Layer-by-Layer Nanoparticles with a
pH-Sheddable Layer for in Vivo
Targeting of Tumor Hypoxia

Zhiyong Poon, Dongsook Chang, Xiaoyong Zhao, and Paula T Hammond*

The Koch Institute for Integrative Cancer Research at MIT, Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts

02139, United States

ultilayered, multifunctional nano-
particles that are assembled via a
layer-by-layer (LbL) deposition
technique'* are being explored as impor-
tant new systems for systemic drug and
gene delivery. A key design element that
distinguishes these delivery vehicles from
conventional systems® 2 is the ability to use
the assembled polymer layers to carry and
control the release of therapeutics as well as
to impart in vivo functionality.” "' LbL is a
facile technique that is adaptable to a wide
range of biologically relevant materials and
therapeutics. Ideally, when the layer materials
have been appropriately selected and the
layer order is carefully designed, multifunc-
tional LbL NPs can be rapidly fabricated in a
built-to-order fashion,’®'? making this de-
livery system an extremely attractive option
for the scale-up of industrial applications.
Other studies have highlighted the viabi-
lity of LbL-assembled nanoparticles for drug
delivery''~'® and have formed the basis for
development of these systems in general.
To the best of our knowledge, the primary
emphasis thus far has been on the use of the
LbL film as a non-erodible regulatory mem-
brane for release of the core content, and
there have been no attempts to build the
capability to target tumors within the film
architecture.'®~'® After long circulating na-
noparticles accumulate passively in tumor
interstitials, there is mounting evidence that
the incorporation of targeting moieties im-
proves nanoparticle uptake by cancer cells
and prolongs their residence times in the
tumor.2° 22 If the means to impart these
capabilities can be applied to LbL-based
particle systems, it would greatly impact
their development toward clinical use. A
frequent approach to gain tumor selectivity
is by coating the surfaces of LbL particles
with targeting ligands that are specific for
cancer cells.** These biofunctionalization
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ABSTRACT Inspired by the simplicity and versatility of layer-by-layer (LbL) assembly, we applied

multilayered polyelectrolyte assemblies on nanoparticles to create viable systemic delivery systems.

Focusing on tumor-specific delivery, LbL nanoparticles that exhibit a pH-sensitive outer stealth layer

are demonstrated to target and be retained in hypoxic tumor regions. The neutral layers shed in

response to acidity to reveal a charged nanoparticle surface that is readily taken up by tumor cells.

The first in vivo demonstration of this mechanism of targeting is presented, as well as an initial

examination of the mechanism of uptake of the nanoparticles. We further demonstrate that this

concept for tumor targeting is potentially valid for a broad range of cancers, with applicability for

therapies that target hypoxic tumor tissue.
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strategies are, however, restricted to gentler
chemistries that are compliant with electro-
statically assembled nanoparticles. Herein,
we seek to demonstrate a pH-based strat-
egy that takes advantage of the charged
nature of multilayers to confer tumor speci-
ficity through the use of erodible nanofilms
built within the LbL layers of nanoparticles.

We inhibit the nonspecific cellular uptake
of positively charged LbL nanoparticles with
a poly(ethylene glycol) (PEG) layer, which
can be selectively removed by acidity gen-
erated in the hypoxic tumor microenviron-
ment,?>?® and show that this strategy for
shielding and deshielding charges on LbL
nanoparticles gives the capability to target
tumors generically. Systems that utilize a
tumor microenvironmental trigger, such as
the presence of proteases,”’?® or a reducing®
or acidic environment®*~3° to affect drug
delivery, are already in various phases of
investigation. A pH-based strategy for target-
ing of tumors typically takes advantage of
the lowered tumor pH to trigger disassembly
of a carrier with subsequent drug release or
to present cell targeting ligands that are
hidden under physiological conditions.3®=#
These approaches have been shown to be
therapeutically more advantageous when
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compared to conventional pH-insensitive counter-
parts. Additionally, as hypoxia and subsequent acidosis
are orchestrating forces for tumor cells to acquire
resistance to chemotherapy and radiation,>**° this
form of targeting also provides opportunities for thera-
pies that sensitize hypoxic tumor cells to treatment.*'#
Here we present the use of the native extratumoral pH
in hypoxic tumors as a means of locally unveiling
positively charged nanoparticle surfaces that are taken
up by tumor cells via charge interactions.

