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Abstract
Cancer chemotherapy is typically toxic. This problem could be addressed by using differences between cancer and normal cells

for controlled delivery of drugs to cancer cells. One such difference is the ubiquitously elevated glutathione expression in cancer

cells. We report a simple and versatile synthesis of water-soluble gold nanoparticles passivated with amine-containing molecules,

which allow for controlled drug release via ligand exchange with bio-available glutathione. Taking methotrexate-passivated gold

nanoparticles (Au:MTX) as an example, drug delivery and controlled release via glutathione-mediated ligand exchange was

evaluated. Furthermore, the possibility of using Au:MTX to improve therapeutic index in acute myeloid leukemia (AML) models

was examined in vitro and in vivo. Au:MTX exhibited cancer selectivity in vitro. Au:MTX had an elevated potency toward an AML

cell line THP-1 in a dosage range of 1–5 nM, and therefore an enhanced delivery of drug, whereas normal hematopoietic stem/

progenitor cell (HSPC) growth was minimally affected by Au:MTX and MTX treatments within the same range of dosage. In vivo

efficacy and safety of Au:MTX was evaluated in a murine xenotransplant model of primary human AML. Au:MTX treatment,

compared to control groups including MTX-only and Au nanoparticle-only treatments, produced better leukemia suppression

without added toxicity, indicating an enhanced therapeutic index.
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Introduction

An enduring, fundamental issue in cancer medicine is that
of poor therapeutic index: treatments typically destroy
normal as well as cancer cells, causing substantial toxicity
that limits the safety and efficacy of treatment.1 Thus there is
a need for methods to more selectively deliver drugs to
cancer cells and thereby spare normal cells.2–4 Au nanopar-
ticles, along with other drug delivery technologies such as
micellar and liposomal5–7 or polymeric encapsulations,8–12

and monoclonal antibody conjugation,13–15 have been inten-
sively pursued as candidates to improve cancer thera-
peutics.16–20 An important aspect of Au nanoparticles is
that their physical properties as well as interactions with
bio-organisms can be controlled by their size and
shape,21–23 and the careful engineering of these combined
effects have culminated in various theranostic applica-
tions.16–20 Au nanoparticles are typically passivated with
thiol-containing molecules via strong thiol-to-Au
bond,24–26 and some of the delivery mechanisms by the
thiol-passivated Au nanoparticles have been elucidated:

these include (i) accumulation based on EPR (enhanced per-
meability and retention) effect27 observed for relatively
large-sized nanoparticles (�15–100 nm)16–20 in solid tumor
models, and (ii) various payload release mechanisms
including, for example, pH change28,29 or triggering by
endogenous glutathione utilizing thiol-to-thiol ligand
exchange.30,31 Herein, glutathione-mediated ligand
exchange31,32 could be a promising scheme of controlled
intracellular payload release in vivo, exploiting higher
level of cell-associated glutathione compared to that of
plasma.33 Because ligand exchange is based upon competi-
tive affinity to Au surface between the original and the
incoming ligands,30 a wider range of payload release kin-
etics would become available by exploiting Au nanoparti-
cles directly passivated with payloads as ligands, through
functional groups with weaker affinity to Au than that of
thiols such as amines, carboxyls, phosphines, etc. (principle
of ligand exchange, utilizing the differential in the affinity to
Au, has been described by Hutchison et al.34,35). Passivation
relying on weak Au affinity would seem at first to inhibit the
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formation of Au nanoparticles, or to sacrifice the colloidal
stability especially under physiologically relevant condi-
tions. Here, we report the versatile synthesis of small
(�2.5 nm) water-soluble Au nanoparticles that are directly
passivated with amine-containing molecules. Taking meth-
otrexate-passivated Au nanoparticles (Au:MTX) as an
example, we examine the stability in physiological environ-
ments, and demonstrate the payload (i.e. MTX) release trig-
gered by glutathione. Furthermore, we demonstrate
improved therapeutic index in vitro using a cancer/
normal cell comparison, and in vivo using a murine xeno-
transplant model of primary human acute myeloid leuke-
mia (AML), a cancer which is disseminated without large
tumor masses, and therefore in which there should be less
benefit, if any, from EPR effect.27

Materials and methods
Materials

All chemicals were used as received (from Sigma-Aldrich,
St. Louis, MO, USA) except otherwise noted, including
water (HPLC grade, Honeywell Burdick & Jackson,
Muskegon, MI, USA), methanol (ACS grade, Thermo
Fisher Scientific, Pittsburgh, PA, USA), and ethanol (abso-
lute, Pharmaco-Aaper, Brookfield, CT, USA).

