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ABSTRACT Understanding the principles governing the design of nanoparti-

cles for tumor targeting is essential for the eﬀective diagnosis and treatment of
solid tumors. There is currently a poor understanding of how to rationally engineer
nanoparticles for tumor targeting. Here, we engineered diﬀerent-sized spherical
gold nanoparticles to discern the eﬀect of particle diameter on passive
(poly(ethylene glycol)-coated) and active (transferrin-coated) targeting of MDAMB-435 orthotopic tumor xenografts. Tumor accumulation of actively targeted
nanoparticles was found to be 5 times faster and approximately 2-fold higher relative to their passive counterparts within the 60 nm diameter range. For
15, 30, and 100 nm, we observed no signiﬁcant diﬀerences. We hypothesize that such enhancements are the result of an increased capacity to penetrate into
tumors and preferentially associate with cancer cells. We also use computational modeling to explore the mechanistic parameters that can impact tumor
accumulation eﬃcacy. We demonstrate that tumor accumulation can be mediated by high nanoparticle avidity and are weakly dependent on their plasma
clearance rate. Such ﬁndings suggest that empirical models can be used to rapidly screen novel nanomaterials for relative diﬀerences in tumor targeting
without the need for animal work. Although our ﬁndings are speciﬁc to MDA-MB-435 tumor xenografts, our experimental and computational ﬁndings help to
enrich knowledge of design considerations that will aid in the optimal engineering of spherical gold nanoparticles for cancer applications in the future.
KEYWORDS: gold nanoparticles . tumor targeting . analytical model . surface chemistry . transferrin . nanoparticle design .
real-time imaging
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esearchers have been heavily focused
on the development of novel nanomaterials for the noninvasive detection and treatment of cancer. Unfortunately,
eﬃcient tumor targeting1,2 has been hindered by a poor understanding of how the
physical and chemical properties of nanoparticles impact their interactions with biological systems.
There are a number of possible mechanisms for the delivery of nanoparticles into
tumors (e.g., vesicle targeting, macrophage
delivery). However, the standing mechanism of nanoparticle delivery is through
the characteristic leaky blood vessels and
compromised lymphatic system of the tumor. Over normal tissues, this abnormal
microenvironment is believed to aid in entry
and accumulation of nanoparticles via passive and active targeting strategies. Passively targeted particles have been shown
to nonspeciﬁcally enter the tumor based on
SYKES ET AL.

their size and shape. Inert surface coatings
such as poly(ethylene glycol) (PEG) enhance
the passive tumor uptake of nanoparticles
by preventing serum protein binding and
the subsequent plasma clearance by
macrophages.3 This lengthened circulation
lifetime is hypothesized to enhance tumor
delivery by maintaining a high concentration
of nanoparticles in the bloodstream for tumor
extravasation. Alternatively, active targeting
attempts to enhance the retention and
speciﬁcity of passive nanoparticle delivery
systems by coating their surfaces with antibodies, peptides, and aptamers that recognize and bind to blood vessels, overexpressed
cancer cell receptors, and other components
of the tumor microenvironment (Figure 1).
There has been much discussion as to
whether chemical modiﬁcation of nanoparticles with targeting ligands can signiﬁcantly enhance particle delivery to tumors.
Previous studies have shown that active
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Figure 1. Illustration of the proposed mechanism for passive (A) and active (B) gold nanoparticle tumor targeting exploited in
this study. Systemically circulating nanoparticles enter the tumor space through leaky blood vessels and may sequester in
cancer cells (beige) or in vascular pools (purple) of the interstitial matrix. Insets demonstrate that passive particles do not
directly associate with cancer cells, while active particles are capable of endocytosis through surface-bound targeting ligands
(green). Actively targeted particles can also be designed to target the tumor vasculature but are not explored in this study. (C)
Graphical representation of a computational model adapted from the Wittrup group36 that predicts tumor delivery of
nanoparticles. Nanoparticle uptake and retention depends on their blood clearance rate (kC) versus their blood vessel
permeability (P), fraction of volume available for diﬀusion (ε), tumor cell dissociation constant (KD), and internalization rate
(kE). (D) Model nanoparticle designs used in this study.

targeting schemes can improve tumor delivery4,5 for
some nanoparticle formulations while providing minimal beneﬁt over nontargeted approaches for other
designs.68 However, only a limited number of designs
have been used to evaluate active and passive targeting
strategies. The size, shape, and surface chemistry have
been demonstrated to mediate cellular uptake,911
macrophage clearance,12 and biodistribution1316 of
nanomaterials. Accordingly, diﬀerences in nanoparticle design are a likely contributor to the inconsistent conclusions pertaining to active tumor targeting eﬃcacy. Here, we systematically study the role of
spherical nanoparticle size in mediating passive and active
tumor targeting in an attempt to bridge the disparities in
current knowledge. We also demonstrate that computational modeling can be used to simulate our results.
Though further work on diﬀerent nanoparticle designs
(shape and surface chemistry) and tumor types is necessary, the outcome of this study will help to enhance the
design of spherical nanoparticles for tumor targeting and
presents a mathematical method to rapidly screen novel
particle designs without the need of animal models.
RESULTS AND DISCUSSION
Nanoparticle Design and Characterization. Gold nanoparticles (AuNPs) were chosen in this study for their broad
SYKES ET AL.

