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Rapid synthesis of lipid nanoparticles containing
hydrophobic inorganic nanoparticles†
Jayesh A. Kulkarni,a Yuen Yi C. Tam,a Sam Chen,a Ying K. Tam,a,b Josh Zaifman,a
Pieter R. Cullisa and Souvik Biswas *a
A straightforward “bottom-up” synthesis is described for eﬃcient entrapment of inorganic hydrophobic
nanoparticles (HNPs) consisting of iron oxide, gold, or quantum dots within the hydrophobic core of lipid
nanoparticles (LNPs). These LNPs consist of hydrophobic “core” lipids such as triolein surrounded by a
monolayer of amphipathic “surface” lipids, such as phosphatidylcholine and polyethylene-glycol-lipid. It is
shown that rapid, controlled mixing of HNPs, core lipids and surface lipids in an organic solvent with an
aqueous phase resulted in stable, monodisperse LNPs containing HNPs (LNP-HNP). This method allows
40-fold more hydrophobic iron oxide nanoparticles (IONPs) to be entrapped within an LNP than previous
methods and can be readily extended to encapsulate other HNPs. The LNP-HNP diameter can be modulated over the range of 35–150 nm by varying the ﬂow rate during particle synthesis or by varying the
core-to-surface lipid ratio. LNP–IONPs can be generated using a variety of “core” lipids, including other
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triglycerides as well as cholesteryl-palmitate and tocopherol. Finally, it is shown that LNP–IONPs are
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accumulated in the liver, resulting in enhanced contrast for in vivo MRI. It is concluded that the bottomup approach for encapsulating HNPs within LNPs has advantages of homogeneity, reproducibility and
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stability required for biomedical applications.

Introduction
Many inorganic nanoparticles consisting of iron oxide, gold or
semiconductor materials such as quantum dots possess
unique electric, magnetic, optical, and plasmon resonance
properties with diagnostic and therapeutic potential.1–7 Iron
oxide nanoparticles have the potential as contrast agents for
magnetic resonance imaging (MRI),1,6,8,9 while gold nanoparticles can act as contrast agents for computed tomography
or X-ray imaging.3,4,10 Alternatively, electromagnetic irradiation
at low frequencies (100 kHz to 1 MHz) for iron oxide nanoparticles,11,12 or near-infrared wavelengths for gold nanoparticles, can induce local heating for cancer therapy.13
However, the clinical utility of these nanoparticles is limited
by solubility and stability issues, requiring coating with
materials such as citrate, dextran, or chitosan.2 Such coatings
often degrade over time, particularly in biological media,
resulting in nanoparticle aggregation and precipitation.14
Finally, all of these systems have diﬀerent in vivo pharmaco-
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kinetic and biodistribution characteristics depending on their
size and surface properties.
The ability to encapsulate these nanoparticles in welldefined lipid nanoparticles (LNPs) oﬀers the possibility of
avoiding some of the issues associated with using unentrapped inorganic nanoparticles. LNP systems represent a relatively mature technology (over 10 LNP drugs have received FDA
approval)15 and have pharmacokinetic and biodistribution properties that can be predicted on the basis of surface composition and size.15,16 Thus encapsulation of inorganic nanoparticles within LNPs can lead to well-defined in vivo behavior
independent of the size or surface properties of the inorganic
nanoparticle. Furthermore, problems associated with particle
aggregation can be avoided and any toxicity of the inorganic
nanoparticles17,18 can potentially be ameliorated given the
ability of LNP systems to reduce the toxicity of anticancer
drugs.15,19
Magnetoliposomes (iron oxide nanoparticles encapsulated
in bilayer liposomal systems) were developed in 1988 as the
first metal–lipid nanoparticle hybrid system.20–22 Two methods
of inorganic nanoparticle encapsulation in liposomes have
been explored: (i) entrapment of hydrophilic inorganic
nanoparticles within the aqueous core of liposomes9,12 and
(ii) incorporation of hydrophobic nanoparticles (HNPs) into
the hydrophobic interior of the lipid bilayer.23 Alternatively,
Vecchione et al.24 described another approach to encapsulate
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hydrophobic iron oxide nanoparticles within the LNP core by
homogenizing an HNP–oil mixture. All these methods have
significant limitations including the formation of large and
inhomogeneous structures, lack of reproducibility and scalability, and low metal-to-lipid ratios (M/L of 0.005–0.010
wt/wt).
In previous work25 we have shown that LNPs with a hydrophobic lipid core can be readily generated by mixing core
lipids (such as triolein) dissolved in ethanol together with
surface lipids such as phosphatidylcholine (PC) with aqueous
media. Furthermore, we have shown that other “solid core”
LNPs can be generated by mixing lipids dissolved in ethanol
with an aqueous medium25–28 where the structure is stabilized
by the surface PEG-lipid. In the present work, we show that
HNPs can be eﬃciently encapsulated in the core of LNP
systems by dissolving the HNPs, core lipids and PEG-lipids in
a water-miscible organic solvent followed by rapid and controlled mixing of the organic solvent with aqueous media. We
demonstrate that this bottom-up technique leads to eﬃcient
encapsulation of HNPs and can be applied to diﬀerent types of
HNPs. Furthermore, as a demonstration of the potential utility
of this LNP-HNP formulation, we show that LNP–IONP systems
can improve the MRI contrast for the liver following i.v. administration in mice.