Au:MTX synthesis and characterization

In a typical synthesis of water-soluble nanoparticles,
Au:MTX, 5mmol of HAuCl4, and 25 mmol of MTX were dis-
persed with brief sonication in 2 mL methanol in a tri-neck
15 mL flask on ice water (0�C) bath under Ar purge. After
1 h of stirring at 700 rpm, 0.5 mL of freshly prepared 0.11 M
NaBH4 on ice was added drop-wise at 1200 rpm. After�1 h,
stirring speed was reduced to 700 rpm and kept for add-
itional�30 min. Scale-up of the reaction has been confirmed
up to 20-fold, yielding consistent results by transmission
electron microscopy (TEM) characterization.

Au:MTX nanoparticle purification and determination
of drug loading

The reacted solution was centrifuged at 4�C at 16,100� g for
15 min twice, with the addition of 4:1 (volume) mixture of
methanol and water, and ethanol, respectively. This set of
two-step centrifugation was repeated at least three times,
and then the precipitate was redispersed in water to obtain
aqueous solutions. The aqueous solution was further pur-
ified using 3 k ultra centrifugal filter (Millipore, Billerica,
MA, USA). Following the sets of centrifugations of
Au:MTX as described above, purity of Au:MTX was veri-
fied by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Elemental analytic measurements
(Galbraith Laboratories, Inc., Knoxville, TN, USA) includ-
ing carbon-hydrogen-nitrogen analysis (CHN) and induct-
ively coupled plasma mass spectrometry (ICP-MS)
confirmed the purity of the compound, where absence of
organics other than MTX was verified via CHN, and Au-to-
MTX ratio [Au]:[C]:[N] was determined via CHN and
ICP-MS.

Ligand exchange induced by glutathione and release
of MTX from Au:MTX

Aqueous solution of Au:MTX (1 mM, in Au molar amount)
was mixed with glutathione (GSH; 0.5, 1, or 5 mM) under
700 rpm stirring at room temperature, to induce MTX-to-
GSH ligand exchange. Aliquot was diluted in water and
extinction spectrum was measured using ultraviolet-visible
(UV–vis) optical spectroscopy. The amount of released free
MTX in solution was evaluated by extinction spectra at
90 minutes of stirring. The ligand exchange process was
monitored up to 15 h.

Evaluation of Au:MTX nanoparticle efficacy in vitro

In order to evaluate the efficacy of Au:MTX in vitro, we used
a human AML cell line THP-1 and human normal hemato-
poietic stem/progenitor cells (HSPCs). HSPCs were iso-
lated from umbilical cord blood via a CD34þ magnetic
cell sorting (CD34 MicroBead Kit #130-046-702, Miltenyl
Biotec, Auburn, CA, USA). THP-1 cells were cultured in
Roswell Park Memorial Institute 1640 (RPMI, Life
Technologies, Carlsbad, CA, USA) with 10% fetal bovine
serum (FBS, Life Technologies), and HSPCs were cultured
in Iscove’s Modified Dulbecco’s Medium (IMDM, Life
Technologies) with 10% FBS and cytokines (10 ng/mL of
SCF, TPO, and FLT3; 5 ng/mL of IL-3 and IL-6,
PeproTech, Rockey Hill, NJ, USA), respectively, using 24-
well cell culture plates with 0.7 mL of culture media per
well (at 37�C with 5% CO2 and >95% humidity). Cell via-
bility was confirmed to be >95% using cell viability ana-
lyzer (Vi-Cell, Beckman Coulter, Brea, CA, USA)
immediately before the experiments. Then the cells were
treated with phosphate buffer saline (PBS, Life
Technologies), MTX, aqueous solutions of equimolar
Au:MTX, and/or equimolar Au:FOL (folic acid-passivated
Au nanoparticles). Cell cultures were split two-fold after
72 h by replenishing each well with fresh media. Cell dens-
ity and viability were measured every 24 h using the cell
viability analyzer. For the evaluation of cellular uptake of
Au:MTX, THP-1 cells were treated with 500 nM Au:MTX for
4 h via incubation at the culturing conditions, then the cells
were centrifuged, and the resulting pellets were washed
with PBS and dispersed in a standard TEM fixative
(100 mM sodium cacodylate buffer with 4% paraformalde-
hyde and 2.5% glutaraldehyde), resin sectioned and
mounted on nickel TEM grid. The specimens thus prepared
were silver-enhanced (following the protocol associated
with Silver Enhancer Kit #SE100, Sigma-Aldrich) and
imaged by TEM.