use in nanomedical research. AuNPs can be easily and
stably surface-modified via thiol-metal chemistry. They
are also biologically inert, nontoxic and can be accurately synthesized with different shapes and sizes
ranging from 3 to 200 nm. AuNPs with core diameters
of 15, 30, 60, and 100 nm were prepared for passive and
active targeting by surface modification with either
PEG or PEG in conjunction to OPSS-modified transferrin (Figure 2). The addition of surface ligands increased
AuNP hydrodynamic diameters (HD) by ∼3060 nm.
Successful surface modification of particles was confirmed by agarose gel electrophoresis (Figure S1).
Fluorescent labeling of all formulations was achieved
using a method developed by Chou et al.,17 where the
fluorescent PEG length was tuned to minimize fluorescent quenching caused by the gold core (Figure S2).
Transferrin and fluorescent PEG quantities on particle
surfaces were empirically chosen to ensure optimal
fluorescence. AuNPs were also tuned by mPEG blocking to ensure particle zeta-potentials were within the
neutral range so as to minimize charge-specific differences in cell and tumor uptake that have been
reported previously for positively and negatively
charged particles.18 Fluorescent PEG on active and
passive formulations was held constant, while
transferrin density was maintained between 0.02 and
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Figure 2. Images depicting the chemical synthesis of PEG components and functionalization of nanoparticles. (A,B) Process of
conjugating OPSS-PEG to transferrin (green) and the labeling of Alexa Fluor 750 (yellow) to nPEG. (C,D) Gold nanoparticles
surface-modiﬁed to create actively and passively targeted particles in this study. Representative image of OPSS-PEG-transferrin
conjugates. True degree of OPSS-PEG labeling of transferrin in (i) was calculated to be 2.5. Schematics are not to scale.

0.04 ligands/nm2 for all active AuNPs to ensure that
differences in tumor targeting were related to targeting modality and size over differences in ligand density. Table 1 provides a summary of the functionalized
AuNPs used in this study.
The eﬀect of serum proteins on our active and
passive AuNPs was studied to ensure that seruminduced changes to AuNP surface chemistry were
minimal. Particles were incubated with serum and monitored for the release of surface ligands over 48 h. We
conﬁrmed that AuNP-bound A750-PEG was resistant to
desorption for the period of study (Figure S3). Further, the
adsorbed serum protein proﬁles for AuNPs (Figure S1C)
showed that (i) opsonization was low for both active
and passive designs compared to bare particles12 and
(ii) the presence of transferrin on actively targeted
particle surfaces was conserved. Together, these results indicate that the surfaces of our AuNPs were
suﬃciently passivated to prevent alterations by the
biological environment12 and veriﬁed that our results
were unconfounded by the inﬂuence of ligand desorption or adsorbed serum protein corona.12,19,20 The
targeting property for active and passive schemes
was also conﬁrmed in vitro by cell binding analysis
using inductively coupled plasma atomic emission
spectroscopy. Cellular uptake of actively targeted particles was consistently higher than passive formulations but could be competitively reversed by the
addition of free transferrin to cell media (Figure S4).
Larger particles were also found to achieve stronger
aﬃnity to cancer cells than their smaller counterparts9,21
SYKES ET AL.

TABLE 1. Characteristics of Active and Passive AuNPs
Used in This Study
AuNP (nm) design

15
30
60
100

passive
active
passive
active
passive
active
passive
active

HDa (nm)

TF (#/AuNP)

ZPb (mV)

KDc (nM)

kcd (h1)

46.3 ( 0.1
49.5 ( 0.1
64.2 ( 0.1
60.0 ( 0.1
104.2 ( 0.2
100.4 ( 0.1
166.0 ( 0.1
175.6 ( 0.1

N/A
7.3 ( 0.3
N/A
17.2 ( 0.6
N/A
27.3 ( 0.8
N/A
80 ( 4

6.7 ( 6
0.64 ( 7
15 ( 8
11 ( 11
10 ( 4
9 ( 4
6 ( 4
5 ( 5

10e
3.7  103
10e
6.9  104
10e
7.6  105
10e
2.0  106

0.069
0.142
0.087
0.135
0.090
0.176
0.233
0.245

a
Hydrodynamic diameter (HD). Error denotes polydispersity index. b Zeta-potential
(ZP) as measured by dynamic light scattering. c Calculated dissociation constant
between AuNP and tumor cells. d AuNP blood clearance rates. e Value assumed to be
similar to isotype antibody (nonspeciﬁc association to cellular target).

