sacks of interest
in dual CT/MRI imaging, based on rGO/Au/Fe3O4 or rGO/
BaTiO3/Fe3O4 chemistries. Each of the materials was
fabricated with a component mass ratio of 1:2:2. The
multicomponent nature of these hybrid is most easily

seen in Figure 4B, in which the lower electron density
and small size of the Fe3O4 NPs distinguish them from
Au, and in Figure 4C, where the large size of BaTiO3 NPs
distinguishes them from the Fe3O4 NPs. High-resolution
TEM, Raman, and XRD show that the graphene sack is a
multilayer structure that conforms to particles in the
peripheral region and bridges open spaces between
neighboring particles (Figure 4D and Figure S5).

The magnetic properties of one set of rGO/Au/
Fe3O4 nanosacks were characterized by vibrating sam-
ple magnetometry on 15 mg dry powder samples
(Supporting Information, Figure S6).We observe a small
degree of hysteresis, which is consistent with the 50 nm
size of the iron oxide nanoparticles in these sacks, and
the remanence and coercivity were determined to be
1.040 emu/g and 0.01416 T, respectively. The saturation
magnetization was not reached at the maximum applied
field of 0.8T, but the maximum developed magnetization
notedwas 4.52 emu/g at 0.8T. This developedmagnetiza-
tion is substantially larger than that produced by ferritin
cage-based iron and manganese contrast agents by
a factor of 11.3 and 2.26, respectively.38,39 Use of single
domain superparamagnetic particles as the cargo
(8�10 nm) may result in a larger developed magnetiza-
tion, smaller hysteresis, andevengreaterT2 contrast effect.

Figure 5 shows theMRI andCT contrast performances
of the G/Au, G/Fe3O4, and three-way rGO/Au/Fe3O4

hybrids. The filled graphene nanosacks were suspended

Figure 3. Information on graphene nanosack sealing and solute release as relevant to delivery functions. (A) Brunauer�
Emmett�Teller (BET) surface area, porosity, and pore volume of Fe3O4, empty nanosacks, and Fe3O4-filled nanosacks. (B) Pore
size distribution of Fe3O4-filled nanosacks obtained from nitrogen vapor adsorption isotherms by applying nonlocal density
functional theory (DFT) with a carbon slit poremodel. (C) SEM of CsCl-filled graphene nanosacks after brief exposure to humid air.
Salt-filled sacks (GO/CsCl mass ratio 1:4) are highly hygroscopic and take up atmospheric moisture and release CsCl to form visible
salt films surrounding the sacks. (D) Chloride release rate in DI water for CsCl-filled nanosacks with and without carboxymethyl-
cellulose (CMC) as a sealing additive. CMC addition to the aerosol process reduces the dissolution rate of soluble CsCl.
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in carboxymethylcellulose (CMC) gel in cylindrical 5 mL
tubes at a series of increasing concentrations and
placed horizontally in the MRI and CT test zones for
cross-sectional imaging relative to gel-only controls.
Figure 5A,B shows the MRI behavior of the rGO/Fe3O4

nanosacks, in the form of T2-weighted images with an
echo time of 30ms alongwith a T2map computed using
themonoexponential fit to the 24-echo data. The Fe3O4-
filled nanosacks show a strong T2 contrast effect at parts
per million doses. From a gel control mean T2 of 535 ms,
T2 monotonically decreased with increasing concentra-
tion, reaching a value of 19.1 ms at the concentration of
50 μg/mL. The relaxation rate (R2 = 1/T2) is linear with
dose, as expected (Supporting Information, Figure S7).
Computing relaxivity as the slope of this line gives r2 =
1012 s�1 (mg/mL)�1. There was also a weak T1 effect
with an estimated relaxivity r1 = 4.95 s�1 (mg/mL)�1. This
behavior is expected, as iron-oxide-based contrast
agents are used primarily to reduce T2 and T2*, although
some T1 effect has been described previously.40 The
three-way G/Au/Fe3O4 hybrid shows similar behavior
(Figure 5C) but with reduced relaxivity (r2 = 114.0 s�1

(mg/mL)�1) relative to thepure Fe3O4 cargo. The hybrid's

effect on T1 was practically negligible with a reduction
in T1 of 9.5% below the gel control at a concentration of
500 μg/mL.

