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ABSTRACT: Hybrid lipid nanoparticles containing gold nanoparticles (LNP-GNPs) and drugs have potential for imaging
applications as well as triggered release of LNP contents in response to pulsed laser or X-ray radiation mediated by the C
However, methods to synthesize LNP-GNP systems ¢feattly entrap GNPs (the potential triggered release and imaging agent)
and then load and retain the drug cargo in a manner that may have clinical applications have proven elusive. Here, we deve
straightforwartbottom-uf) approach to manufacture drug-loaded LNP-GNP systems. We show that negatively charged GNPs of
nm diameter can be stably loaded into LNPs containing 10 mol % ionizable cationic lipid using an ethanol dilution, rapid mixi
approach and that these systems also exhibit aqueous compartments. Further, we show that such systems can also entrap ami
sulfate, enabling pH-dependent loading of the weak base anti-cancer drug doxorubicin into the agueous compartments. (
transmission electron microscopy (Cryo-TEM) imaging clearly demonstrates the presence of GNPs in the interior of the resulf
hybrid nanostructures as well as the formation of electron-dense drug precipitates in the aqueous core of the LNP-GNPs.
approach described here is a robust and straightforward method to generate hybrid LNP-GNP-drug and other LNP-me
nanoparticle-drug systems with potential applications for a variety of triggered release protocols.

INTRODUCTION have been idenéd as promising imaging candidatésnd

Current chemotherapies using small molecular anti-cand&Ve potential controlled release propé?t.GNP.systems
drugs suer from the profound limitation that less than 0.019ghave additional possibilities for engendering triggered release
of the systemically administered drug is actually delivered 86 they catexplodgin response to high-energy pulsed laser
tumor tissue. There have been manyte to enhance radiation:> LNP drug delivery systems, on the other hand,
delivery to the target tissue while sparing sensitive organspresent a more mature technology for the delivery of small-
Examples include implanted (macroscale) timed-releaggolecule drugs (such as anti-cancer drugs) with nine i.v.
devices that slowly release drugs systemically (i.v.) injectable LNP drugs that have been approved by regulatory
administered nanocarriers containing drug cargo that prefefjinorities worldwidé.Here, we combine the imaging and

entially accumulate in the tumor%lmplanted devices s triggered release potential of GNPs together with the drug
from the need for accurate placement in the region of tumors,

among other limitations. Systemically administered nanc=——
carriers, on the other hand, require stable drug encapsulatidfceived: May 12, 2022
to deliver the drug to the disease site. Methods to triggéreVvised: June 3, 2022
release after arrival at a tumor site have proveanltdto Published: June 16, 2022
achieve.

A variety of nanoparticles have been tested as potential
delivery and imaging agehfsGold nanoparticles (GNPs)
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transport capabilities of LNPs to hybrid LNP structures thal) ratios ranging from 1110 to 8.8x 10 particles/mol lipid.
contain both GNPs and a drug. The systems deve|opéig)llowing mixing, gold/lipid dispersions were either dialyzed against
represent improvements on previoust® to entrap metal formulation buer to remove ethanol or dialyzed agains}?EBS, pH
nanoparticles into lipid-based systém8.In particular, ~ 7-4. to remove the residual ethanol and neutralize t Bpon
previously reported hybrid LNP-GNP systems usually |a(99mpl_et|on of dialysis, the mean diameter size together- Wlth
one or more of the characteristics necessary for clinical utiligptentials of spontaneously formed LNP-GNPs were determined

. . - . o etasizer Nano ZS, Malvern Instruments Inc., Westborough, MA).
l-)r(]terzﬁelgglt?cdetiEsoljgrs]tlailll};elronna% Clgg;:%“r?no:‘lfegmlgz tt?) a;:\(;g pid concentrations were determined by measuring total cholesterol

. ; linki | | labili ing the enzymatic assay. GNP entrapmetiereies were
Immune response issues to linking molecules, scalability, sured by quantifying colloidal gold by measuring absorbance at

e cient loading of drug cargo. . 520 nm (absorbance maximum for 5 nm spherical GNPs) in samples
In this study, we develop a robust, generalizable, and scalaffected before and after the removal of unentrapped gold using

formulation approach that can result inient entrapment of  anion exchange spin columns and comparing the respective Au/L

GNPs into hybrid LNP systems as well as a representatikgios. The absorbance measurements were performed upon lysis of

weak base anti-cancer drug. We show that rapid, controllthé LNP-GNPs and release of the entrapped gold nanoparticles by 1%

mixing of a lipid mixture containing an ionizable cationic lipidriton X-100.

dissolved in ethanol together with aqueous dispersions ofSynthesis of GNP Remote-Loadable Gold/Lipid Nano-

tannic acid-capped GNPs can result tiemt encapsulation particle Sys.tems. To achieve Fh.e LNP-GNP systems capable of

of up to 20 GNPs per 100 nm diameter LNP. Further, W%imote-loadlng and stably retaining the drug cargo, the freshly made

show that these systems can be used to load the represent ﬁ\i/%(go'd mix dispersed in acetate diucontaining 25% ethanol
repared as described above) was spiked with concentrated solutions

weak base drug doxorubicin into the GNP-containing LN ; . .