(Figure S5 and Table 1). The conﬁrmed speciﬁcity of
actively targeted AuNPs for transferrin receptor in the
presence of serum indicated that the OPSS-PEG spacer
prevented loss of targeting function by distancing
transferrin from the adsorbed serum protein brush
layer.22,23
Justification and Validation of AuNP Tracking Using Fluorescence. To determine the accuracy of the measurements, it was important to ensure that our analytical
technique was appropriate for the real-time assessment of systemic delivery of AuNPs to tumors. Fluorescence was chosen as our mode of analysis as it is a
nondestructive technique that can minimize discrepancies associated with mouse-to-mouse variability by
allowing AuNPs to be tracked within the same animal
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Figure 3. Kinetic proﬁles (n > 3) depicting the relative tumor ﬂuorescence for mice injected with passive (dotted) and active
(solid) AuNPs over 48 HPI. Graphs AD illustrate tumor uptake of 15100 nm diameter AuNPs, respectively. Tumor
ﬂuorescence (% ID) denotes the relative diﬀerence in tumor signal to opposing mouse ﬂank expressed as a percentage of
tumor ﬂuorescence immediately after injection. Error bars represent the standard error mean values for each time point.

over time. Although fluorescence is not an absolute
measure of nanoparticles, it was useful for the head-tohead comparisons of the relative differences in tumor
delivery of active and passive AuNPs. We assessed the
impact of tissue depth on tracking of AuNP fluorescence in vivo using tissue phantoms24 composed of
agarosemouse homogenate hydrogels of varying
thicknesses (18 mm). Nanoparticle fluorescence
was demonstrated to decay predictably with tissue
depth for all AuNP concentrations (Figure S6). This
showed that imaging depth would not influence our
relative comparisons of fluorescence between designs.
CD1 nude athymic mice with orthotopic unilateral
human MDA-MB-435 tumor xenografts were used in
our studies to compare active and passive tumor
targeting using ﬂuorescence. Overexpression of transferrin receptors (CD71) in our MDA-MB-435 tumor
model25 was assessed by ﬂow cytometry and immunoﬂuorescent histology. CD71 expression was conﬁrmed
and was found to be higher than our nonmalignant
tissue control (Figure S7). This validated that active
targeting through transferrin was suitable for speciﬁc
targeting of our tumor model. Injection doses for each
particle design were adjusted to achieve a total AuNP
surface area of 70.6 cm2 and monitored in mice by realtime ﬂuorescence imaging at 048 h postinjection
(HPI). Representative images of bulk AuNP distribution
in tumor-bearing mice can be found in Supporting
Information Figure S8. Total ﬂuorescence intensity of
the tumor and opposing mouse ﬂank were measured
SYKES ET AL.

at each time point and processed with ImageJ according to previously published methods17 to calculate the
relative tumor accumulation of AuNPs. Brieﬂy, tumor
and ﬂank ﬂuorescence was normalized to their respective intensities at 0 HPI (Figure S9). As seen in Figure 3,
diﬀerences in targeting scheme and particle size
mediated tumor delivery of AuNPs in a manner distinct
from freely injected ﬂuorescent PEG (Figure S10).
Effect of Size on Tumor Accumulation of Active and Passive
AuNPs. Area under the curve (AUC) was calculated from
the fluorescent profiles presented in Figure 3 and 4a to
compare the relative differences in tumor accumulation for each AuNP design. Similar to previously reported findings,16 smaller AuNPs achieved higher AUC
values than larger formulations for both active and
passive targeting schemes (Figure 4B). We hypothesized that the enhanced tumor accumulation of small
AuNPs was related to an extension of time available for
AuNPs to extravasate into tumors resulting from slower
plasma clearance (Table 1). AUC values for actively
targeted AuNPs trended higher than their passively
targeted counterparts for diameters between 15 and
60 nm. However, active accumulation was only statistically higher than passive delivery for 60 nm AuNPs
(student's t test p < 0.1). The 60 nm transferrin-coated
AuNPs exhibited 1.9 times higher tumor accumulation
compared to passive designs (p < 0.1). This suggested
that, for our tumor model, enhancements in delivery
provided by active targeting were only effective in the
finite size range of 60 nm. The enhanced utility of active
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Figure 4. Graphs depicting AuNP uptake by tumors. (A) Graphical summary of how tumor delivery parameters were
calculated from the regression ﬁts found in Figure 3. (B) Comparison of the relative tumor accumulation (AUC) at 48 HPI for
each formulation. (C,D) Calculated AuNPtumor uptake and clearance rates, respectively. Error bars represent standard error
of the mean (n > 3); * indicates pairs that were statistically diﬀerent (p < 0.1); % ID denotes tumor ﬂuorescence expressed as
the percentage of tumor ﬂuorescence immediately after injection.