RESULTS AND DISCUSSION

pH-Dependent Erosion of LbL Film. To demonstrate a
concept for gaining tumor cell selectivity via the ero-
sion of LbL layers, we utilize a trilayer architecture of
poly-t-lysine (PLL) modified with iminobiotin, followed
by the linker protein neutravidin and biotin end-func-
tionalized poly(ethylene glycol) (PEG). This schematic
illustration is shown in Figure TA. The first, PLL layer
improves cellular uptake of nanoparticles. The second,
neutravidin (nav) layer bridges PLL and PEG via neu-
travidin—iminobiotin bonds.** Iminobiotin and neu-
travidin are modified versions of biotin and avidin,
respectively, and the iminobiotin—neutravidin interac-
tion is a pH-dependent nonchemical bond akin to the
biotin—avidin bond.** Iminobiotin—neutravidin bonds
are stable at pH 8—12 but are easily decomposed at pH
4—6 as a result of the lower affinity of the protonated
iminobiotin to neutravidin (Figure 1B). Lastly, the
terminal, PEG layer is a commonly used antifouling
polymer that would enable the layered nanoparticles
to avoid rapid reticuloendothelial system (RES)
clearance,* allowing their accumulation in tumor in-
terstitials due to the enhanced permeation and retention
effect*® (EPR). When these nanoparticles accumulate in
the acidic tumor environment, we hypothesized that
they would gradually lose their PEG shells as the
iminobiotin—neutravidin interactions decreased, al-
lowing the exposed PLL layer to facilitate cellular uptake,
thus shifting the biodistribution of the layered nano-
particles to favor tumor retention.

Cellular Uptake of PLL-Coated Nanoparticles. As this strat-
egy for gaining tumor selectivity relies on exposing a
positively charged PLL layer to cancer cells for uptake,
it is first important to examine the cellular uptake of
positively charged PLL-coated nanoparticles to under-
stand the mechanism for charge-mediated uptake.
Flow cytometry measurements in Figure 2A show that
even a single terminal layer of PLL was able to bring
about notably increased levels (at least 5 increase) of
nanoparticle uptake with Hela cells. Cellular internali-
zation of PLL-coated fluorescent latex beads was con-
firmed with confocal microscopy (Figure 2C(ii)). In
comparison to uncoated fluorescent latex beads co-
incubated with cells using an estimated amount of PLL
equivalent to one layer (HPLC estimates based on mass
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Figure 1. (A) Schematic illustration of the design and con-
cept for achieving tumor specificity with layer-by-layer
nanopatrticles. This design takes advantage of a lowered pH
in hypoxic tissues to deshield the terminal, poly(ethylene
glycol) layer, exposing the underlying positively charged
poly-L-lysine layer for cell targeting. L1: PLL modified with
iminobiotin; L2: neutravidin; L3: biotin end-functionalized
PEG. (B) Rate of loss of avidin—FITC from iminobiotin
conjugated to polyethyleneimine (500 kDa). The pH de-
pendence of the iminobiotin—avidin bond used to predict
behavior of the iminobiotin—neutravidin bond. This bond is
stable above pH 8.0 but gradually dissociates at pH 7.4. In
acidic conditions (pH < 6), the bond rapidly breaks down.

conservation calculations), as well as a second control
with 10 times this estimated amount, PLL-coated la-
tex beads induced a significantly greater amount
(~4—10x increase) of cell uptake (Figure 2A). When
the topmost layer of the LbL film was dextran sulfate
(DXS), yielding a negatively charged surface, cellular
uptake decreased. This alternating trend of cellular
uptake for positively (PLL) or negatively (DXS) charged
terminal layers was consistent even as the LbL films
were built thicker (Figure 2B). The procedure for LbL
deposition of PLL/DXS on sulfonated latex beads is
given in the experimental section, and Figure S1 (see
Supporting Information) shows the average hydro-
dynamic diameter and zeta potential of these parti-
cles during LbL film construction.