Au:MTX treatment on murine models and evaluation
of tumor burden

The animal experiments were conducted with the approval
of the Cleveland Clinic Foundation’s Institutional Animal
Care and Use Committees (IACUC). Primary AML cells
were transplanted in 6-week old non-obese diabetic
severe combined immunodeficiency gamma (NSG) mice
by tail vein intravenous (i.v.) injection. Five days post-trans-
plantation, treatments with Au:MTX, along with MTX (as
drug-only control), Au:FOL (as nanoparticle-only control),
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and PBS were initiated (five mice per group, total of 20
mice). Mice were treated by tail vein i.v. injection metro-
nomically twice per week under daily surveillance.
Aqueous solutions of Au:MTX and Au:FOL, as well as
stock solution of MTX in dimethyl sulfoxide (0.1 mL per
gram of mouse weight per treatment), were diluted with
PBS for i.v. injections. Mice were sacrificed according to
the IACUC-approved protocol, when the PBS-treated
group showed clear signs of anemia and distress. Murine
bone marrows were analyzed by flow cytometry
(CYTOMICS FC 500, Beckman Coulter), where the popula-
tions of human AML cells and mouse hematopoietic cells
were determined by staining with ECD-conjugated anti-
human CD45 monoclonal antibody (mAb) and APC-conju-
gated anti-mouse CD45 mAb, respectively (Beckman
Coulter). Spleens, livers, and intestines were harvested
and fixed in 4% paraformaldehyde and embedded in a par-
affin block. The tissues were sectioned (5 mm thick),
hydrated via immersions in xylene (3 times) and ethanol
(100%, 95%, and 75% successively), and then silver-
enhanced and co-stained with hematoxylin and/or eosin.

Glutathione assay of cancer and normal hematopoietic
lineage cells

Viability of THP-1, primary AML cells, and normal HSPCs
was confirmed to be >95% using a cell viability analyzer

immediately before experiments. Intracellular glutathione
concentration was measured using �107 cultured cells (fol-
lowing the protocol associated with the Glutathione Assay
Kit #CS0260, Sigma-Aldrich).

Results
Synthesis of Au nanoparticles passivated by
amine-containing molecules

Compared to the extensive library of thiol-passivated nano-
materials,24–26 there are fewer examples of amine-
passivated nanoparticles,36,37 particularly water-soluble
amine-Au nanoparticles.38–41 Using a simple variation of
the method described by Schaaf et al. for synthesizing
thiol-passivated ultra-small Au nanoparticles42,43 and of
the original method of Brust et al.,44 we were able to syn-
thesize water-soluble Au nanoparticles directly passivated
with a monolayer of the chemotherapeutic methotrexate
(Au:MTX) (Figure 1(a) to (c); 2.6� 0.7 nm in diameter, mea-
sured by transmission electron microscopy or TEM; also see
Figure S1, Supplementary data available online),
without necessitating post-synthesis chemistry.45

Proton nuclear magnetic resonance (1H NMR; Bruker,
600 MHz) measurements of Au:MTX in D2O indicated
large change of chemical shift (in Figure 1(d), a:
�d¼ 0.30 ppm; b: �d¼ 0.23 ppm; c: �d¼ 0.39 ppm) in the