Figure 5D,E shows the X-ray CT contrast perfor-
mance for the G/Au hybrids, Au particle control, and
gel-only control. The maximum attenuation was
noted at 80 kVp with a mean CT number increase of
57.8 for the 2000 μg/mL Au/nanosack sample. The
same concentration for free gold (no nanosacks)
produced at mean CT number change of 102, which
is consistent with the increased mass fraction of Au
in this material. The expected monotonic decrease
in attenuation with increasing kVp was interrupted
at 120 kVp. This is probably a consequence of
the K-edge absorption of gold at 80.725 keV. With
an X-ray tube voltage bias of 120 kVp, there was
a sufficiently large number of photons in the region
of 80 keV to allow observation of K-edge attenuation.
As expected, a reduction in the quantity of gold in the
nanosacks reduced the observed attenuation, with
a mean CT number change of 25.6 at a concentration
of 2000 μg/mL at 80 kVp (Figure 5E). Again, there is an
increase in attenuation going from 100 to 120 kVp,

Figure 4. Example multifunctional probes as dual CT/MRI contrast agents. (A) rGO/Au/Fe3O4 hybrid used in the magneto-
metry and MRI/CT characterization in Figure 5. (B) Second rGO/Au/Fe3O4 hybrid with 20 nm Fe3O4 NPs (“Fx”) whose small
size and low electron density make them visually distinct from the nominal 40 nm Au. (C) rGO/BaTiO3/Fe3O4 hybrid for GI
tract imaging. (D) High-resolution image of a multilayer graphene sheet bridging two cargo particles at the outer edge of an
rGO/Fe3O4 structure.
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again indicating the possibility of the K-edge attenua-
tion effect.

The imaging results demonstrate the feasibility
of cargo-filled graphene nanosacks as contrast agents
applicable to MRI and X-ray CT and the potential for
development of versions suitable for use with both
modalities. Note that the degree of T2 effect is believed
to be influenced by water penetration into and out
of the nanosack, as is the case for modified ferritin
complexes.38,39 The further development of this appli-
cationwill require optimizationof cargoes (single domain
magnetic particles), nanosack size (through concentra-
tion and droplet size optimization), and functionaliza-
tion and targeting of the nanosack exterior through
well-known coupling chemistries for graphene and
related carbon materials.41�44 Further applications
may be in spatial frequency heterodyne imaging,45

which offers promise for use of X-ray scattering in the
imaging of object edges with abrupt changes in
phase or absorption with low concentrations of the
absorbing agent such as gold.

CONCLUSIONS

These results show that graphene encapsulation in
the aerosol phase is a useful new technique for fabrica-
tion of multifunctional materials. Ensembles of simple
unifunctional nanoparticles can be wrapped by gra-
phene in a nonchemically specific manner to produce
multifunctional structures without the need for com-
plex multistep chemical synthesis. A wide variety of
nanoparticle cargoes can be encapsulated this way,
including some that are colloidally unstable on their
own but become stable through electrostatic associa-
tion with GO sheets. In some cases, particle/sheet
association becomes extensive and large heteroaggre-
gates form that disrupt uniform aerosol formation and
encapsulation. In these cases, high pH is shown to be
the favorable operating regime where GO and most
nanoparticle cargoes have common negative surface
charge and thus disperse uniformly and indepen-
dently. High pH also enhances the stability of some
metal and metal oxide NPs to dissolution or oxidative
dissolution. This study also shows that graphene sacks
in as-produced form are open to small solute exchange
with their environment but can be partially sealed by
addition of polymer filler to the nebulizing suspension.
The partial sealing suggests potential for controlled
release applications and their combination with multi-
modal imaging as demonstrated here toward the goal
of graphene nanosack-based theranostics.
Finally, this study demonstrates the multifunctional

materials concept by fabricating rGO/Au/Fe3O4 and
rGO/BaTiO3/Fe3O4 ternary particles as MRI/CT multi-
modal imaging probes. The graphene/Au/Fe3O4 probe
shows both MRI and CT contrast in CMC gel suspen-
sions at low concentrations ranging from 0.05 to
2000 μg/mL based on tests using clinical-scale scan-
ners. While this first experiment demonstrated both
MRI and CT contrast, further work is needed to develop
multimodal probes for specific applications. We envi-
sion the optimization of cargoes, by using smaller
Fe3O4 nanoparticles for increased developed magneti-
zation,46,47 and the use of smaller nanosacks with
higher number densities for improved vascular pene-
tration to tumors through the enhanced permeability
and retention effect.

MATERIALS AND METHODS

Materials. Graphene oxide was prepared, purified, and char-
acterized using a modified Hummer's method as described
previously.48,49 Fe3O4 and CuONPs were purchased from Sigma
Aldrich with a particle size of <50 nm; 20 nm Fe3O4 and 50 nm

BaTiO3 NPs were purchased from U.S. Research Nanomaterials
Inc. Au NPs were synthesized with a modified method reported
by Hayat et al.,50 by the reduction of 50 mL of HAuCl4 in the
presence of citrate and tannic acids.