Results and discussion
Rational design of lipid nanoparticles to entrap hydrophobic
inorganic nanoparticles
The first set of experiments was designed to determine
whether HNPs could be encapsulated in LNPs with a hydrophobic core. In previous work25 we have shown that a lipid
mixture consisting of POPC and triolein dissolved in ethanol
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could form LNPs with a hydrophobic core by rapid but controlled mixing with an aqueous stream. The resulting LNP had
diameters in the range of 20–100 nm depending on the mixing
rate and the ratio of core lipid (triolein) to surface lipid
(POPC). Furthermore, for other systems containing a hydrophobic core consisting of ionizable amino lipids and cholesterol, we have shown that the presence of 3 mol% polyethylene glycol (PEG) lipid results in stable LNPs.29 We therefore
tested a lipid composition of triolein/POPC/PEG-DSPE (72/25/
3 mol%) to see whether stable LNPs with this lipid composition could exhibit a hydrophobic core in which HNPs could
be eﬃciently encapsulated. Initial experiments were aimed at
encapsulating 5–7 nm diameter iron oxide HNPs (IONPs) with
an oleic acid cap. However, it was found that these HNPs were
not soluble in pure ethanol. In order to achieve adequate solubility of HNPs, at least 40% (by volume) of tetrahydrofuran
(THF) had to be added to ethanol. In doing so, microfluidic
mixers25,26,30 made of polydimethylsiloxane or cyclic olefin
copolymer used in previous work were made incompatible. A
T-junction mixer [Fig. 1A] as previously described31 was used
to make LNPs comprising lipids as depicted in Fig. 1B. This
micromixer induces rapid mixing by very quickly converting
the laminar streams in the input lines to a turbulent flow at
the mixing point (Reynolds numbers ∼11 000).32
Initial formulations employed a HNP-to-total lipid (M/L)
ratio of 0.107 (w/w) and resulted in LNPs with a diameter of 49
± 4 nm (as determined by DLS) when the lipid/IONP mixture
dissolved in ethanol/THF was mixed with an aqueous stream
using the T-junction mixer. As shown in Fig. 2A, cryo-TEM
studies on these systems revealed a distinctive morphology in
which essentially all IONPs are entrapped in the hydrophobic
core of the LNPs. LNP–IONPs synthesized at a four-fold greater
M/L ratio (0.430 w/w) also resulted in essentially complete
encapsulation [Fig. 2B] and an increase in the average number