targeting in the 60 nm range was attributed to their cellular interactions. As previously shown, smaller AuNPs are
less likely to remain in tumors as they are thermodynamically less favorable for receptor-mediated endocytosis and
exhibit an enhanced propensity for exocytosis2628 than
targeted formulations within the 4060 nm range.29 As a
result, smaller particles may be forced out of the tumor due
to high interstitial pressures.30,31
Our results reinforce the importance of AuNP diameter in modulating active tumor targeting. Speciﬁcally, they illustrate that particles in the 15 nm range
may be too small to be mediated by active targeting
while diameters exceeding 100 nm may be cleared
from the blood too quickly for suﬃcient tumor delivery.
The unique enhancement of active targeting character
of 60 nm particles is of particular interest as it provides
a rationale for the enhanced therapeutic function of
actively targeted nanomaterials in the absence of
increased tumor accumulation presented by other
groups, by illustrating that the contrasting ﬁndings
may be related to the speciﬁc particle sizes used in
each study.6,7,32
Evaluation of the Rate of AuNP Transport into and out of
Tumors. The rates of tumor entry (kin) and exit (kout) for
passive and active nanoparticle designs were calculated by taking the average slopes of tumor accumulation and clearance from the fluorescence profiles seen
in Figure 3. Passive designs achieved kin and kout values
ranging from 0.54 to 1.15% ID/h and 0.090.30% ID/h,
while active AuNPs were found to be 1.003.94 and
0.150.92% ID/h, respectively.
SYKES ET AL.

As seen in Figure 4, tumor accumulation of actively
targeted 30 and 60 nm particles were 2 and 5 times
faster than their passive counterparts but were also
cleared 2 and 4 times faster, respectively (student's t
test, p < 0.1). These ﬁndings along with our AUC results
insinuate that active targeting can enhance the speed
of AuNP delivery to MDA-MB-435 tumors in spite of
their faster tumor clearance. Although the mechanism
is unclear, this would indicate that, for spherical AuNPs,
the rate of tumor uptake may be the dominating
mediator for tumor accumulation.
Examination of AuNP Penetration into Tumor Tissues. The
effect of AuNP design on tissue penetration depth was
studied via histopathology of tumor sections harvested 48 HPI. Sections were stained with silver,
CD31 antibodies, and hemotoxylineosin to visualize
AuNPs, blood vessels, and tumor tissue features, respectively. Densitometry profiles were developed
using a custom ImageJ macro and fit to a standard
model of analyte diffusion (eq 1) to calculate AuNP
diffusivity (D), where C denotes AuNP intensity, r
represents the AuNP diffusion distance, and t indicates
the time of analysis postinjection.33
"

#
1
r
(1)
C(r, t) ¼
erfc pﬃﬃﬃﬃﬃ
2
2 Dt
Similar to previous work, both size and surface
chemistry aﬀected tumor penetration.16,34 Small
passively targeted AuNPs diﬀused further into the
tumor microenvironment than larger sizes (Figure 5),
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Figure 5. Tumor tissue penetration of AuNPs at 48 HPI. (A) Diagram of AuNPs (dark black) distribution away from tumor blood
vessels was calculated. Yellow dotted outline illustrates the region of interest expanding radially from a tumor blood vessel.
Bar graph in (B) summarizes the permeation distances where AuNPs reach 20% of blood vessel intensity. Scale bar denotes
25 μm. Error bars in (B) represent standard deviation values. Error bars are not visible due to magnitude.

while actively targeted particles with diameters
between 30 and 60 nm penetrated 7785% less
than passive designs (Figure 5B). The proximity of a
nanoparticle to blood vessels is believed to dictate
its retention within the tumor space 2,16 as particles
neighboring blood vessels are more likely to return
to the bloodstream than deeper diﬀusing species. In
agreement with this theory, the tumor retention of
our passive AuNPs exhibited less favorable tissue
penetration.
In contrast, tumor accumulation of active AuNPs
was higher in spite of their reduced tumor diﬀusivity. This implies that surface modiﬁcation of spherical AuNPs for association with cancer cells may
aid in tumor retention. As mentioned previously,
the cellular uptake of active AuNPs is optimal in
the 60 nm range, 26,27 while 15 nm AuNPs are rapidly
exocytosed. 16 Taken with the limited tumor permeation of 100 nm AuNPs, 35 these observations
infer that spherical 60 nm active AuNPs can exploit
both tissue penetration and cancer cell interaction
in vivo for enhanced delivery to MDA-MB-435
tumors.
Computational Modeling as a Tool for AuNP Screening. The
above work demonstrates that the design of AuNPs for
efficient tumor delivery is nontrivial. The countless
permutations of nanoparticle designs render the
examination of every physicochemical parameter
for tumor delivery infeasible. Computational techniques can potentially reduce experimental work
by rapidly screening new nanoparticle formulations. An analytical model developed by the Wittrup
group36 (Figure 1C) was applied as a proof-of-concept technique to predict tumor delivery efficiency
of different spherical AuNPs using our experimental
data.
Constraints of the Wittrup model, described by
eqs 2 and 3, were satisﬁed by assuming (i) the extravasation of AuNPs was the rate-limiting step in total
tumor accumulation and (ii) AuNPs internalized by
cancer cells were subject to endocytic degradation.
Although our data does not provide evidence that
SYKES ET AL.