. . of ammonium sulfate (AS). Bsiel mL of aqueous AS (typically 0.9,
system. These hyb_”d LNF_)'GNP'doxorUb'C'n systems _haY%S, and 1.8 M) was dropwise added to the 2 mL of vortexed lipid/
considerable potential as triggered release systems in vivoqq|q gispersion, the resulting mix was then placed into dialysis bags

and dialyzed against PBS to remove the ethanol and unentrapped AS
EXPERIMENTAL SECTION and raise the pH to 7.4. This procedure yields LNP-GNPs that entrap

Materials. The lipids [1,2-distearosglycero-3-phosphocholine AS in amounts suient enough to provide th_e uptake gnd stabl_e
(DSPC), 1,2-distearoshglycero-3-phosphoethanolanhFeae- retentlorj of the externally added drug via an active _Ioadlng
thoxy-(poly(ethylene glycol))-2000] (PEG-DSPE), and the ionizabléneChamS'?rﬁ The percentage of AS entrapment was determined by
cationic lipid 1,2-dioleoyl-3-dimethylammonium-propane (DODAP)[n€asuring the concentration of ammonium in samples collected
were purchased from Avanti Polar Lipids (Alabaster, AL). CholesteRffore and after dialysis (i.e., prior to and after the removal of
(Chol), sodium acetate, ammonium sulfate (AS), and doxorubicidn€ntrapped ammonium) using theorimetric ammonia/ammo-
hydrochloride were obtained from Sigma-Aldrich Canada Ltdlium assay kit. The measurements were carried out in the presence of
(Oakville, Ontario, Canada). Phosphatetima saline (PBS) was 1% Triton X-100 to lyse the LNP-GNPs and release their contents.
from GIBCO (Carlsbad, CA). Dialysis membranes (molecular weigfitarticle size and lipid concentration measurements were performed as
cuto 12,00014,000 Da) were from (Spectrum Laboratories,described above.

Rancho Dominguez, CA). Amicon Ultracel centrifugal units (10 Loading of Doxorubicin into LNP-GNPs.Prior to loading, the

kDa MWCO) were from Millipore (Billerica, MA). Tannic acid- ammonium sulfate-containing LNP-GNP systems were concentrated
stabilized negatively charged monodispersed spherical gold natwoapproximately 10 mg/mL lipid using centrifugal concentrators.
particles (5 nm diameter, particle concentration 50 particles/ Doxorubicin hydrochloride was dissolved in saline at 5 mg/mL and
mL) were provided by Ted Pella, Inc. (Redding, CA) in the form ofmixed with the LNP-GNP dispersion to give the desired drug/lipid
aqueous dispersions. The anion exchange spin columns (VivapuredlL) ratios. The samples were then incubated 4C6© provide

Mini H) were obtained from Sartorius Stedim Biotech, Aubagneyptimal loading conditions. Unentrapped doxorubicin was removed
France: The QuantiFluaorimetric ammonia assay kit was obtainedp running the samples over Sephadex G-50 spin columns prior to
from BioAssay Systems (Hayward, CA). The Cholesterol E Totgltection of the entrapped drug. Doxorubicin was assayed by
Cholesterol assay kit was provided by Wako Diagnostics (Richmongigrescence intensity (excitation and emission wavelengths 480 and
VA). . . ) . 590 nm, respectively) with a PerkinElmer LS&@imeter

Synthesis of Gold/Lipid Hybrid Nanoparticle Systems.LNP- PerkinElmer, Norwalk, CT); the value for 100% release was
G|’2\|7PS were prepared by a varlaPon Ofl the dT'[;Ube method of Hirota gfained by addition of isopropanol tanal concentration of 50%
\E/ldlun?éf gf l:‘p':l dP:sCt;‘o'\(l:Essc\),IvLiEgnsoirrTgtafnobt))/uvri?rl])“gr? a%%%gl?:atevol. Drug-loading eiencies were determined by quantitating both
phase containing GNPs, employing a T-tube mixer. Lipids (DODAIgrug and lipid levels in samples obtained before and after separation

! ’ 87 unentrapped drug from LNP-GNP encapsulated drug by size

DSPC, Chol, and PEG-DSPE) were solubilized at a molar ratio of 1 . - .
49/40/1 to a nal lipid concentration of 10 mg/mL in 100% ethanol. EXCIUS'Qn chromatogrgphy using .Seph.adex G-50 spin columns and
mparing the respective drug/lipid ratios.