Figure 1 Methotrexate (MTX)-passivated Au nanoparticles (Au:MTX). (a) Transmission electron microscope (TEM) image of Au:MTX nanoparticles. (b) Size distri-

bution of Au:MTX (2.6�0.7 nm). Histogram was constructed from multiple TEM images. (c) Schematic drawing of drug loading per nanoparticle. R is the radius of

nanoparticle core, and pL is the radius of the drug’s footprint (or projected area on the nanoparticle core). With Au atomic radius of�1.44 Å and 2 R� 2.6 nm, number of

MTX per nanoparticle is�75, and footprint is �0.28 nm2 with 2pL� 6 Å. (d) 1H NMR of Au:MTX (top panel) and MTX in D2O (bottom panel). (A color version of this figure

is available in the online journal.)
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aromatic ring region of MTX. An aqueous solution of
Au:MTX was stable when stored at 4�C, and no significant
change was observed over 10 months with TEM and optical
spectroscopy (the structural stability of amine-Au nanopar-
ticles in organic phase has been reported by Heath
et al.36,37).

In addition, to demonstrate the wide applicability of the
synthesis protocol, we conducted a systematic study on the
formation of stable Au nanoparticles using amine-
containing molecules with molecular weights (m.w.) ran-
ging from 146.19 (lysine) to 785.55 (flavin adenosine
dinucleotide, or FAD), using the same conditions. The
results are summarized in Table 1. Despite the relatively
weak affinity to Au,36,37 stable nanoparticles were formed
with numerous amine-containing ligands, many of which
are drugs in common use. The details of ligand-to-Au inter-
actions require further elucidation. Of particular note, the
nanoparticle formation was clearly dependent on the m.w.
of the amine ligands: Ligands with m.w.<300 tended to not
form colloidally dispersed nanoparticles. The existence of

m.w. threshold can be attributed to the effective Au nano-
particle surface coverage for stable colloidal suspension
(e.g. reviewed by Templeton et al.26), and the value of the
threshold contrasts with the synthesis of thiol-passivated
Au nanoparticles, where the threshold is much known to
be smaller26 at m.w. <100, presumably due to strong thiol-
Au affinity.

Ligand exchange on Au:MTX and payload release

An important property of Au:MTX is the possibility of con-
trolled MTX release triggered by ligand exchange with
thiols. To illustrate this, Au:MTX was mixed and stirred
(700 rpm, room temperature) with varied concentrations
of glutathione (GSH, Au-to-GSH molar ratio at 0.5, 1, and
5) in water to induce ligand exchange. GSH was chosen as
the exchanging thiol because of its ubiquitous endogenous
abundance within bio-organisms and its potential relevance
to MTX release in vivo as well as in vitro. MTX-to-GSH
ligand exchange was verified: the free MTX in solution at
90 minutes of stirring was measured via UV–vis spectros-
copy, and the release of MTX increased according to the
GSH concentration (Figure 2(a), also see Supplementary
data, Figure S2). Au-to-GSH ratio c.a. >1 saturated the
exchange. Also, no significant increase in released MTX
was observed after 90 min. Au nanoparticle core size was
largely preserved in this ligand exchange (Figure 2(b)),
although some degree of aggregation was observed.

Stability of Au:MTX in physiological conditions

Stability of Au:MTX was examined under physiologically
relevant conditions (Figure 3). Au:MTX was surprisingly
stable at pH 4–9, and no precipitation or change in the
color of solution was observed over 48 h (Figure 3(a)). At
pH 2–3, Au:MTX precipitated within 2 h at room tempera-
ture. The supernatant of Au:MTX (98 mM in Au molar
amounts) precipitated at pH 3 contained �10 mM MTX
that was released as a result of nanoparticle aggregation
(Figure 3(b)). It is noted that the gastric environment is at
pH �1.5–3.5, and that the acidity in cell lysosome is at pH
�5. Au:MTX was stable in saline solutions or in the pres-
ence of proteins (Figure 3(c)). No precipitation was
observed in phosphate buffer saline (PBS), in an albumin
solution (bovine serum albumin, or BSA, 35 g/L), or in
serum (fetal bovine serum, or FBS, 100%).