Aerosol Encapsulation Process. Colloidal suspensions of GO
(0.5mg/mL) andoneormore cargonanoparticleswere sonicated

Figure 5. Clinical MRI and X-ray CT results showing the con-
trast performance of rGO/Fe3O4, rGO/Au, and rGO/Au/Fe3O4

multifunctional probes. (A) T2-weighted image (TE = 30 ms)
of rGO/Fe3O4 nanosacks in CMCgel. Control (gel alone) is on
the right, with nanosack concentration increasing right to
left: 0.5, 1, 2, 5, 10, 20, 50 μg/mL. (B) T2 map computed from
the 24 echo image series. Color bar is T2 in seconds. (C) MRI
T2 map of the G/Au/Fe3O4 hybrid. Sack concentrations
increase from left to right as 0.05, 0.1, 0.5, 1, 5, 10, 50,
100, and 500 μg/mL. (D) X-ray CT image (80 kVp) of theG/Au
nanosacks (right-hand L-shaped sequence) and free Au
controls (left-hand L-shaped sequence). For the G/Au nano-
sacks, the sack concentrations inμg/mL from left to right are
2000, 400, 200, 40, 20, gel control, H2O control. For the free
Au, the particle concentrations are (left to right) 400, 200,
40, 20, gel control with the 2000 μg/mL sample at the top,
and a 200 μg/mL sample of empty sacks immediately
beneath it. (E) Table of CT results shown as change in CT
numberwith the attenuation (relative to control gel sample)
shown in parentheses.
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together for dispersion and then ultrasonically nebulized into
aerosol microdroplets (nebulizing feed rate: 10mL/h) suspended
in nitrogen gas (0.7 L/min) and passed directly into a horizontal
benchtop electric tube furnace operated at a peak temperature
of 600 �C as explained in Chen et al.24 The products, which are
cargo-filled graphene nanosacks, were collected on a heated
(∼90 �C) Teflon filter (PTU024750, Sterlitech Co.) or onto a small
silicon wafer chip (5� 5 mm, Ted Pella, Inc.) or copper grid (Ted
Pella, Inc.) placed on top for SEM or TEM analysis. The experi-
ments with salt cargoes (graphene/CsCl nanosacks) used a peak
temperature of 500 �C. The controlled release experiments used
nebulizing feed suspensions containing GO, CsCl, and the water-
soluble polymer sodium carboxymethycellulose (Sigma Aldrich)
at a mass ratio CMC/GO/CsCl of 0.5:1:4. The primary drying
temperature was reduced to 80�100 �C and followed by post-
carbonization of CMC at 500 �C by slow heating in a batch tube
furnace for 30 min.

Characterization. SEM (LEO 1530 VP at 15 kV), TEM (Philips CM
20 at 200 kV), and HRTEM (JEOL JEM-2010 at 200 kV) were carried
out at the Brown IMNI Electron Microscopy Facility. Zeta-potential
and particle size distributions were measured in DI water using
a Malvern Nano-ZS dynamic light scattering instrument. Before
measuring the zeta-potential, the pH value of the suspension was
measured by using an Orion 5-Star Plus pH/ORP/ISE/conductivity/
DOmeter (Thermo Scientific Inc.). Prior to zeta-potential measure-
ment, the pH values of nanoparticle suspensions were adjusted
with 0.1 M NaOH or 0.1 M HCl to match the pH in the binary
suspensions used in the nebulizer feed. A Quantachrome Auto-
sorb-1 instrument was used tomeasure N2 vapor isotherms at 77
K, from which Brunauer�Emmett�Teller (BET) surface areas and
pore size distributions applying nonlocal density functional
theory (DFT) with a carbon slit pore model34 were calculated.

Experiments on Solute Exchange and Controlled Release. The ability
of small solutes to enter sacks was tested by immersing the
Fe3O4-filled sacks (Figure 1D,E) into aqueous 0.1 M HCl followed
by DI water washing to remove iron chloride salts. The sacks
were visualized before and after acid leaching and EDS used to
detect residual iron cargo. The release profile of soluble CsCl salt
cargo from the sack interiors into DI water was measured using
a Vernier ionic conductivity probe, which was precalibrated with
standard CsCl aqueous solutions. In the experiments that in-
cluded CMC, a chloride-ion-selective electrode (Vernier) was also
used to eliminate the possibility that uncarbonized CMC as a
charged solute would contribute to the observed conductivity.