The mechanism of cell uptake of positively charged
LbL nanoparticles was studied with confocal micro-
scopy and flow cytometry analysis (Figure 2C and D).
Images from each individual fluorescence channel for
Figure 2C are shown in Figure S2 (see Supporting
Information). From confocal analysis (Figure 2C), incu-
bation times between 30 min and 2 h were found to be
necessary for inducing nanoparticle uptake by Hela
cells. Once taken up by Hela cells, the layered nano-
particles were observed to internalize with transferrin,
a well-studied molecule that undergoes clathrin-
mediated endocytosis. Co-localization of transfer-
rin and nanoparticle occurred downstream of the inter-
nalization pathway (2 h) but not at early times (30 min),
indicating that the nanoparticles are taken into the cell
in a manner that is separate from and slower than
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Figure 2. (A) Flow cytometry analysis of HeLa cells incubated with (1) fluorescent sulfonated latex beads (i), (2) (i) with a PLL
layer, (3/4) (i) co-incubated with PLL at different concentrations. In comparison to uncoated fluorescent latex beads co-
incubated with cells using an estimated amount of PLL equivalent to one layer (HPLC estimates based on mass conservation
calculations), as well as a second control with 10 times this estimated amount, PLL-coated latex beads induced a significantly
greater amount (~4—10x increase) of cell uptake. (B) The uptake of LbL nanoparticles can be enhanced or diminished by the
terminal layer charge. LbL nanoparticles with positive zeta potentials (PLL terminated) are taken up by cells more readily than
nanoparticles with negative zeta potentials (DXS terminated). This trend is consistent as the film thickness increases. (C)
Confocal microscopy analysis of HeLa cells given different PLL-coated LbL nanoparticles under different conditions described
in the image (Wtm: wortmannin treatment, 0 °C indicates treatment of cells on ice). The cell fluorescence measured by flow
cytometry was due to internalized nanoparticles. Internalized particles co-localized with transferrin downstream of the
internalization pathway but not at early times, indicating that the nanoparticles are taken into the cell in a manner that is
separate from and slower than transferrin endocytosis. Co-localization of both signals downstream indicate similar means of
trafficking past 2 h. Additional control experiments with cells treated on ice and wortmannin show that the uptake of these
particles is energy driven. Confocal images from each fluorescent channel are shown in Figure S2 (see Supporting
Information). Red = LbL nanoparticle; green = transferrin; blue = nuclei; yellow = co-localization of LbL nanoparticle and
transferrin. Scale bar = 10 um. (D) Flow cytometry analysis of HelLa cells under different conditions described in Figure 2C.
Additionally, treatment of cells with heparinase lll, an enzyme that breaks down the negatively charged heparan sulfate found
bound on cell surfaces, also significantly reduced positively charged nanoparticle uptake, showing that interactions of
positive nanoparticles with negatively charged heparan sulfate on the cell surface play an important role for uptake. All flow
cytometry analyses represent fluorescence from the entire single-cell population (10 000 events) and are presented as mean
=+ sem. Analyses in C and D are taken at the 2 h time point.