Fig. 1 Generation of LNP-HNP systems through rapid mixing of lipids and HNPs in an organic phase with an aqueous stream. (A) LNP-HNPs were
generated through rapid mixing of lipids in 40% THF in ethanol (v/v) and water at a total ﬂow rate of 20 mL min−1 in a T-junction mixer. The organic :
aqueous phase ﬂow rate ratios used were 1 : 3 v/v (corresponding to 5 mL min−1 organic and 15 mL min−1 aqueous solutions), to generate homogeneous LNP-HNPs. HNPs are depicted as grey spheres with a blue lipid coat. (B) The structures of the lipids used to generate LNP-HNPs are shown.
Triolein (blue), POPC (grey), and PEG-DSPE ( purple) at a ratio of 72/25/3 mol%.
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Fig. 2 LNP–IONPs synthesized by rapid mixing of organic and aqueous streams exhibit eﬃcient IONP encapsulation properties. Cryo-TEM micrographs of LNP–IONPs generated through rapid mixing of lipids in 40% THF in ethanol (v/v) and water at a M/L ratio of (A) 0.107 mg IONP per mg
lipid and (B) 0.430 mg IONP per mg lipid. LNPs were generated using the lipid mixture containing triolein/POPC/PEG-lipid in the molar ratio of 72/
25/3. Scale bar = 100 nm. (C) Representative number-weighted particle size distribution of LNP–IONPs generated at a M/L ratio of 0.107 mg IONP
per mg lipid (red) and (B) 0.430 mg IONP per mg lipid (black).

of HNPs encapsulated per LNP from 3.1 ± 3.7 to 15.6 ± 10.8 (as
determined by manual counting from cryo-TEM micrographs,
n = 50 LNP). The diameter of the LNP–IONP formed was
∼50 nm, independent of the M/L ratio [Fig. 2C]. The LNP–
IONP systems were stable at 4 °C for at least three months [ESI
Fig. S3A†]. Furthermore, cryo-TEM studies revealed that the
size, shape, distribution and morphology of the stored formulation did not change during storage and all the IONPs
remained entrapped inside the LNP [ESI Fig. S3B†].
Universality of the HNP loading process
We next investigated whether this bottom-up formulation
approach could be used to encapsulate other hydrophobic
nanoparticles such as gold HNPs (GNPs) or quantum dots
(QDs) in LNPs. As shown in Fig. 3A and B, dodecanethiolcoated GNPs (2–3 nm diameter core) and alkyl-coated QDs
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(5 nm diameter core) could be readily encapsulated in the triolein containing LNP and detected by cryo-TEM. The size and
morphology of LNPs are similar to those observed for LNP–
IONPs (ESI Fig. S4†) indicating the broad applicability of the
loading process. It is interesting to note that the average
number of gold nanoparticles encapsulated per LNP is significantly higher than the number of QDs encapsulated per LNP.
The major determinant of the number of inorganic particles
per LNP is the particle size of the HNP. For the same density
(wt/vol) of HNPs, the number of particles per unit volume is
inversely proportional to the cube of the particle diameter.
Thus, assuming the same size of LNPs, the same HNP-to-lipid
wt/wt ratio, and a 100% trapping eﬃciency, the number of
2.5 nm diameter GNPs per LNP should be eight-fold greater
than the number of 5 nm diameter QDs per LNP. It may be calculated from the data of Fig. 3 by averaging over 30 LNPs that
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Fig. 3 LNP containing hydrophobic gold NPs (GNPs) and quantum dots (QDs) can be generated by rapid mixing techniques. Cryo-TEM analysis
of (A) LNP-GNP, and (B) LNP-QD generated through rapid mixing of lipids and HNPs in 40% THF in ethanol (v/v) and water at a total ﬂow rate
of 20 mL min−1. LNPs composed of triolein/POPC/PEG-DSPE at a ratio of 72/25/3 mol% were generated using M/L ratios corresponding to
0.107 mg HNP per mg lipid. Scale bar = 100 nm.