TABLE 2. Fitted Results of Experimental Data for AuNP
Delivery to Tumors
AuNP (nm)

design

P (μm/h)

kE (h1)

15

passive
active
passive
active
passive
active
passive
active

41.92
62.64
38.74
92.33
29.13
142.14
24.79
43.89

0.024
0.008
0.026
0.043
0.024
0.059
0.013
0.021

30
60
100

ε

0.262
0.163
0.111
0.057

X2

R2

0.02
0.16
0.48
0.05
0.04
0.32
1.22
0.05

0.99
0.93
0.95
0.93
0.96
0.93
0.41
0.98

cellular internalization can cause degradation of
AuNPs, this phenomenon has been reported for other
inorganic nanoparticles.37 In addition, this assumption
accounts for modiﬁcation of nanoparticle surface
chemistry and metabolism of polymeric particles
caused by cellular uptake.38,39
AuNPtumor ¼

Ω ¼

2PRcap
R2k

2PRcap
εR2k

!

!

AuNPinitial (e kc t  e Ωt )
Ω  kc
1

!

1
[Ag]
C
B
Cþk B
C
B KD C
B
ε
E@
A
A
@[Ag]
[Ag]
þ KD
þ KD
ε
ε
0

(2)

0

(3)

Model parameters were obtained from literature or
experimentally measured in vitro wherever possible,
while the internalization rate constant (kE) was calculated by nonlinear regression using the plots presented
in Figure 3. The regression-ﬁtted parameters for
each AuNP design are summarized in Tables 2 and 3.
A comparison between experimentally derived measurements of tumor accumulation of AuNPs versus
simulated AUC values (Figure S11) conﬁrmed that
the ﬁtted model accurately predicted the accumulation characteristics of the particle designs used in our
study.
Using this model construct, we simulated the impact of eﬀective cancer cell aﬃnity (KD) and plasma
clearance rate (kC) on the relative changes in AuNP
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symbol

D
Dfree
Dpore
KD
kC
kE
Rcap
Rk
P
Rpore
ψ
[Ag]
[AuNP]initial
[AuNP]tumor
ε

description
2

diﬀusion coeﬃcient in tumor (μm /h)
diﬀusion coeﬃcient in solution (μm2/h)
diﬀusion coeﬃcient in cylindrical pore (μm2/h)
dissociation constant (koﬀ/kon) (M)
AuNP plasma clearance rate (h1)
cell internalization rate (h1)
capillary radius (μm)
intercapillary distance (μm)
tumor capillary permeability (μm/h)
radius of interstitial pore (nm)
partition coeﬃcient in pore
CD71 concentration in tumor (M)
initial relative plasma ﬂuorescence of AuNPs (% ID/mL)
relative ﬂuorescence of AuNP in tumor (% ID/mL)
available volume fraction of the tumor interstitium

location

source

Table 4
Supporting Information
Supporting Information
Table 1
Table 1
Table 2
8
102
Table 2
500
Supporting Information
7.0  108
50
Figure 2
Table 2

measured
calculated
calculated
measured
measured
ﬁtted
ref 45
measured
ﬁtted
ref 36
calculated
calculated/ref 46
ref 36
ﬁtted
calculated
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TABLE 3. Definition of Model Parameters

2

TABLE 4. Summary of Calculated AuNP Diffusivity (μm /h)

in Tumors

15 nm
30 nm
60 nm
100 nm

actively targeted

passively targeted

14.17 ( 0.03
3.91 ( 0.01
10.1 ( 0.02
3.88 ( 0.01

22.28 ( 0.03
49.87 ( 0.01
45.13 ( 0.01
0.25 ( 0.01

accumulation within the tumor (AUC). These parameters (KD and kC) were chosen as they are tunable
via changes to particle size and surface chemistry that
can be easily characterized in vitro. As shown in Figure 6,
the heat maps predicted that variations in KD or kC
resulted in similar changes to AUC for all AuNP designs.
AUC values for spherical nanoparticles were not augmented by lengthening plasma half-lives beyond 3 h
for either targeting scheme. Our simulations also suggested that the enhancements associated with active
targeting only became apparent for AuNPs with KD
values below 1012 M. The predicted impact of blood
half-life corresponds with published data that show
that tumor uptake for a given size range does not
substantially diﬀer when plasma half-lives were extended from 3 to 10 h.16,40 Similarly, the predicted
threshold for AuNPcell aﬃnity was supported by our
experimental results as our 15 nm AuNPs were the only
tested formulation whose tumor uptake proﬁles were
visually similar to their passive counterparts and also
helps to explain the negligible impact of transferrin
targeting seen by Choi et al. as their reported cell
dissociation constants were above our proposed cutoﬀ
range.6
These ﬁndings illustrate that a computational model can be used to rapidly compare new designs and to
establish design criteria for optimizing tumor targeting. In light of the diﬀerences in permeability, receptor
expression, and vascularization of diﬀerent tumor
types as well as the diﬀerences in targeting character
SYKES ET AL.