Enhanced efficacy of Au:MTX in vitro

We characterized Au:MTX as drug delivery vehicles and
evaluated in vitro therapeutic effects. Au:MTX was purified
via sets of centrifugal precipitations, and the Au-to-MTX
molar ratio (drug loading onto Au nanoparticle) was mea-
sured by elemental analyses (carbon–hydrogen–nitrogen
analysis (CHN) and inductively coupled plasma mass spec-
trometry (ICP-MS)). CHN analysis yielded C:N¼ 1:0.405, in
good agreement with MTX chemical formula. Au-to-MTX
molar ratio was determined as [Au]:[MTX]¼ 9.8:1, i.e. one
nanoparticle on average carried �75 MTX molecules
(assuming�1.44 Å as atomic radius of Au and uniform sur-
face coverage, as illustrated in Figure 1(c)).46 This ratio was

Table 1 Formation of monolayer-protected Au nanoparticles

Amine compound

Molecular

weight Nanoparticle

1 Lysine 146.19 Did not form

2 Methionine 149.21 Did not form

3 Dopamine 153.18 Did not form

4 Arginine 174.2 Did not form

5 Deoxycytidine 227.27 Did not form

6 Cytidine 243.22 Did not form

7 Cytarabine (Ara-C) 243.22 Did not form

8 Deoxyadenosine 251.24 Did not form

9 Adenosine 267.24 Did not form

10 Deoxyguanosine 267.24 Did not form

11 Guanosine 283.24 2.7�1.6 nm

12 Thiamine 300.81 Did not form

13 Cytidine monophosphate 323.2 4.5�2.8 nm

14 Adenosine monophosphate 347.22 Did not form

15 Guanosine monophosphate 363.22 2.6�1.0 nm

16 Cytidine diphosphate 403.18 2.5�0.8 nm

17 Thyamine pyrophosphate 425.31 3.1�1.3 nm

18 Adenosine diphosphate 427.2 2.3�0.7 nm

19 Folic acid 441.4 2.6�1.1 nm

20 Guanosine diphosphate 443.2 2.4�1.0 nm

21 Tetracycline 444.44 1.6�0.7 nm

22 Doxycycline 444.44 1.7�0.7 nm

23 Methotrexate (MTX) 454.44 2.6�0.7 nm

24 Methotrexate dimethyl ester 482.49 2.2�0.6 nm

25 Cytidine triphosphate 483.16 2.6�0.9 nm

26 Adenosine triphosphate 507.18 2.1�0.7 nm

27 Guanosine triphosphate 523.18 2.3�0.7 nm

28 Doxorubicin 543.52 3.3�1.2 nm

29 Streptomycin 581.57 2.5 �1.2 nm

30 Flavin adenine dinucleotide (FAD) 785.55 4.2�1.6 nm

Note: Amine-containing compounds are shown in the order according to molecu-

lar weight.
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consistent with the spectroscopic observation in Figure 3(b),
when MTX was fully released due to nanoparticle aggrega-
tion and precipitation. We used this ratio in the following
experiments to determine the MTX drug payload in
Au:MTX, such that the net amount of MTX was the same
as that of MTX-alone treatment. Drug delivery by Au:MTX
was evaluated using a human AML cell line THP-1. THP-1
cells were treated with 50 and 500 nM concentrations (in
molar amount of MTX, as determined by the elemental ana-
lysis) of Au:MTX, in comparison to treatments with buffer
(PBS, as vehicle control), equivalent molar amounts of MTX
alone, and folic acid-passivated Au nanoparticles
(Au:FOL). Au:FOL, with the diameter 2.6� 1.1 nm mea-
sured by TEM, is structurally similar to Au:MTX (c.f.

Supplementary data, Figure S3) and was therefore used as
an ‘‘Au nanoparticle without active drug’’ control. THP-1
growth curves indicate similar efficacy of MTX and
Au:MTX treatments at 50 and 500 nM concentrations, thus
confirming effective delivery of MTX by nanoparticles
(Figure 4(a)). It is important to note that Au:FOL did not
exhibit significant effect on cell growth, suggesting very low
toxicity caused by Au nanoparticle cores alone. Cellular
uptake of Au:MTX was examined in vitro (Figure 4(b)).
TEM images were taken after THP-1 cells were incubated
for 4 hours with 500 nM-MTX equimolar concentration of
Au:MTX, and a majority of Au nanoparticles were found
dispersed within the cells without forming large-scale
aggregations.