Agueo old colloid ith nominal particle diameters of 5 nm antf ) .
gqueous g ds (wi na’ part I S Cryo-Transmission Electron Microscopy (Cryo-TEM) Anal-

particle concentration of 5.5 mg/mL as supplied by the manufacture}%i of LNP Morphology. Hybrid LNP-GNPS systems were imaged

were concentrated using centrifugal concentrators, and an appropr . . ;
volume of concentrated dispersion was then dissolved in 25 mfyt" @ FEI Tecnai G20 TEM (FEI, Hillsboro, OR) using the method

sodium acetate ber, pH 4.0 to achieve a desired level of GNP prewousl){ describ&#° Prior to imagipg, samples were poncentrated
number density. Acidiation of the aqueous media was necessary t&° @Pproximately 20 mg/mL total lipid, and & 3L aliquot of

render the cationic lipid fully protonated (positively charged) toco.nc.entrated dlspersmr] was transferred to a glow-discharged copper
promote association with the negatively charged tannic acid cap@id in @ FEI Mark IV Vitrobot. The sample was then plunge-frozen
GNPs. Lipids dissolved in ethanol and an aqueous dispersion iBfo liquid ethane to generate vitreous ice. Frozen samples were
GNPs were pumped by means of two syringe pumps (voluavetric ~ Stored in liquid nitrogen until imaged. The TEM was operated at 200
rate ratio of 3:1 (agueous to ethanol), pump rates 15 and 5 mL/mirkV in low-dose mode, and images were obtained using a bottom-
respectively) and mixed in “@”-junction, where two syringes mount FEI high-resolution CCD camera (FEI, Hillsboro, OR) at a
containing organic and agqueous streams were connected to a unigminal under-focus of 2 m. Sample preparation and image
connector (1/16, 0.02 in. thru hole, IDEX Health & Science#art acquisition were performed at the UBC Bioimaging Facility
P-712). Lipids were combined with GNPs at varying gold/lipids (AufVancouver, BC).
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RESULTS AND DISCUSSION A

LNP Systems Containing an lonizable Lipid and High
Levels of Bilayer Lipid Can be Generated That Contain
Both “Solid Core’ and Aqueous Compartments Where
GNPs Can be Encapsulated in the Solid Core Region.
Previous work has shown that RNA and DNA polymers suc
as short interfering MRNASIRNA), messenger RNA
(mRNA), and plasmid DNA (pDNA) can be stably
encapsulated in LNP systems by rapid mixing of a lipi
mixture containing ionizable cationic lipid with a low pH
aqueous medium containing the nucleic acid poRiiées.
aqueous medium is held at a pH belowkhefthe ionizable
lipid, where it is protonated and thus positively charged t C
enable an electrostatic interaction with the nucleic aci
polymers. Subsequent processing to remove residual ethe
and raise the pH to physiological values results in stak?
encapsulation of the nucleic acid polymer into the LNP. :

Previous work has largely used the lipid compositio®
ionizable lipid/cholesterol/DSPC/PEG-lipid in the molar |
ratios 50/38.5/10/1.5, which, when applied to encapsulatini
nucleic acids, results in solid core systems, where tl
encapsulated nucleic acid surrounds an inner core of ioniza
lipid in the neutral oil forft. In turn, the nucleic acid is
surrounded by a monolayer of lipid consisting of DSPC
cholesterol, and PEG-ligidThe objective of the work
performed here was to produce systems where negativ E
charged GNP is encapsulated in the same manner as negatis
charged nucleic acid but where thal LNP also contains
agueous compartment(s) surrounded by a lipid bilayer t
weak base drugs can be loaded into. To achieve this,
increased the proportion of bilayer lipid in the formulation
the expense of the ionizable cationic lipid. The expectation w
that bilayer regions with an aqueous interior would then b=
generated but that loading of the negatively charged GNPs ir
solid core regions would be facilitated by the presence of t
ionizable lipid.

The lipid composition DODAP/DSPC/cholesterol/PEG-
lipid 10/49/40/1 mol/mol was selected for initial GNP _ ure 1.GNPs can be eiently encapsulated into hvbrid LNP
loading experiments. The encapsula'tlon process followed {ﬂ%tems with the lipid compo);ition ?DODAP/DSPC/yChoI/PEG-
same procedure used for nucleic acid-based drugs, Whereﬁgé%E, 10/49/40/1 mol/mol) as visualized by cryo-TEM. The LNPs
lipid mixture dissolved in ethanol was rapidly mixed with afjere formed by rapid mixing of the lipid mixture dissolved in ethanol
aqueous solution containing the negatively charged GNR#h an aqueous medium (pH 4) containing various concentrations of
using a T-tube mix&t.Note that the aqueous solution is 5 nm diameter negatively charged (tannic acid capped) GNPs, as
bu ered at pH 4 so that the ionizable lipid is protonated andhdicated in Methods. After mixing, the ethanol was removed and the
thus positively charged. Following the mixing step, the etharii raised by dialysis against PBS (pH 7.4) except for the micrograph
was removed by dialysis, and the external medium wgRoWn in panels (A) and (C), where only the ethanol was removed
exchanged for PBS, pH 7.4. and the sample was kept at pH 4 by dialysis against 25 mM sodium

g acetate bier. (A) LNPs formed in the absence of GNPs at pH 4. (B)
As shown irrigure 1novel LNP structures were generatedLNPs formed in the absence of GNPs at pH 4 and then dialyzed