Figure 6. Log-based contour plots depicting the simulated
AUC values for AuNPs of 15 (A,E), 30 (B,F), 60 (C,G), and
100 nm (D,H) diameters when kC and KD were simultaneously varied. Intensity in the heat maps illustrates AUC
in cumulative ﬂuorescent units expressed as the percentage
of initial tumor ﬂuorescence (% ID 3 h). Orange “x” indicates
the experimental values for each design examined in this
study.

associated with other nanoparticle shapes and surface
chemistries, the impact of KD and kC may vary and
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CONCLUSION
In this study, we systematically compared the eﬀect
of nanoparticle size on active and passive tumor
targeting using eight spherical AuNP formulations in
tumors. Our results have helped to explain some of the
countervailing observations reported by other groups
by establishing the impact of AuNP size on tumor
accumulation kinetics for active and passive targeting
strategies. We identiﬁed that transferrin-decorated
AuNPs within the 60 nm range were capable of faster
and higher tumor delivery than passive formulations
while PEG-coated designs inﬁltrated deeper into tumors, but at the expense of slower and lower total
tumor delivery. Although these ﬁndings are speciﬁc to
orthotopic melanoma tumors and spherical AuNPs,

MATERIALS AND METHODS
Materials. All chemical reagents related to nanoparticle synthesis were purchased from Sigma-Aldrich, while all biological,
analytical, and labeling materials were purchased from Invitrogen
unless otherwise stated. Orthopyridyl disulfide-co-N-hydroxylsuccinimide-functionalized poly(ethylene glycol) (OPSS-PEG-NHS,
5 kDa) was purchased from Nanocs, and methoxy-terminated
PEG-thiol (mPEG, 5 kDa) and amine-terminated PEG-thiol (nPEG,
10 kDa) were purchased from Lysan Bio. CD1 nude athymic
mice for in vivo experiments were purchased from Charles River
Laboratories. Biological extracellular matrix (Matrigel, CB40234)
for engraftment of tumor xenografts was purchased BD
Biosciences.
Gold Nanoparticle Synthesis. Gold nanoparticles, 15 nm and
larger, were synthesized by citrate reduction and hydroquinone-seeded growth, respectively.42 The 15 nm gold colloids were produced by reducing gold(III) chloride hydrate
(23.5 mM) under reflux with sodium citrate tribasic (1 mM)
while stirring for 10 min at a volumetric ratio of 0.125. Larger
nanoparticles were synthesized by seed-mediated growth
through mixing of gold(III) chloride hydrate (25 mM) with
15 nm gold colloids diluted 100 with double distilled water
followed by sequential addition of sodium citrate tribasic
(15 mM) and hydroquinone (25 mM) under rapid stirring. Gold
precursor, sodium citrate tribasic, and hydroquinone were
added at a 1:1 volumetric ratio, while the quantity of gold
colloid was varied to manipulate nanoparticle size. Representative images of synthesized designs can be found in Figure S1.
Conjugation of Transferrin to OPSS-PEG-NHS. PEG modification
of holo-transferrin was achieved through reaction of holotransferrin with a 162 molar excess of OPSS-PEG-NHS in
sodium bicarbonate buffer (0.1 M, pH 8.5). Conjugation was
allowed to complete overnight at 4 C and was sequentially
purified from unreacted components by dialysis (Thermo-Pierce
Scientific), gel filtration (G25 Sephadex), and Amicon concentration (Millipore). Conjugation was confirmed by SDS-PAGE
electrophoresis (Figure S12) where protein staining (Coomassie

SYKES ET AL.

they illustrate the complexity involved with understanding and manipulating AuNPtumor delivery dynamics. To mitigate this issue, we also proposed and
successfully demonstrated here that utilization of the
Wittrup tumor accumulation model can aid in (i)
quantitatively comparing the tumor homing eﬃciency
of diﬀerent AuNP designs and (ii) identifying speciﬁc
nanoparticle design criteria for enhanced tumor delivery without the need for animal experiments. Although
this model is far from complete, it illustrates that the
rational design of AuNPs is possible and serves as an
excellent starting point for the development of computational strategies to predict the performance of
nanoparticles in tumor targeting. To validate the broad
applicability of our ﬁndings, an evaluation of the eﬀect
of nanoparticle targeting in diﬀerent animal models
(e.g., genetically engineered mouse models, orthotopic
models), human tumors, and with diﬀerent nanomaterials will be needed since the tumor physiology and
particletumor interactions are likely to be diﬀerent.
Nonetheless, the development of a theoretical model
in combination with our experimental ﬁndings will
establish a fundamental research framework that can
aid in the engineering of nanostructures for future
biomedical applications.
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should be investigated in future studies before absolute generalizations can be made. Nevertheless, at
minimum, two signiﬁcant implications can still be
drawn from our results for melanoma-based orthotopic tumors: (i) a minimum tumor cell aﬃnity must be
met for active targeting of spherical AuNPs to become
beneﬁcial over passive targeting, and (ii) lengthening
plasma retention alone does not improve tumor delivery of AuNPs.2,41