Figure 3 Stability of Au:MTX under physiologically relevant conditions. (a) Au:MTX nanoparticles are stable at pH 4–9, and precipitates at pH 2–3. (b) Absorption

spectrum of the supernatant of precipitated Au:MTX solution (10 mM equimolar in MTX) at pH ¼ 3. MTX molecules are almost fully dissociated from nanoparticles.

(c) Au:MTX nanoparticles are stable in saline (PBS) as well as in protein (BSA and FBS) solutions

Figure 2 Controlled payload release from Au:MTX nanoparticles via ligand exchange. (a) Glutathione (GSH)-induced MTX release from Au:MTX characterized using

UV–vis absorption spectroscopy. GSH concentration was varied as Au-to-GSH molar ratio¼1:0.5 (labeled as�0.5 in the inset), 1:1 (�1), and 1:5 (�5). (b) TEM image of

Au nanoparticles after the ligand exchange (Au-to-GSH molar ratio ¼ 1:1)
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Enhanced efficacy of Au:MTX was validated in vitro
using a human AML cell line THP-1 and normal hemato-
poietic stem/progenitor cells (HSPCs), as an appropriate
normal counterpart to the myeloid cancer cells.
THP-1 and HSPCs were treated with 1, 2, and 5 nM concen-
trations of Au:MTX and MTX (Figure 5). Au:MTX exhibited
elevated potency, and therefore enhanced drug delivery,
compared to MTX-alone. Au:MTX completely inhibited
THP-1 cell growth at 1–5 nM, whereas MTX-alone treat-
ments resulted in dose-dependent suppression. On the

other hand, HSPC growth was not significantly affected
either by Au:MTX and MTX treatments within the same
1–5 nM dose range. Thus, in comparison to MTX-alone,
Au:MTX can produce more selective growth inhibition of
cancer (THP-1) cells while sparing normal HSPCs in vitro.

Efficacy and safety of Au:MTX nanoparticles in vivo

In order to evaluate the therapeutic index of Au:MTX
in vivo, efficacy as well as safety were assessed in a

Figure 5 Au:MTX demonstrating enhanced therapeutic index compared to MTX-alone in vitro. Growth curves of MTX- and Au:MTX-treated (1 nM, left panel; 2 nM

middle panel; 5 nM, right panel) cancer cells (THP-1, top panels) and normal hematopoietic stem/progenitor cells (HSPCs, bottom panels) are shown. Au:MTX

completely inhibits THP-1 growth at 1–5 nM, whereas MTX-alone show dose-dependent THP-1 growth suppression. Moreover, both Au:MTX and MTX-alone do not

significantly affect normal HSPC growth at 1–5 nM. (A color version of this figure is available in the online journal.)

Figure 4 In vitro evaluation of drug delivery by Au:MTX nanoparticles. (a) Growth curves of MTX-, Au:MTX-, and Au:FOL-treated THP-1 (an AML cell line). Cells were

treated immediately before the incubation started, with PBS, MTX (500 nM, top panel; 50 nM, bottom panel), as well as equimolar Au:MTX and Au:FOL, so that the MTX

payload is equivalent to the MTX-only treatment. Au:FOL does not significantly affect the growth of THP-1. (b) Au:MTX uptake by THP-1 cells examined by TEM.

Locations of Au nanoparticles are visualized as black dots in the images, using silver-enhancement technique. (A color version of this figure is available in the online

journal.)
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murine xenotransplant model of primary human AML
(using AML cells obtained from a patient).47 This model is
a relatively faithful representation of the actual human dis-
ease, with diffuse infiltration of the bone marrow by human
leukemia cells, splenomegaly, and fatality from cytopenia.
Au:MTX treatment was compared to PBS, MTX alone, and
Au:FOL treatments, all administered intravenously (i.v.)
2�/week by tail vein injection. Based on the literature,48