transferrin endocytosis. Experiments with cells treated on Finally, the cytotoxicity of these positively charged LbL
ice (0 °C) and wortmannin,* an inhibitor of clathrin- nanoparticles was found to be negligible when tested

mediated processes, indicate that the mechanism of
uptake for positively charged nanoparticles is energy
driven. Quantitative results for these experiments were
measured with flow cytometry analysis and are given in
Figure 2D. Additionally, treatment of cells with hepari-
nase IIL*® an enzyme that breaks down the negatively
charged heparan sulfate found bound on cell surfaces,
also significantly reduced positively charged nanoparticle
uptake, showing that interactions of positive nanoparti-
cles with negatively charged heparan sulfate on the cell
surface play an important role for uptake (Figure 2D).
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with a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay with HeLa cells (Figure S3,
see Supporting Information). Polypeptides containing
a high percentage of cationic amino acids, such as
PLL, are used routinely to facilitate cellular uptake of a
variety of biopolymers and small molecules.*® The use
of such polymers to significantly enhance cellular
uptake of nanoparticles via their LbL deposition pro-
vides a convenient approach for LbL-based nanopar-
ticles to gain cellular entry into well-studied pathways
for the delivery of therapeutics.
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LbL Nanoparticle Assembly and in Vitro Examination. After
verifying that the charge shielding of PLL-coated LbL
nanoparticles makes a significant difference in their
cellular uptake, we sought to evaluate if the use of the
trilayer architecture depicted in Figure 1A would allow
LbL nanoparticles to gain tumor selectivity after their
systemic injection. Assembly of the trilayers was car-
ried out with carboxyl-functionalized near-infrared
quantum dots (QD, em: 705 nm) as the charged core
material that would allow building of polymer films
and tracking of the particles in vivo. Before depositing
the PLL layer, the side-chain primary amines on PLL
were modified with iminobiotin (~20% of available
side groups; PLLib) using N-hydroxysuccinimide (NHS)
chemistry. Neutravidin and mPEG-biotin (~20 KDa)
were subsequently layered onto the nanoparticle in a
stepwise fashion (see Materials and Methods for full
details). The deposition of each layer was followed by
dynamic light scattering and zeta potential measure-
ments (Table 1). Addition of the trilayer architecture
(PLLib/nav/PEG) increased the hydrodynamic diameter
of the original particles from ~20 nm to ~80 nm, with
most of the increase attributed to the terminal, PEG
layer. The zeta potential of the nanoparticle shifted
from ~ —25 mV to ~ +30 mV with the deposition of
PLLib and, finally, to ~0 mV when terminated with PEG.
An SEM image of the QD/PLLib/nav/PEG particles is
shown in Figure 3A. These particles are generally
spherical and uniform in size after the LbL coating
process.

To confirm that cellular uptake of the LbL particles
can be restored after deshielding the terminal layer of
PEG, we incubated different cancer cells with LbL
nanoparticles subjected to pretreatments at pH 7.4
and 5.5 for 4 h. After acidic treatment (pH 5.5) QD/
PLLib/nav/PEG particles decreased in average size and
increased in charge (Table 1), indicating removal of the
charge-shielding terminal, PEG layer (zeta potential
shifted from ~0 mV to ~25 mV), while LbL particles
incubated at pH 7.4 remained the same in size and
charge. Deshielding the external PEG layer restored
cellular uptake (Figure 3B); compared to LbL particles
incubated at pH 7.4, those that were deshielded (pH 5.5
treatment) caused a greater amount of uptake in all
tested cancer cell lines, suggesting that this strategy
could be used as a generic way of targeting tumors,
as an acidic microenvironment is a hallmark of all
tumors.?

Targeting of Tumors In Vivo. Next, the utility of this
tumor targeting strategy was tested in vivo with sub-
cutaneous tumor models. Control nanoparticles were
constructed by substituting iminobiotin (PLLib) for
biotin (PLLb), which does not have a pH-dependent
bond with neutravidin. The resulting particles (QD/
PLLib/nav/PEG and QD/PLLb/nav/PEG) are less than
100 nm in size and have a near neutral zeta potential
(Table 1). Their sub-100 nm sizes would facilitate their
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TABLE 1. Average Hydrodynamic Diameter and Zeta
Potentials of LbL NPs*

LbL nanoparticle effective diameter (nm) PDI zeta potential (mV)
Q 2045 1.09 —26+4
QD/PLL 2416 1.21 43045
QD/PLLib 24+8 1.23 +33+2
QD/PLLib/nav/PEG (pH 7.4) 76+7 1.25 +13+£3
QD/PLLib/nav/PEG (pH 5.5) 38+ 11 1.21 +25+7
QD/PLLb/nav/PEG 82138 1.23 +0.7+2