MRI/CT/Magnetometry. A dry sample of the hybrid Au/Fe3O4-
loaded graphene nanosacks was assessed for developed
(saturation) magnetization and hysteresis (retentivity and
coercivity) using a vibrating sample magnetometer (Lakeshore
VSMmodel 7300). A 15 mg sample was placed in a 5 mm plastic
capsule with a PTFE plug to constrain the material. The applied
magnetic field strength was swept from �0.8 to 0.8 T while 441
measurements were taken. Three versions of loaded nanosacks
were assessed for imaging properties: iron oxide nanoparticles
(Fe3O4) as an MRI agent, gold nanoparticles as an X-ray CT agent,
and a hybrid Au/Fe3O4 version for multimodal X-ray and MRI
application. The hybrid sample was the same one used for the
magnetometry assessment. Ironoxide is used in clinically approved
MRI T2 agents and produced a strong susceptibility effect. Gold is
being investigated for use in nanoparticle contrast and therapy
agents owing to its strong X-ray attenuation and scattering proper-
ties. Themassattenuationcoefficientofgoldat100keV is5.16cm2/g,
which is 93% that of lead for the same photon energy.51,52

For MRI, nanosacks filled with Fe3O4 or Au/Fe3O4 nanopar-
ticles were suspended in CMC gel (1%) at concentrations of 0.5,
1, 2, 5, 10, 20, and 50 μg/mL for Fe3O4 and 0.05, 0.1, 0.5, 1, 5, 10,
50, 100, 500, and 2000 μg/mL for the hybrid. These preparations
were placed in 5 mL vials along with control preparations of the
same concentrations but not containing graphene nanosacks.
In addition, control samples were included in the form of
distilled water and gel with no added material. MRI data were
acquired at the Brown University Magnetic Resonance Facility
using a 3 T Siemens Tim Trio scanner. Samples were placed in a
32 channel receive resonator, and the volume body resonator
was used for transmit. Cross section tomographic images
were obtained using a spin echo acquisition for mapping T2.

T1-weighted images were obtained using an inversion recovery
contrast preparation prior to the spin echo readout. An inver-
sion recovery series was used for mapping T1. Slice thickness
was 3mm, and first-order shimmingwas performed to optimize
static magnetic field homogeneity over the samples. In-plane
resolution was 0.7 mm using a 256� 256 reconstruction matrix.
Repetition time for the spin echo acquisition was 2000 ms and
4000 ms for the inversion recovery series. Echo times for the
spin echo acquisition ranged from 10 to 240 ms in 10 ms steps
(24 echoes). For the inversion recovery series, inversion delay
times were 100, 200, 300, 400, 600, 1000, and 2000 ms. Relaxa-
tion time constant maps (T1, T2) were computed on a pixel basis
using three-parameter least-squares fits to the signal equations:

S(TE) ¼ S0e
�TE=T2

S(TI) ¼ S0(1 � 2e�TI=T1 þ e�TR=T1 )
(1)

where S0 is the equilibrium (maximum possible) magnetization
signal, TE is the echo time (for the spin and gradient echo
acquisitions), TR is the repetition time, and TI is the inversion
time. Relaxation rate maps were taken as the reciprocals of the
relaxation time constant maps (e.g., R2 = 1/T2) for computation
of relaxivity (change in relaxation rate per unit change in
concentration of agent).

For X-ray CT studies, the same G/Au and G/Au/Fe3O4

samples were used as for MRI. For the G/Au sample, concentra-
tions of 20, 40, 200, 400, and 2000 μg/mL were used. A General
Electric LightSpeed VCT scanner (Department of Diagnostic
Imaging, Rhode Island Hospital) was used for acquisition of
tomographic cross section images, providing the same view
as produced by the MRI scans. Slice thickness was 3 mm with a
reconstructionmatrix of 512� 512 and an in-plane resolution of
0.5 mm. The X-ray tube current was 200 mAs. Images were
acquired for X-ray tube voltages of 80, 100, 120, and 140 kVp.
Contrast was determined as the difference in CT number
(Hounsfield units) between the control gel sample and the
samples containing contrast material. CT numbers were taken
as the means of circular regions of interest from the center 80%
of the cross sections. Hounsfield units are related to X-ray
attenuation coefficient by

CT(x, y) ¼ 1000
μ(x, y) � μH2O

μH2O

 !
(2)

where μ is the attenuation coefficient and μH2O is the attenuation
coefficient for water. The Hounsfield unit scale is normalized such
that the attenuation of air corresponds to a CT number of�1000;
the CTnumber ofwater is 0, withdensebonehaving a CT number
of approximately 3000. In X-ray CT images, thepixel intensities are
the CT numbers corresponding to the pixel locations.
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