we chose the dose of 0.25 mg/kg MTX, and accordingly
the dose of Au:MTX and Au:FOL calculated from the
drug loading (drug-to-Au molar ratio determined by the
elemental analyses). Mice were monitored daily and eutha-
nized at week 6 when the PBS control group demonstrated
distress from anemia. Amongst these treatment groups,
Au:MTX-treated mice exhibited the least sign of anemia
(Supplementary data, Figure S4), the consistently lower
bone marrow leukemia cell burden compared to other treat-
ment groups as quantified by flow-cytometry (Figure 6(a) to
(c), and Supplementary data, Figure S5), and the lowest

splenic leukemia cell burden quantified by weight and
histological examination (Figure 6(d) and Supplementary
data, Figure S6). There was no evidence of increased toxicity
from Au:MTX compared to the other treatments based on
the weight, appearance, and behavior of the mice, or in
histological examination of the liver and the rapidly prolif-
erating cells, e.g. intestinal endothelium (Figure 6(e)
and (f)). Thus, Au:MTX treatment can induce a superior
therapeutic index compared to MTX alone or the other
treatment arms.

Discussion

Enhanced therapeutic index of Au:MTX in our primary
AML model is a result of the effective delivery of MTX to
AML cells compared to normal cells. The detailed mechan-
istic elucidation of the observed cancer selectivity necessi-
tates further investigation. One contribution could originate
from the difference in the rate of uptake among cell types, or
the difference between folate receptor-mediated MTX

Figure 6 Au:MTX treatment in a murine xenotransplant model of primary human AML. Therapeutic index of Au:MTX is compared to PBS, MTX, and Au:FOL in vivo. (a)

Human AML content in bone marrow measured by flow cytometry. Au:MTX-treated group exhibit markedly improved efficacy. (b) Representative raw flow cytometry

data. (c) Murine bones before marrow extraction. Murine bones from Au:MTX-treated group exhibit marked suppression of anemia (more red marrow) compared to

other three treatment groups. (d) Au nanoparticle delivery in vivo is demonstrated in spleens and (e) in livers harvested post-treatment with silver enhancement, and

eosin staining. Brown dots in the spleen and liver tissues are the locations of Au nanoparticles visualized via silver-enhancement. (f) Histology of intestines indicate no

added damage to endothelium caused by Au:MTX. Scale bars indicate 100mm in (d) to (f)
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transport and endocytotic uptake of Au:MTX.49,50 Another
contribution could be the consequence of glutathione-
mediated in situ ligand exchange of Au:MTX, and the ele-
vated level of glutathione in AML cells resulting in facili-
tated MTX release. As we demonstrated, release of MTX can
be triggered by glutathione. It is known that cancer cells/
tissues ubiquitously express higher glutathione levels com-
pared to normal cells/tissues (reviewed by Balendiran
et al.51). High glutathione expressions in AML cell line
THP-1 and primary AML cells were confirmed by measur-
ing intracellular glutathione concentrations using an
enzymatic recycling assay52 compared to hematopoietic
stem/progenitor cells (HSPCs) from cord blood, a relevant
normal cell comparison (Supplementary data, Figure S7).

In summary, we evaluated Au nanoparticles directly
passivated with unmodified drugs as a drug delivery plat-
form. Au nanoparticles could be practical drug delivery
vehicles, since thorough toxicology studies53 as well as
phase I trials54 indicate minimal or no toxicity at clinically
relevant dosages. Using Au:MTX as an example, we
demonstrated the possibility of controlled drug release
through competitive affinity between MTX and GSH
toward the Au nanoparticle core. Au:MTX exhibited
enhanced therapeutic index in the AML models in vivo
and in vitro, possibly through the payload release via
ligand exchange, although the detailed mechanism requires
further elucidation. The simplicity of the synthesis and
composition of these drug-Au nanoparticles facilitates
scale-up for clinical evaluation, and versatile application
to multitude of therapeutic agents in common use.
Controlling nanoparticle size and surface properties
would affect the bio-distribution22,54,55 and may further
enhance the therapeutic index. Post-synthesis partial
ligand exchange to incorporate additional functional mol-
ecules that enhance targeting and/or to confer a tracking
modality (e.g. fluorescence) is also feasible and is being
evaluated.
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