for the QD formulation the average number of QDs per LNP
was 1.7 whereas for the GNP formulation the LNPs contained
13.5 GNPs per LNP, in reasonable agreement with theory.
Qualitatively, this theory is supported for iron oxide nanoparticles as well [Fig. 2A].
Scalability of LNP-HNP synthesis
It may be concluded that the “bottom up” organic phase
dilution LNP-HNP synthesis process results in stable and
uniform LNP systems containing large amounts of HNPs. In
the case of LNP–IONPs, the M/L level of 0.430 (w/w) is 40-fold
higher than achieved by previous techniques.23,24 In addition,
the T-tube mixing process is inherently scalable. In order to
demonstrate this, in a limited way, a 20-fold larger (160 mL)
batch was formulated to encapsulate 160 mg IONPs in 370 mg
lipid. This was achieved with essentially complete IONP
entrapment. Importantly, the size and morphology of the
LNP–IONPs formulated at this larger scale were essentially the
same as those for the smaller scale synthesis [ESI Fig. S5A
and B†].
Simple tunability of LNP-HNP particle size
Previous work has shown that the size of LNP systems with
hydrophobic cores can be tuned by changing the ratio of core
lipid (CL) to surface lipid (SL) or by changing the mixing
rate.25 In order to show that the size of LNP-HNP systems can
be modulated in a similar manner, the molar ratio of core
lipid (CL = triolein) to surface lipid (SL = PC and PEG-lipid)
was changed from CL/SL = 28 to CL/SL = 39 by changing the
molar ratios of triolein/POPC/PEG-DSPE from 72/25/3 to 97.5/
2/0.5. Significantly larger systems resulted for the CL/SL = 39
system as shown in Fig. 4A, where LNP–IONP systems (M/L
ratio of 0.430 (w/w)) have diameters of 154 ± 20 nm compared
to 49 ± 4 nm for LNP–IONP systems prepared using the CL/SL

This journal is © The Royal Society of Chemistry 2017

= 28 lipid composition [Fig. 2B]. Similarly, larger systems can
be produced by reducing the mixing rate,26 which can be conveniently achieved by reducing the total flow rate (TFR)
without changing the flow rate ratio or lipid composition. As
shown in Fig. 4B, the LNP size (as measured by DLS) employing the triolein/POPC/PEG-DSPE (72/25/3 mol%) lipid composition and an M/L ratio of 0.430 (w/w) decreases from a diameter of 75 ± 6 nm at a TFR of 10 mL min−1 to 36 ± 2 nm at a
TFR of 40 mL min−1. As may be expected, the larger LNP–IONP
systems generated at lower flow rates had larger polydispersity
indices (representative DLS measurements are shown in
Fig. 4C).
Investigation into the interactions of HNPs with various
core lipids
The core lipid employed to this point is triolein which was
selected due to its relative unsaturation and associated fluidity
(melting point 5 °C (ref. 33)), which may be expected to result
in a fluid hydrophobic environment in which the HNPs are
more soluble. In order to determine the influence of the core
lipid composition on the ability to solubilize the entrapped
HNPs, the ability of other hydrophobic lipids to act as a core
lipid was investigated. The additional lipids (for structures see
Fig. 5A) were tripalmitolein, trimyristin, trilaurin, cholesterylpalmitate or α-tocopherol. LNP–IONPs were formulated at a
constant molar ratio of 72/25/3 (CL/POPC/PEG-DSPE) at
10.16 µmol lipid per mg IONP (corresponding to a M/L ratio of
0.107 w/w for triolein). All particles were concentrated and
imaged by cryo-TEM (Fig. 5B–G).
As shown in Fig. 5B LNP–IONP systems containing tripalmitolein as a core lipid exhibited a similar morphology to LNP
systems containing triolein. This behavior is consistent with
the unsaturated nature of this compound; both triolein and
tripalmitolein are oils at room temperature.33 However LNP–
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Fig. 4 LNP–IONP size can be tuned through a change in lipid composition and total ﬂow rate. (A) Cryo-TEM analysis of LNP–IONPs generated
through rapid mixing of triolein/POPC/PEG-DSPE (97.5/2.5/0.5 mol%) in 40% THF in ethanol (v/v) with water at a M/L ratio of 0.430 mg IONP per
mg lipid. Scale bar = 100 nm. (B) Dynamic light scattering data of LNP–IONPs with a lipid composition triolein/POPC/PEG-DSPE 72/25/3 (mol%), at
a M/L ratio of 0.430 mg IONP per mg lipid generated through mixing at various total ﬂow rates, while maintaining a 1 : 3 (v/v) organic : aqueous ﬂow
rate ratio. The results represent the average ± s.d. of three experiments. (C) Representative number-weighted particle size distribution of LNP–
IONPs generated at 10 (black), 20 (blue), 30 (green), and 40 mL min−1 (red).