®QD = quantum dot; PLL=poly-i-lysine; PLLib = PLL functionalized with
iminobiotin; PLLb = PLL functionalized with biotin; nav = neutravidin;
PEG = biotin end-functionalized poly(ethylene glycol). The values shown are in
mean == SEM, where n = 10. The raw data for the number average diameters of QD,
QD/PLLib, and QD/PLLib/nav/PEG are shown in Figure S1C.

diffusion within the tumor tissue to more readily
encounter hypoxic pockets. After systemic intravenous
injection of the nanoparticles into mice, the blood
concentrations of the nanoparticles decreased in a
two-phase manner (Figure 4A). The significantly longer
circulation profiles of the administered LbL particles
compared to free QD due to the presence of the PEG
nanolayer indicate a certain level of nanofilm stability
while in systemic circulation. Initially, both QD/PLLib/
nav/PEG and QD/PLLb/nav/PEG were observed to have
a relatively similar circulation profile, with more than
25% of the particles still in the blood by 6 h; however,
the blood level of QD/PLLib/nav/PEG was detected to
be significantly lower than QD/PLLb/nav/PEG after 12
h. Blood concentrations of QD/PLLib/nav/PEG and QD/
PLLb/nav/PEG had dropped to 1% and 14%, respec-
tively, of the original amount by 24 h. The faster
elimination of QD/PLLib/nav/PEG is likely due to the
gradual removal of the terminal PEG layer while at
physiological pH, as the iminobiotin—neutravidin
bond is most stable above pH 8.0. This is supported
by examinations of the iminobiotin—avidin bond
(Figure 1B), which show a slow degradation of the
bond at pH 7.4. The resulting exposure of the PLL layer
leads to rapid elimination of the particles, presumably
by processes of opsonization of the complement
system.>°

We monitored the accumulation of the particles in
subcutaneously induced MDA-MB-435 (Figure 4B) and
KB (Figure S4, see Supporting Information) tumors with
intravital fluorescence imaging over a period of 48 h.
For both tumor models (n = 3), accumulation of
particles within the tumor reached a peak at the 8 h
time point and steadily decreased thereafter, as parti-
cle elimination from the blood reservoir diminishes the
effect of EPR-based tumor targeting.”’ The mechan-
isms of EPR**"°2 are not expected to discriminate
between the two sets of nanoparticles, which have
similar sizes, charges, surface properties, and blood
circulation (in the initial period after injection), and
equal levels of accumulation were observed in both
tumor models at the 8 h point (Figure 4C, two-tailed
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Figure 3. (A) SEM image of QD/PLLib/nav/PEG particles. These particles are generally spherical and uniform in size after the
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LbL coating process. Scale bar = 1 um. (B) Cellular uptake of QD/PLLib/nav/PEG particles across a panel of cancer cell lines is

restored after acidic pretreatment (pH 5.5 for 4 h), suggesting the potential to target a broad range of cancers with hypoxic

microenvironments, as the LbL particles lose their PEG shells in the lowered pH environments of hypoxic tissue.
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Figure 4. (A) Log—linear blood circulation profiles of QD, QD/PLL, QD/PLLib/nav/PEG, and QD/PLLb/nav/PEG. Changing
the surface properties of QDs with LbL improves nanoparticle circulation. QD/PLLib/nav/PEG and QD/PLLb/nav/PEG
have similar profiles up to 12 h post-administration. QD/PLLib/nav/PEG clears faster after 12 h. (B) Dorsal scans of
representative mice showing the accumulation and clearance of LbL nanoparticles in MDA-MB-435 tumors (left hind
flank). T = tumor; Sp = spleen. Similar images of mice with KB xenografts are shown in Figure S4A (see Supporting
Information). (C) LbL nanoparticle accumulation levels in tumors at 8 h. There was no statistical difference between
fluorescence from both particle types for each tumor model (95%; Cl Pyg = 0.92, Pyipa-mp-a35 = 0.56). (D) Rate of clearance
of nanoparticles from tumors relative to the 8 h time point. QD/PLLib/nav/PEG is cleared slower, demonstrating the
deshielding of PEG and subsequent tumor cell targeting. The absolute levels of nanoparticle fluorescence are given in

Figure S4C (see Supporting Information).