stain) was colocalized with the presence of PEG (barium iodide)43
as well as size-exclusion high-pressure liquid chromatography
(HPLC) in a mobile phase of HPLC-grade water (Figure S13).
Degree of PEG labeling was determined to be 2.5 PEG/transferrin
by Bradford assay and barium iodide staining for protein and PEG
quantitation,44 respectively (Figure S14). Transferrin conjugates
were stored at 20 C prior to use.
Fluorescent Labeling of PEG. Amine-modified PEG-thiol (nPEG)
was fluorescently labeled with Alexa Fluor 750 (Invitrogen,
A20111) by standard carbodiimide chemistry (Figure 2B). Double distilled water-solubilized nPEG-SH (100 mg/mL) was oxidized using a 1000 molar excess of sodium tetrathionate for
1 h. Postoxidation, solution was dialyzed to remove sodium
tetrathionate and concentrated using Amicon ultracentrifugation
tubes (Millipore). nPEG was then diluted to a final concentration
of 100 mg/mL with 0.1 M sodium bicarbonate (pH 8.5). A 20
molar excess of Alexa Fluor 750 was reacted with the nPEG
solution at 4 C overnight and purified via gel filtration using a
NAP5 column (GE Scientific). Fluorescent PEG conjugates were
confirmed by HPLC (Figure S15).
Gold Nanoparticle Functionalization. Synthesized particles were
surface-modified to achieve either active or passive tumor
targeting character. As-synthesized particles were washed in
double distilled water supplemented with 0.01 wt %/v Tween
20 via centrifugation to remove excess citrate and/or hydroquinone prior to surface modification. Actively targeted particles were created by first incubating AuNPs with PEGylated
transferrin for 15 min at 60 C followed by addition of fluorescently labeled PEG for an additional 15 min at 60 C. To block the
remaining surface, methoxyl-PEG-thiol (mPEG) was added and
left to bind overnight at 4 C. Passively targeted formulations
were obtained using the same procedure as that of active
designs but in the absence of transferrin. The ratio of reacting fluorescently labeled PEG to mPEG was maintained at
1:4 mol/mol at a reaction condition of 4 PEG/nm2 for all particle
designs. The 10 kDa fluorescent PEG was selected over 5 or
1 kDa conjugates as it produced the optimal fluorescent yield
when bound to particles (Figure S2). Functionalized particles
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postinjection to account for animal autofluorescence and track
nanoparticle distribution over time.
Calculation of Nanoparticle Pharmacokinetics. Nanoparticletumor
uptake was calculated from fluorescent images according to
previously published methods.17 Briefly, mean fluorescence of
mouse tumor and non-tumor-bearing flank were obtained by
ImageJ and subtracted from background controls. At each time
point, mean fluorescence of tumor and flank were then normalized to intensities at 0 h postinjection to remove experimental
bias. Nanoparticle accumulation was calculated by subtraction
of normalized flank values from mean intensities of the tumor.
The calculation procedure has been pictorially illustrated in
Figure S9. AuNP pharmacokinetic parameters were calculated
by profiling the blood of non-tumor-bearing mice. Briefly, mice
were injected with AuNPs at a dose equivalent to 70.6 cm2
followed by tail vein blood extraction (20 μL) at 2, 4, 6, 9, 24, and
48 HPI. Sample fluorescence was referenced against AuNPs
diluted with whole mouse blood to calculate AuNP concentrations. Fluorescence was measured in 384 well clear bottom
fluorescent plates with the Carestream in vivo imager at 20 min
exposure with excitation/emission settings of 750/830 nm. Clearance profiles (Figure S16) were then fit to a one-compartment
model (eq 4) to calculate the parameters seen in Table S.1.1.
AuNPplasma (t) ¼ Ae kc t
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were washed in 1 phosphate buffered saline and left concentrated in the refrigerator until use.
Validation of AuNP Designs. Active and passive gold nanoparticles were validated for size, surface charge, and transferrin
density (Figure S1). Core diameters were measured using a FEI
Tecnai 20 transmission electron microscope, while hydrodynamic diameter and zeta-potentials were determined with a
Malvern Zetasizer Nano. Surface density of transferrin was
calculated by depletion assay. Effect of serum protein adsorption to particle designs was profiled by SDS-PAGE. Fluorescent
PEG stability on surface of nanoparticles was confirmed by
monitoring fluorescent PEG desorption for each formulation
in the presence of serum over 48 h (Figure S3). For details please
refer to the Supporting Information.
Cell Binding Assay. Specificity of active and passive nanoparticles was confirmed by testing nanoparticle binding to MDAMB-435 cancer cells. Cells were grown to 80% confluence in