IONP systems synthesized using trimyristin, which is a solid at
room temperature (melting point 56 °C (ref. 33)), show a nonuniform distribution of IONPs in the LNP core [Fig. 5C]. A
similar observation was made when cholesteryl-palmitate
(melting point 74–77 °C; Fig. 5E) was used as the core lipid.
The non-uniform distribution of the HNPs can be attributed to
the phase separation of the saturated core lipid and IONPs as
the lipid crystallizes into the solid form.
In the case of LNP–IONP systems containing trilaurin
(melting point 44–49 °C(ref. 33)) there is no obvious indication
of HNP segregation [Fig. 5D], however the LNPs formed are
much smaller (30 ± 7 nm diameter) than the LNP systems containing triolein and tripalmitolein. The smaller size of the core
could possibly mitigate against phase separation, however the
reason why these systems are smaller in the first place is not
clear. It is notable that LNP–IONP systems with α-tocopherol
as the core lipid are also substantially smaller (31 ± 1 nm)
[Fig. 5F], which has a much lower melting point of 3 °C (ref.
33) indicating that the smaller size is not related to the fluidity
of the core lipid. Part of these size diﬀerences can be attributed to the diﬀerences in molecular weight, assuming a constant density of the lipid core and a LNP triolein core diameter
of 50 nm, the diameter of the LNP containing equimolar
amounts of hydrophobic core lipid would be expected to be
48 nm for tripalmitolein, 47 nm for trimyristin, 45 nm for trilaurin, 45 nm for cholesteryl ester and 39 nm for α-tocopherol.
As the core shrinks for smaller molecular weight compounds,
the ratio of surface to core changes, making the systems even
smaller. However, it is clear that the smaller core size cannot
explain the small sizes of the LNP containing trilaurin and
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α-tocopherol. It may be noted that triglycerides such as triolein
are relatively insoluble in lipid bilayers,34,35 however, if trilaurin and α-tocopherol are more soluble in the surface lipid
monolayer than the other core lipids, the balance of surface
lipid to core lipid would be increased, leading to smaller particles.
In vivo pharmacokinetic and biodistribution of LNP-HNPs
There are clearly many potential applications for LNP-HNP
systems, one example concerns their utility for enhancing bioimaging techniques. We chose to demonstrate the eﬃcacy of
LNP–IONPs to act as contrast enhancement agents for MRI
purposes. The utility of IONPs as MRI contrast agents is well
established5–7 and initial attempts to use LNP systems as IONP
carriers to improve biocompatibility and reduce aggregation
have been made.36 While these previous eﬀorts show that the
encapsulation of hydrophobic IONPs in liposomes can
enhance MRI contrast properties, the amounts of IONPs
entrapped are very small (0.006–0.079 mg IONP per mg lipid),
the sizes of the LNP are large with high poly-dispersity indices
(>200 nm with PDI values of 0.3 or larger36) and the methods
of manufacture are not scalable. This is in stark contrast to the
homogenous (PDI < 0.1) and scalable LNP–IONPs generated
here which have a defined diameter of 50 nm and high
numbers of IONPs (0.43 mg IONP per mg lipid). Before testing
the MR contrast properties of LNP–IONPs, the pharmacokinetic and biodistribution were determined for an LNP–IONP
formulation (72/25/3 mol% triolein/POPC/PEG-DSPE) generated at 0.430 mg IONP per mg lipid and containing trace levels
of the non-exchangeable LNP label 3H – cholesteryl hexadecyl
ether.29,37,38 This LNP–IONP formulation was compared to the
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Fig. 5 A variety of hydrophobic “core” lipids can be employed to formulate LNP–IONP systems. LNP–IONPs were generated with a composition of
core-lipid/POPC/PEG-DSPE (72/25/3 mol%) using tripalmitolein, trimyristin, trilaurin, cholesteryl palmitate, and α-tocopherol as the core lipids,
for structures see panel A. LNP–IONPs containing these various core lipids were imaged by cryo-TEM. LNPs were generated at 10.16 μmol total
lipid per mg IONP (corresponding to an M/L ratio of 0.107 mg IONP per mg lipid for triolein as the core lipid). Panel B shows the cryo-TEM micrograph obtained for core lipid tripalmitolein; Panel C: trimyristin; Panel D: trilaurin; Panel E: cholesteryl palmitate; and Panel F: alpha-tocopherol.
Scale bar = 100 nm.