employing this procedure as visualized by cryo-TEM. LNRgainst PBS. (C) LNP-GNPs formed at pH 4, Au/Lx220
formed in the absence of GNPs at pH-#ure A) after particles/mol lipid. Arrows indicate tidumbbells,where GNPs
dialysis to remove ethanol were smadO(nm diameter)  bridge two vesicles. (D) LNP-GNPs formed at pH 7.4, Au/k 2.2
unilamellar vesicles, some of which aréhenaifusetstate. 10 particles/mol lipid, (E) LNP-GNPs formed at pH 7.4, Au/L 6.6
Subsequent adjustment of the pH to 7.4 by dialysis agairstt0"’ particles/mol lipid, and (F) LNP-GNPs formed at pH 7.4,
PBS resulted in remarkableh eye structures, with a solid Au/L 8.8 x 10" particles/ mol lipid. Size bar represents 100 nm.
core located within a lipid bilayer that also contains an aqueous

region Figure B). Such structures have been observed in The presence of negatively charged GNPs in the aqueous
previous studies of LNPs with high helper lipid content angbrmulation buer resulted in derent morphologies. The

can be accurately modeled under the assumption that the sqiiaiticles formed at pH 4 following the removal of ethanol are
core consists primarily of the neutral oil form of the ionizableither unilamellar or bilamellar vesicles with diameter@®f
cationic lipid surrounded by a monolayer of helper lipidnm, where the GNPs were either located at the interface
cholesterol, and PEG-lipid. between an internal solid core and the external membrane or
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Table 1. LNP-GNPs: GNP Content, Size, and Surface Charge Charactéristics

gold-to-lipid ratio (Au/L), particlesiol lipid

-potential (mV)

mean diametet-dverage means) by DLS (nm)

2.2x 10 11.0 (0.45) 88 (2.0) 0.06 (0.01)
3.3x 10° 11.2 (0.43) 87 (2.0) 0.07 (0.01)
4.4x 10 11.6 (0.40) 87 (2.1) 0.065 (0.01)
6.6x 10t 11.8 (0.35) 89 (2.5) 0.13 (0.02)
8.8x 101 16.3 (0.47) 114 (5.5) 0.23 (0.03)

polydispersity index (PDI)

3Sizes and-potential values for LNP-GNPs prepared at various Au/L ratios. The LNP lipid composition was DODAP/DSPC/Chol/PEG-DSPE,
10/49/40/1 mol/mol, and GNP encapsulation was performed as indicated under Methods. Measurements were taken on LNPs produced a
mixing at pH 4 and dialysis against PBS, pH-otential measurements were performed in dildf25) PBS. The standard deviation values

from the repeat measurements are shown in brackets.

were located at the interface between two unilamellar vesictesresponding LNP-GNP concentrations present in LNP-GNP
to produce“dumbbell structures Kigure €, dumbbell samples prior to and following the removal of external
structures indicated by arrows). Following dialysis againgtnentrapped) gold were then calculated.

PBS (pH 7.4), the particles consisted almost entirely of bi- or The UV VIS absorption spectra for LNP-GNP systems at
oligolamellar structureSigure D F). Importantly, for Au/L  Au/L ratios (from 1.1x 10" to 8.8 x 10" particles/mol

ratios up to 6.& 10" particles/mol lipid, most if not all of  lipid) following the removal of unentrapped gold (no detergent
the GNPs were internalized at the interface between traglded) are shown Figure 2(inset). All spectra exhibited a
internal and external lamellae. Equally importantly, the LNPs

also contained large aqueous compartments, which provi3

potential regions for the loading of small molecule drugs. © 207

The cryo-TEM images shown Rigure D,E show that E ] o o
internalized GNPs are located at an apparent junction poilQ
between the inner and outer vesicles comprising the bilamelZ 4 5| 20

1.1x10"

and oligolamellar LNPs. A large proportion of the ionizablg
cationic lipid may also be expected to be complexed with ttg

2.2x10"
3.3x10"
4.4x10"

negatively charged GNPs in the same way that ionizable lip2

are complexed to siRNAAny excess ionizable lipid that is 3 1.0 o

not associated with siRNA adopts a neutral oil form at pH 7.8

that segregates into hydrophobic domaiftsus, the external A :

lipid bilayers of the hybrid LNP-GNPs at pH 7.4 would be® e e 0T

expected to contain little or no ionizable lipid and thus no 5 0.5 ®

exhibit a net positive surface charge. Tpmentials of the < T2 3 4 5 6 7 8 9 10

hybrid LNP-GNP systems prepared at various Au/L ratio - - .

were determined in dilute@.25) PBS, as shownTiable 1 Initial AuNP/Lipids ratio

As noted, the negativ@otentials observed for LNP-GNPS at rigre 2 GNP absorbance provides an assay for GNP encapsulation

pH 7.4 are similar to those obtained for DSPC/Chol systems “ciency. LNP-GNP formulations with the lipid composition

determined under similar conditions in PBS, pH"7.4, DODAP/DSPC/Chol/PEG-DSPE, 10/49/40/1 mol/mol were pre-

consistent with the suggestion that there is little or no cationfared as indicated in Methods at various GNP/lipid ratios and

lipid on the LNP-GNP surface. absorbance at 520 nm (red circle solid) measured after the removal of
As noted above, cryo-TEM studies of formulations listed iwnentrapped gold (lipid concentrations normalized to 1.25 mg/mL).