RPMI 1640 media supplemented with 10% fetal bovine serum
and Penestrep. Nanoparticle formulations were incubated with
cells under serum-free conditions (RPMI 1640 þ 4% BSA þ
Penestrep) at physiological temperature and atmosphere (37 C,
5% CO2) for 2 h. Following incubation, cells were gently washed
with PBS (room temperature) four times and frozen pending
analysis by inductively coupled plasma atomic emission spectroscopy. Actively targeted nanoparticle specificity for CD71
was validated by competitive inhibition of nanoparticle binding
using free holo-transferrin at a final concentration of 2 mg/mL
(Figure S4).
Calculation of Cell Dissociation Constants. MDA-MB-435 cells
seeded to 80% were sensitized under serum-free culture media
supplemented with 4% BSA for 2 h under physiological conditions, washed with warmed 1 PBS, and fixed using ice-cold
methanol for 5 min. Cells were then washed in 1 PBS and
blocked with 1 PBS supplemented with 4 wt %/v BSA for 1 h.
Blocked cells were incubated with nanoparticle formulations
ranging in concentration from 4 pM to 1 fM at 37 C for 1 h.
Supernatants were collected and measured against nanoparticle standards to calculate the number of nanoparticles bound to
cells. Measured fluorescence was then fit using Graphpad Prism
to obtain cell dissociation constants for each nanoparticle size
(Figure S5).
Orthotopic Tumor Induction. MDA-MB-435 cells were expanded
in tissue culture flasks under cell culture conditions (37 C with
5% CO2). On the day of inoculation, cells were harvested and
concentrated to 30 million cells/mL by centrifugation (500g for
5 min). Cells were mixed at a 1:1 v/v ratio with matrigel and kept
on ice. To inoculate tumors, mice were anesthetized by isofluorane inhalation and subcutaneously injected with 150 μL of
the cellmatrigel mixture into the subcutaneous hind flank
using a 25 gauge needle.
In Vitro Validation of Tissue Absorption of Fluorescence. Tissue
phantoms were produced from a 1:1 mixture of mouse homogenate and 4 wt %/v agarose. Briefly, a slurry of homogenized
mice and agarose was mixed under continuous stirring at 70 C.
Then 50150 μL of the agarose mixture was transferred to
96-well plates to achieve the desired gel thicknesses. Gels were
then allowed to set at 4 C for 30 min. Nanoparticles of desired
concentrations were then applied to gels and measured from
bottom-up using a Carestream Multispectral MS Fx Pro in vivo
imager under conditions used in our mouse experiments
(10 min exposure with fluorescent excitation and emission of
750 and 830 nm). Well plate fluorescence was then processed
with ImageJ to compare relative changes in nanoparticle
fluorescence associated with tissue thickness (Figure S6).
In Vivo Fluorescent Tracking of Nanoparticles. Three weeks posttumor inoculation, mice bearing tumors (1.01.2 cm in
diameter) were selected for targeting experiments. Nanoparticle formulations (equivalent to a total surface area of 70.6 cm2)
were tail-vein-injected into mice at a volume of 0.15 mL.
Animals were rendered unconscious by continuous inhalation
of isofluorane-enriched oxygen and fluorescently imaged on
their dorsal side using a Carestream Multispectral MS Fx Pro
in vivo imager configured for continuous image capture for
10 min under fluorescent excitation at 750 nm and emission
acquisition at 830 nm. Fluorescent images were taken pre- and

(4)

Measurement of Nanoparticle Penetration into Tumors. Tumors
were harvested 48 HPI, fixed in formalin, and processed by
the Pathology Research Unit at Toronto General Hospital.
Histological sections were stained with hemotoxylin and eosin
for tissue contrast as well as anti-CD31-HRP antibodies and
silver stain (Ted Pella, 15718) to visualize blood vessels and
nanoparticles, respectively. Slides were imaged at 20 magnification on a Leica DM2000 microscope coupled with a Leica
DFC420 camera. Images were then desaturated to isolate for
nanoparticles and analyzed using a custom ImageJ macro to
profile particle distribution radiating up to 13 μm away from
blood vessels at 0.5 μm intervals. Permeation profiles were fit
with eq 2 to calculate nanoparticle diffusivity by nonlinear
regression in Matlab. Over 50 blood vessels from different
tumors (n > 3) were analyzed for each design.
Analytical Model Implementation. The analytical model developed by the Wittrup group36 was adapted for use in our study
using parameters specific to each nanoparticle design. The
empirical results of nanoparticle fluorescence were fitted in
Matlab by nonlinear regression. A detailed explanation of the
parameters and model can be found in the Supporting
Information.
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