IONP-free control LNP formulation when injected at 75 mg
total lipid per kg body weight. As shown in Fig. 6A, LNP formulation in the absence and presence of IONP formulation had
similar blood clearance profiles and subsequent tissue
accumulation. In particular, both particles are cleared from
the circulation relatively rapidly (t 12–2 h). At 24 h post-injection, approximately 60% of the injected dose was found in the
liver, while ∼1.3% of the dose was found in the spleen
[Fig. 6B]. We also measured the accumulation of radiolabels in

This journal is © The Royal Society of Chemistry 2017

the kidney, blood, lung, pancreas, heart and bone marrow,
where 1% or less of the injected dose was found. It is unlikely
that the accumulation of IONPs at these sites would result in
toxicity as a result of disintegration of the LNP. However, if the
LNP was to disintegrate, it is likely that the HNPs would
exchange to the local hydrophobic environment and the entire
assembly would slowly dissociate. There is some evidence39 to
support this statement, however further work is required to
determine its validity.
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Fig. 6 LNP–IONP systems accumulate primarily in the liver following i.v. administration. Control-LNPs (formulated in the absence of IONPs) and
LNP–IONPs were generated using the lipid composition triolein/POPC/PEG-DSPE of 72/25/3 (mol%), containing 0.002 mol% of the LNP marker
3
H-CHE and IONP at an M/L ratio of 0.430 mg IONP per mg lipid. Both formulations were injected i.v. (tail vein) at a total lipid dose of 75 mg lipid
per kg body weight, and 3H counts measured in blood and various tissues over 24 h. (A) Blood clearance kinetics with 3H counts normalized to a
total injected dose of control (cross) and LNP–IONP (squares) formulation. (B) Biodistribution of the control-LNP (blue) and LNP–IONP (grey) 24 h
after injection. Results represent the average ± s.d. of four animals.

LNP–IONP as MRI contrast agents
We evaluated the transverse relaxation rate (r2*) of LNP–IONPs
in vitro by measuring the eﬀective transverse relaxation rate
(1/T2*) at diﬀerent iron concentrations. The r2* of LNP–IONP was
determined to be 5.6287 ms−1 [mg mL−1]−1 compared to that of
the commercially available T2 contrast agent MoldayION (r2* =
2.478 ms−1 [mg mL−1]−1) (ESI Fig. S6†). In order to demonstrate
the utility of the LNP–IONP systems characterized here for MRI
contrast enhancement applications in vivo, LNP–IONPs were
tested in outbred CD-1 mice that were anesthetized and
immobilized in an MRI scanner. A “baseline” scan was taken
[Fig. 7A], and then LNP–IONPs were administered i.v. at a dose
of 75 mg total lipid per kg body weight. The same formulation
was used as for the biodistribution studies shown in Fig. 6. The
injected mice were then scanned continuously for 1 h, representative scans at 20 min and 60 min are shown in Fig. 7B and C
respectively. A significant increase in liver and spleen contrast,
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resulting from a decrease in 1H NMR signal intensity, is
observed at the liver and spleen. This contrast can be observed
within 20 min of injection, and increases up to 1 h.