Table 1showed no evidence of free GNPs for LNP-GNPINset: Norftmaltlﬁed absorlbafnce SFeCtradObt%"EZdllfroT L']}‘P'GtNP

systems made with Au/L ratios up to618" particles/ mol systems after the removal of unentrapped gold (Au/L ratios from top

lipid; however, clumps of aggregated GNPs are apparent g%]rgolttc{?.lgl.g& ;r(t)ilc]ess'f:]oﬁ ’ig)AX 10%3.3x 10%, 2.2x 107,

systems made at &810' particles/mol lipid Figure B ' P i

D). Increasing the Au/L ratio from 2210 to 6.6x 10"

particles/mol lipid did not aect the LNP-GNB mean size  peak at 520 nm, a wavelength that imgerprint of colloidal
and surface charge properties; however, the further increasgéfl nanoparticlé8>” Although the entrapped GNPs are
8.8 x 10" particles/mol resulted in a growth in size and closely associated in the LNP microgragibsre }, they do
polydispersity as well as an apparent increase of the meit appear to form true aggregates, as they still exhibit an
negative surface charge. In the latter case, the data eatild re absorbance maximum at the same wavelength without the red
the coexistence of LNP-GNPs with aggregates of (negativehyft that would be expected for aggregaiéss could be
charged) gold particles. due to the coating of ionizable cationic lipid preventing the
We then evaluated the GNP encapsulatiociercy close association necessary to induce a red shift. Normalized
achieved for the LNP-GNP systems at various Au/L ratiosibsorbance at 520 nfriqure 2red circles) clearly shows that
Quantitation of GNPs was performed by a surface plasmanmcreasing Au/L ratio leads to more internal GNPs; however,
resonance absorption assag, well-established technique increasing the Au/L aboves.6x 10 particles/mol lipid
suitable for the determination of GNPs in the presence afid not result in higher levels of gold entrapment. Quantitation
lipids solubilized by a detergent such as Triton X-100. Af the gold content indicated trappingiencies approaching
calibration plot was prepared, ranging from 0 te 2.63 100% for the systems prepared at Au/L ratios ranging from 1.1
particles/mL in the presence of 1% Triton X-100, and the 10 to 6.6x 10" particles/ mol lipid, whereas increasing

o

6.6x10"
8.8x10"

Absorbance, a.u.

=)
o

malized
o
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Au/L ratio 8.8x 10" particles/mol lipid results in 80% of The loading studies proceeded in two stagesr&ttstage
gold being internalizedrigure 3, in good agreement with was to determine how much AS could be encapsulated using
results of cryo-TEM studieSigure B D). the post-formulation addition of AS protocol, where aliquots of

concentrated AS were added dropwise to the GNP-containing
T (Au/L ratio 2.2x 10" particles/mol) hybrid LNPs at pH 4
1004 — T T = to achievenal AS concentrations of 300, 450, and 600 mM in

A

0.304

| 0.25-
0 } } } } } y 0.204
1 2 3 4 5 6
. .. . : 0.15-
Initial AUNP/Lipids ratio .

0.104

Figure 3. GNP trapping eciencies approaching 100% can be
achieved for LNPs with the lipid composition DODAP/DSPC/Chol/ 0.05-

PEG-DSPE, 10/49/40/1 mol/mol. The Au/L ratios employed were:

(1) 1.1x 10%(2) 2.2x 107, (3) 3.3x 10'% (4) 4.4x 10", (5) 6.6x 0.00 1 2 3

10 and (6) 8.8« 10" particles/ mol lipid. For other details, see the
legend irFigure 2

N
o
1

B —/ the solution. This dispersion was then dialyzed against PBS to
"E- 80 4 T remove residual ethanol, raise the pH, and remove the
) unentrapped AS. The resulting LNP-GNP systems were
g_ subsequently solubilized by addition of detergent and assayed
© 60+ for ammonium and lipid content. As showhrignire A, the
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Doxorubicin Can be Loaded into the Aqueous 0147

Compartments of Hybrid LNP-GNP Systems with the
Lipid Composition DODAP/DSPC/Chol/PEG-DSPE, 10/

0.12 1
49/40/1 (mol/mol). The objective of this study was to 0.10+
develop hybrid LNP-GNP drug systems that could hav 0.08
application as triggered release systems in vivo, where d
release is stimulated by GMRplosiohin response to pulsed 0.06
laser light, for exampfeThis requires loading the drug into 0.041
these systems in addition to GNPs. The most robust procedL ~
for drug encapsulation into LNP liposomal systems is t 0.02
establish a pH gradient (inside acidic) and then load a we: 0.00
1 2 3

entrapment, %

+

NH

base drug in response to the pH gradie®ver 50% of
commonly used drugs detailed in the Merck Index are weak
bases, making pH loading a generally applicable prdteduré&igure 4. Ammonium sulfate can be entrapped within hybrid LNPs
An e ective method of generating the pH gradient is to entrapfter LNP formation. Hybrid LNPs (DODAP/DSPC/Chol/PEG-
ammonium sulfate (AS) into the vesicles during formation arl@SPE, 10/49/40/1 mol/mol) prepared containing GNPs (Au/L ratio
then remove the exterior ASThe ammonium (Ng) can 2.2x 107 particles/mol) and loaded with AS by adding AS after
dissociate into N+ H*, NH; can then readily permeate out LNP formation at pH 4, prior to dialysis against PBS to remove

. 2 - ) ' ethanol and raise the pH to pH 7.4. The AS concentration in the pH 4
leaving an Hbehind and thus establishing a pH gradient. formulation mix was: (1) 300 mM; (2) 450 mM; and (3) 600 mM.