Student's t test shows no significant difference 95%; Cl
Pxg = 0.92, Pypa-mp-a3s = 0.56); this is evidence of the
dominance of the EPR-based targeting during this
initial period.

After passing through vascular borders and accu-
mulating within the tumor interstitials, LbL particles
that may be deshielded by acidity do so in hypoxic
regions, exposing the PLL layer for cellular uptake;
therefore, for the 8 to 48 h period, the clearance of

POON ET AL.

QD/PLLib/nav/PEG from tumors was much slower
compared to QD/PLLb/nav/PEG, which are internalized
by cells less readily and are slowly eliminated by the
lymphatic system, as observed in the later time points
for Figure 4B. Figure 4D shows the rate of nanoparticle
clearance from both tumor models relative to the 8 h
time point (the absolute values are given in Figures S4B
and S4C, see Supporting Information). The stronger
retention of QD/PLLib/nav/PEG demonstrates the
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Figure 5. (A) Spectrally unmixed lateral scan of representative MDA-MB-435 mice model and biodistribution of nanoparticles
in organs 48 h after administration. QD/PLLib/nav/PEG nanoparticle fluorescence was still present in tumors at 48 h, which
suggests significant nanoparticle uptake by tumor cells. Red = tissue and food autofluorescence; teal = nanoparticle
fluorescence. Li = liver; K = kidney; Sp = spleen; H = heart; Lu = lungs; Mu = muscle; LN = lymph nodes; T = tumor. Image is
spectrally unmixed to separate the nanoparticle fluorescence from tissue autofluorescence. (B) Tumor sections (20x) from
mice given QD/PLLib/nav/PEG or QD/PLL/nav/PEG. In tumors given QD/PLLib/nav/PEG treatments, a co-localization between
nanoparticle and HIF-1a positive regions was found. Nanoparticle presence was not significant in tumors given QD/PLL/nav/
PEG. Red = LbL nanoparticle; green = hypoxia; blue = nuclei. Scale bar = 50 um.

deshielding of LbL particles to allow cellular interaction
with the underlying PLL layer for improved uptake.
Dissociation of the iminobiotin—neutravidin bond in
the acidic tumor microenvironment can happen fairly
rapidly (~50% dissociation within 3—4 h, Figure 1B),
permitting a significant portion of the accumulated
QD/PLLib/PEG particles to be deshielded within the 8 h
EPR targeting window. This effect is manifest there-
after, which translates to a greater degree of particle
retention observed in the tumors. Figure 5A shows
the left lateral scan of a representative mouse (MDA-MB-
435 tumor model) at the 48 h time point and the
biodistribution of particles in harvested tissue from
these mice; both sets of data clearly indicate stronger
and longer retention of QD/PLLib/nav/PEG in tumors.
Finally, histological examinations of tumor sections
reveal a high level of association between the QD/
PLLib/nav/PEG signal and regions stained for hypoxia
(Figures 5B and S5, see Supporting Information). In
contrast, the QD/PLLb/nav/PEG signal is considerably
weaker and is not present in hypoxic regions; these
data provide further evidence that the deshielding
mechanism of the pH-sensitive LbL particles is respon-
sible for their persistence in tumors, particularly in
regions of hypoxia; this observation provides exciting

POON ET AL.

new opportunities for chemotherapy to solid tumors
and delivery of antihypoxic cancer therapies using the
LbL nanoparticle approach.