Conclusion
In summary, we have demonstrated a simple “bottom-up”
approach using rapid and controlled mixing of hydrophobic
nanoparticles and lipids dissolved in a water-miscible organic
solvent with aqueous media using an eﬃcient, robust, flexible,
and scalable technique. The levels of HNPs encapsulated can
be up to 40-fold higher than previously reported and the size
of the LNP can be precisely controlled by adjusting the lipid
composition and mixing rate. These LNP-HNPs have many
potential applications as illustrated here by the MRI contrast
enhancement achieved using LNP–IONPs. It is expected that
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Fig. 7 LNP–IONP systems provide MRI image contrast for the liver and spleen following intravenous administration. LNP–IONPs were generated
using the same lipid composition as for Fig. 6 at an M/L ratio of 0.430 mg IONP per mg lipid. A single MRI scan was obtained pre-injection (Panel A).
LNP–IONPs were then injected in 6- to 8-week outbred CD-1 mice (n = 3) through a pre-inserted tail-vein catheter, the animals were restrained to
prevent movement. Panel B shows the MRI image acquired between 12 and 20 min post-injection and Panel C shows the MRI image gathered
between 52 min and 1 h post-injection. The liver and spleen are outlined by a dotted white line and a pink solid line, respectively.

this formulation technique will be useful to entrap a wide
variety of inorganic nanoparticles to achieve LNP systems with
a wide spectrum of diagnostic and/or therapeutic properties.