There are a number of possible ways to introduce AS iniSane| (A) indicates the entrapped ammonium-to-lipid ratio (mol/

the LNPs during formation. The most obvious is tomol), and Panel (B), the corresponding ammonium trapping
incorporate high concentrations of AS into the aqueous ciencies following dialysis against PBS.

medium containing the GNPs during the mixing stage with the
lipid in ethanol. However, aqueous dispersions of colloidal

gold are highly sensitive to ionic strength. It was found thantrapped ammonium levels of 0®28 mol/mol lipid were
addition of an AS solution to a GNP dispersion resulted imachieved for initial AS concentrations at pH 4 of 280D
immediate precipitation. An alternative approach was to aaaM; increasing the AS concentration to 600 mM did not
the AS after LNP formation at pH 4. It was reasoned that theesult in higher levels of entrapped ammonium. In terms of
change in LNP morphology as the pH is raised from pH 4 tentrapment eciency, these ammonium entrapment levels
pH 7.4 (see~igure A,B) may facilitate encapsulation. Also,re ected a steady decline in trappingi@ncy as the initial AS

the initial presence of 25% ethanol (v/v) may increaseoncentrations were increasegre 8). Importantly, the
membrane permeability siently to allow AS to permeate presence of AS during the dialysis step did not mategatly a

into the preformed LNPs. We therefore added concentratdde LNP size or polydispersity, with only a slight size increase
(up to 1.8 M) aliquots of AS to the lipid dispersion containingobservedTable 3.

GNPs at pH 4 and then dialyzed against PBS, as detailed ifThe second stage of the loading process was to demonstrate
Methods. that the entrapped AS was sient to drive the loading of a
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Table 2. LNPs after Drug Loadiftg

mean

mean diameter,
AS diameter, drug-
concentration preloaded loaded
in formulation AuLNP polydispersity AuLNP  polydispersity
mixture (mM)  (nm) index (PDI) (nm) index (PDI)
300 106 (1.8) 0.06 (0.01) 115 (2.4)  0.08 (0.01)
450 114 (2.0) 0.075(0.015) 123 (2.3) 0.08 (0.015)
600 127 (2.2) 0.08 (0.01) 135 (3.0)  0.12 (0.02)

3_NP-GNP sizes determined prior to and after loading (D/L 0.1 wt/
wt) with doxorubicin. Measurements were taken after the removal of
ethanol and unentrapped AS (preloaded samples) and after the
removal of unentrapped drug (loaded samples), as described in
Methods. Standard deviation values are shown in brackets.

weak base drug. The representative weak base drug chosen was
the anti-cancer drug doxorubicin, as doxorubicin can be loaded
into liposomal LNP systems to such high levels that the drug
precipitates inside the LNPs, forming nanocrystals that can be
readily imaged by cryo-TEMHybrid LNP-GNP samples
(pH 7.4) containing AS were prepared as described above, an
aliquot of doxorubicin solution was added, and the formulation
was incubated at 8C using established doxorubicin-loading
protocols® The time course of doxorubicin uptake into hybrid
LNP-GNP AS systems prepared in the presence of 300, 450,
and 600 mM AS was determined using an initial drug-to-lipid
ratio of 0.1 (wt/wt) and is shown lingure &,B. Doxorubicin
trapping e ciencies approaching 100% were achieved within a
few minutes of incubatioRigure B) for all samples.
It would be expected that the doxorubicin trappingecy
will be a sensitive function of the drug-to-lipid ratio in therigure 5. Doxorubicin can be eiently loaded into hybrid LNP
initial incubation mixture and the concentration of entrappegystems (DODAP/DSPC/Chol/PEG-DSPE, 10/49/40/1 mol/mol)
AS. This is because each doxorubicin molecule accumulagedtaining GNPs and ammonium sulfate. Panel A: Doxorubicin
consumes a proton on arrival in the acidic interior, thu®ading into LNP-GNP systems prepared in the presence of 300 mM
reducing the interior baring capacity of the AS. If the drug- ( ), 450 mM (red circle solid), and 600 mM (green triangle up
to-lipid ratio in the initial incubation medium is too high, theopen) AS at the pH 4 stage of formulation followed by dialysis against
bu ering capacity will be exhausted and encapsulatidﬂ?’s (initial drug to lipid ratio 0.1 wt/wt). Panel Bed of drug-to-

e ciency reduced. We therefore investigated ¢oe & the l(lg:gerﬁtit?ié%gli V‘l’}{a""éég'n ()))'10‘:‘]”/(‘1"5)52‘?%‘};%'elgg(lji?n)ga?:tg'E,ll"g/_w(;NP
initial drug_—to-hp_ld ratios (0.0_5, 0.1, and 0.2, wt/wt) on systems prepared in 450 mM AS at the pH 4 stage. Trapping
encapsulation eiency for hybrid LNP systems prepared ing” iancies were determined as describeierials

450 mM AS at the pH 4 stage. As shoviigare B, varying
the drug-to-lipid ratio between 0.05 and 0.1 resulted in
e ectively 100% encapsulation within 5 min of incubatiordistortion may account for the slight size increase for drug-
However, if the initial drug-to-lipid ratio was increased to 0.20aded LNP-GNPs as indicated by DLS. Overall, particles
trapping eciency decreased sigaintly. Drug loading showing a distinctive drug precipitate formation represent a
resulted in a slight particle size growth as measured Baracteristicco ee beahappearance observed earlier for
dynamic light scattering (DLS)able 3. various liposomal doxorubicin formulatibriehe notable

The doxorubicin-loading properties of the hybrid LNP-feature is the presence of both gold and the drug in the same
GNP-AS systems, as showrFigure 5 are comparable to nanoparticle.
those reported for established formulations of liposomal
doxorubicin such as DdXilAt high levels of encapsulation, DISCUSSION
doxorubicin precipitates intbrous-bundle nanocrystals that This study shows that hybrid LNP systems can be made that
can be detected on cryo-TEM micrograpt@ryo-TEM contain GNPs as well as an encapsulated drug. There are three
studies of drug-loaded LNP-GNPs to detect such nanocrystalgas requiring discussion, namely the unusual morphology of
were therefore performed on an LNP-GNP (Au/lx218" the LNP systems with the lipid composition DODAP/DSPC/
particles/mol) formulation prepared in 450 mM AS (added Chol/PEG-DSPE, 10/49/40/1 mol/mol, the ability of these
at the pH 4 stage) and loaded at a drug-to-lipid ratio of 0.8ystems to coload GNPs and doxorubicin, and the potential for
(wt/wt). this system to be the basis of a clinicadigtize triggered

As shown irfrigure §structures recting precipitated drug release system. With regard to LNP morphology, the studies
can be observed in the hybrid LNPs (indicated by arrowspresented here are thest to examine the structural
which produce an elongated morphology of the LNPsharacteristics of LNPs at very low levels of ionizable cationic
(compared to the more spherical LNP structures observed lipid. As detailed elsewh&&NPs containing 460 mol %
the absence of drug, deigure B) were observed. This of ionizable lipid exhibit a solid core structure, indicating a
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improved AS encapsulation, resulting in greater drug
accumulation.

Retention of AS and loaded drugs in LNPs subsequent to
drug accumulation is dependent on the permeability properties
of the outermost lipid bilayer. It may be expected that the
presence of sigeant amounts of ionizable cationic lipid in
this outermost bilayer would increase permeability and reduce
the ability to retain the drug due to the unsaturated character
of the ionizable lipid. It is well kndWthat unsaturated acyl
chains, such as those contained in DODAP, result in increased
membrane permeability. Thus, segregation of the cationic lipid
from the outermost bilayer in association with encapsulated
GNPs would be benaal for drug uptake and retention.

The third topic of discussion concerns the potential utility of
these hybrid systems for triggered release applications in vivo.
There are three conditions required for such systems. These
conditions are rst that agents such as GNPs that could
respond to external radiation are entrapped into the LNP
interior, together with the drug, in a stable and scalable
manner, and second that the lipid composition in the
outermost monolayer should be largely DSPC and cholesterol
to facilitate a long circulation lifetime following i.v.
administration. The third condition is that the hybrid system