Experimental methods
Materials
The lipids 1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[methoxy-( polyethylene glycol)-2000] (PEG-DSPE), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were
purchased from Avanti Polar Lipids (Alabaster, AL). The
fluorescent lipid tracer 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (SPDiI-C18) was purchased
from Invitrogen (Burlington, ON). Glyceryl trioleate (triolein),
glyceryl palmitoleate (tripalmitolein), glyceryl trilaureate (trilaurin), glyceryl trimyristate (trimyristin), and α-tocopherol
were purchased from Sigma-Aldrich (St Louis, MO).
Cholesteryl palmitate was synthesized as described in the
ESI.† Tritiated cholesteryl hexadecyl ether (3H-CHE) was purchased from PerkinElmer (Boston, MA). Alkyl-coated quantum
dots were purchased from Cytodiagnotics (Burlington, ON). All
the iron salts and NaOH were purchased from Sigma (St Louis,
MO). Na-oleate was purchased from TCI-America (Portland, OR).
Synthesis and characterization of iron oxide and gold nanoparticles
Metal nanoparticles were synthesized as previously
described,23,40 for details, see ESI Methods.† Transmission
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electron microscopy (TEM) imaging of the particles was performed at the UBC Bioimaging Facility (Vancouver, BC). 10 µL
of sample was pipetted onto a copper grid and allowed to incubate for 30 seconds. The excess sample was blotted with
Whatman paper, and the grid was briefly placed under
vacuum. The sample was then imaged using an FEI Tecnai
G20 TEM (FEI, Hillsboro, OR) at 200 kV acceleration. Images
were acquired using a high-speed AMT 2 K side mount CCD
camera.
Synthesis of lipid nanoparticles containing hydrophobic metal
nanoparticles
All lipids were maintained in ethanol stocks. Iron oxide, and
gold particles were maintained in dry stocks under argon at
−20 °C until used. Quantum dots were dried under argon from
a toluene solution. Triolein, POPC, and PEG-DSPE were mixed
at a molar ratio of 72 : 25 : 3 (respectively) to a final lipid concentration of 13.6 mM in a solvent mixture containing at least
40% THF in ethanol. The organic solution was mixed with
an aqueous stream containing distilled water at a flow rate
ratio of 1 : 3 (organic : aqueous v/v) through a T-junction
mixer as previously described.31 The T-mixer is composed of a
T-junction meeting the specifications of PEEK Low Pressure
Tee Assembly (1/16″, 0.02 in thru hole, Part # P-712). These
solutions were mixed at a final flow rate of 20 mL min−1
(5 mL min−1 organic steam, and 15 mL min−1 aqueous
stream) unless otherwise specified. Following mixing, the
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nanoparticles were dialyzed against at least 1000-fold volumes
of water to remove the organic solvent (ethanol and THF). The
particles were then concentrated to ∼10 mg mL−1 lipid using
an Amicon Ultracel centrifugal unit (10 kDa MWCO, Millipore,
Billercia, MA).
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Cryo-transmission electron microscopy (Cryo-TEM) analysis of
LNP morphology
LNPs were imaged with a FEI Tecnai G20 TEM (FEI, Hillsboro,
OR) using the method previously described.26–28 LNPs were
concentrated to approximately 15–20 mg mL−1 total lipid.
3–5 μL of solution was applied to a glow-discharged copper
grid in a FEI Mark IV Vitrobot. The sample was plunge-frozen
into liquid ethane to generate vitreous ice. Frozen samples
were stored in liquid nitrogen until imaged. The TEM was
operated at 200 kV in low-dose mode, and images were
obtained using a bottom-mount FEI high-resolution CCD
camera (FEI, Hillsboro, OR) at a nominal under focus of
2–4 μm. Sample preparation and image acquisition were performed at the UBC Bioimaging Facility (Vancouver, BC).
Analysis of IONP encapsulated LNPs
LNPs were analyzed for lipid and iron oxide contents and particle size. The total lipid concentration was extrapolated from
the phospholipid concentration as determined by the
Phospholipids C Assay (Wako Chemicals, Richmond, VA) as per
the manufacturer’s recommendation. The iron oxide concentration was measured using a colorimetric thiocyanate assay.9
The particle size was determined by dynamic light scattering
(DLS) using a Malvern Zetasizer NanoZS (Worcestershire, UK).
In vivo pharmacokinetic and biodistribution studies
All in vivo studies were approved by the Animal Care
Committee at the University of British Columbia and performed in accordance with the guidelines established by the
Canadian Council on Animal Care. Control and iron-oxide containing LNPs were formulated with 0.002 mol% 3H-CHE, and
concentrated to ∼10 mg mL−1 total lipid. Six to 8-week old
female CD-1 outbred mice (Charles River Laboratories,
Wilmington, MA) were injected at 75 mg kg−1 total lipid via
tail-vein injection. 3H-CHE counts were measured in blood
and tissues collected at 0.25, 0.5, 2, 6, and 24 hours after injection (four mice per time point) using a Beckman LS6500
Scintillation Counter (PerkinElmer, Boston, MA).
In vivo magnetic resonance imaging (MRI) studies
Six to 8-week CD-1 outbred mice (Charles River Laboratories,
Wilmington, MA) were anesthetized with isoflurane and
scanned on a Bruker Biospec 7 Tesla MRI scanner (Ettlingen,
Germany) using a retrospectively motion-corrected gradient
echo scan (Intragate-FLASH, TE/TR = 2.6/186 ms, 16 slices,
1 mm slice thickness, FOV = 100 × 40 mm, matrix = 512 × 256,
NR = 20). A precontrast baseline scan was performed to establish the naturally occurring hypo-intensities in the body. Each
animal (n = 3) was injected via a tail vein through a preinserted catheter with control or LNP–IONPs at 75 mg kg−1
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total lipid. The animal was scanned for 1 hour continuously,
with each scan acquired in 8 min. All imaging was performed
at the UBC LSI MRI facility.
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