Figure 6.Doxorubicin and GNPs can be encapsulated within th€an be made leaky by stimulating the GNPs employing
same hybrid LNPs. LNP (DODAP/DSPC/Chol/PEG-DSPE, 10/49/ appropriate external radiation.
40/1 mol/mol) containing GNPs (Au/L 22 10" particles/ mol) The cryo-TEM images presented Figure 6 clearly
were prepared in 450 mM AS (introduced in the pH 4 mediumdemonstrate the production of LNPs containing both GNPs
following the mixing step), as indicated under Methods. Cryo-TEMnd doxorubicin. Doxorubicin is entrapped at drug-to-lipid
image of LNP-QI\!P forlmulatlon and loaded with doxorublcm.alt 0.}atios of 0.1 (wt/wt) or higher. The fact that the drug
(wt/wt) drug-to-lipid ratio. The drug forms a rod-shaped .prec'p'tat%}recipitates into nanocrystals in the LNP interior is consistent
in the center of the LNP-GNPs (indicated by arrows), giving some of . . -
them a coee bean-like appearance. with t_he beha_vlor a_nd m_or_phology of doxorubicin encapsu-
lated in long-circulating clinically approved LNP drugs such as
Doxil** It is probable that many other drugs that are weak
hydrophobic interior. The systems containing low levels dfrases can be eiently and stably loaded by these hybrid LNP-
DODAP, on the other hand, exhibit bilamellar or tri-lamellaGNP systems.
structure, where the GNPs are located at the nexus of thelt would also be expected that these hybrid LNP-GNP-drug
various lamellae. Other studies have shown that as teRgstems will be able to exhibit long circulation lifetimes in vivo.
proportion of‘bilayet lipids such as DSPC is increased, theFirst, the LNP-GNP hybrid drug carrier systems reported here
bilayer lipid rst forms a monolayer around the hydrophobicexhibit sizes (9020 nm) that are comparable to that of the
core and subsequently blebgmform a bilayer surrounding existing liposomal doxorubicin formulations such as Doxil that
the interior core and an entrapped aqueous réglanthe  exhibit long circulation lifetimes and can take advantage of the
proportion of ionizable lipid is decreased further, the size &PR eect’ resulting in enhanced accumulation at tumor sites.
the hydrophobic core decreases, and the number of lamel@gcond, as noted above, there is strong reason to believe that
increases. It may be proposed that systems containitite outermost bilayer is composed primarily, if not exclusively,
negatively charged GNPs at maximum GNP entrapment levefsDSPC/cholesterol, as the hybrid LNP-GNPs exhibit a weak
represents a limiting situation, where there is essentially nhegative surface charge at pH 7.4, close to that observed for
hydrophobic core and the GNP is complexed to all availabfgire DSPC/Chol systems. Such systems can exhibit circulation
ionizable lipid and located at the intersection of the lamellabalf-times of 10 h or longer in mouse models, which
The ability of these systems to coload doxorubicin, and orrespond to half-times of 24h or longer in hufhaks.
extension, other weak base drugs, is dependent on the abilityjang circulation lifetime is required to achieve eagily
encapsulate and retain AS during the stage where the pHirigproved distributions to selected tissues for triggered release
raised from 4 to 7.4. Clearly, the levels of AS achieved aystems. A 1 gram tumor in an 80 kg man, for example, would
su cient to result in adequate drug uptake and retention. Thiee expected to receive a maximum of only 0.00125% of the
precise mechanism whereby AS is encapsulated remains tadb@ free drug dose if administered systemically. However, for
elucidated and could arise from two sources. First, lipithe LNP-GNP-drug system, if the amount of encapsulated
bilayers are notably more permeable in the presence of ethadolig in the tumor is replenished every minute and all of the
and it is likely that sigmiant internalization of AS occurs drug is released from the LNPs while in the vicinity of the
immediately after the introduction of AS at pH 4.0 when théumor, the amount of free drug delivered to the tumor after the
ethanol concentration is high. Second, it is also possible thast hour would be increased nearly 60-fold, 600-fold if such
during the transition from the dumbbell morphology to theleakage was continued for 10 h. It is likely this would be
concentric bilayer structure a proportion of the externaturative for many solid tumors.
medium is also encapsulated. Further studies on theThe next step is tond ways in which the LNP-GNP-drug
mechanism of AS encapsulation may be expected to resulsiyistems could be triggered to induce the release of drug
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contents; we discuss two of these yariBirst, it has been  (5) Wang, Y.; Kohane, D. S. External triggering and triggered

established that GNPs can be made to explode in the presetatgeting strategies for drug deliéay. Rev. Mate2017 2, 17020.

of femtosecond pulses of high-energy laser light of appropriat®) Rai, P.; Mallidi, S.; Zheng, X, et al. Development and

frequency’ It is probable that such excitation would induce@pplications of photo-triggered theranostic ageitsDrug Delivery

the release of drug contents. Second, the method &€v201Q62 1094 1124.

encapsulation of GNPs can readily be extended to iron oxiﬁg) Huang, H. C.. Barua, S.; Sharma, G.; Dey, S. K.; Rege, K.
e

nanoparticles. Such systems can be triggered to vibrate in gaglqai‘gg‘gj?%z;m cancer imaging and thirgptrolied
> again potentially ca :

Fre(‘;‘.encte gf OSC||IIat|ng magneetds, (8) Serda, R. E.; Godin, B.; Blanco, E.; Chiappini, C.; Ferrari, M.
eading to drug release. Multi-stage delivery nano-particle systems for therapeutic applica-
tions.Biochim. Biophys. Acta, Gen.28144j.181Q 317 329.
CONCLUSIONS (9) Lammers, T.; Aime, S.; Hennink, W. E.; Storm, G.; Kiessling, F.
In summary, the results presented here provide a straightféperanostic nanomedicidec. Chem. R2811 44, 1029 1038.
ward, scalable method for encapsulating both metal nanél0) Jahangirian, H.; et al. A review of small molecules and drug
particles and small molecule drugs in the same nanopartidglivery applications using gold and iron nanoparticles).

The resulting systems have great potential as triggered relé}%%%’me(mlg 14,1633 1657. _ . _
systems in vivo. Fernandes, D. A.; Fernandes, D. D.; Malik, A.; et al.

Multifunctional nanoparticles as theranostic agents for therapy and
imaging of breast cancdr. Photochem. Photobiol20Bl, 218
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