CONCLUSION

In summary, this study illustrates a promising
approach for systemic tumor targeting using LbL
nanoparticles. We demonstrate proof of principle
that the electrostatic assembly nature of LbL allows
the use of charge to aid or inhibit their cellular
uptake and extend this idea to enable tumor target-
ing in vivo by incorporating a pH-responsive layer
that exposes the underlying charged surface when
localized in an acidic tumor microenvironment. As
EPR-based targeting is transient, strategies to extend
the persistence of accumulated particles have the
potential to greatly impact nanoparticle therapy. The
stronger persistence of QD/PLLib/PEG particles in
two different tumor models highlights a key advan-
tage of this system: as hypoxia is ubiquitous in
tumors, this form of targeting with LbL nanoparticles
could be potentially employed to broadly target all
cancers, even those that do not express distinctive
surface markers. Looking forward, alternative ma-
terial systems to iminobiotin and neutravidin should
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be explored that can exhibit extended stability at
physiological pH. Additionally, a more comprehen-
sive study of the distribution of the pH-targeted LbL
particles as well as their target cell type within
different tumor types is planned in future work, to

MATERIALS AND METHODS

Materials. All chemicals and biological material were pur-
chased from Sigma-Aldrich or Invitrogen unless otherwise
noted.

Mice. Female Nu/Nu mice (4—6 weeks old) were from
Taconic. All in vivo experimentation was carried out under the
supervision of the Division of Comparative Medicine (DCM),
Massachusetts Institute of Technology, and in compliance with
the Principles of Laboratory Animal Care of the National In-
stitutes of Health. Cell lines were purchased from ATCC and
were tested routinely for pathogens before use in animals via
DCM.

Fabrication of Layer-by-Layer Nanoparticles. LbL nanoparticles
with functional shells were prepared using a commonly used
assembly technique for LbL on nanoparticles.>® The negatively
charged fluorescent cores used were either sulfonated poly-
styrene beads (LB) (~5 x 10" particles/mL; ex/em: 575 nm/
610 nm; ~130 nm; —35 mV; Sigma-Aldrich) or carboxylated
quantum dots (8 uM; em: 705 nm; ~20 nm; —25 mV; Invitrogen).
Pol-.-lysine was functionalized to NHS-activated iminobiotin
(Thermo Scientific) or NHS-activated biotin (Sigma Aldrich) on
~20% of the primary amine side groups (based on reaction feed
ratio) under aqueous conditions and at a pH of 8.0. After
reacting for 2 h at room temperature, the functionalized pep-
tides were then dialyzed in a 5 kDa dialysis bag before use. For
LbL assembly, nanoparticles were mixed with a saturating
amount of layering material with continuous agitation. Mixing
was carried out for 2 h, followed by particle purification with
three centrifugation (30 000 rcf; 2 h) and resuspension (Millipore
water, pH 7.4) cycles. Layering conditions are as follows: for
aqueous polymer solutions (poly-L-lysine (15 kDa), dextran
sulfate (15 kDa); Sigma Aldrich), a final concentration of ~500
uM for 2 h; for neutravidin (Thermo Scientific), a saturating ratio
of 1 mg of neutravidin to 0.05 mol of nanoparticle for 2 h; for
mPEG-biotin (20 kDa; Laysan Bio), 100 mg of mPEG-biotin in
aqueous conditions for 2 h. A pH of 7.4 was used in all cases
except for situations involving iminobiotin, where a pH of 8.0
was used instead. No salt was added in the process.

Characterization of Particles. All size and zeta potential mea-
surements were made using a Zeta PALS (Brookhaven), and
scanning electron microscopy was performed on particles spin-
cast on silicon. Particle concentrations were estimated using
standard calibration graphs made from unmodified particles.
These graphs were linear in the range of concentrations used for
all experiments. For in vitro experiments, the concentration of
particles used was fixed for any one set of experiments and
ranged from 1 x 10® to 1 x 10'° particles/mL. For in vivo
experiments, the concentration of particles used was ~0.1 uM
given in 0.1 mL injections.

Examination of Neutravidin—Iminobiotin Bond. The pH depen-
dence of this bond was investigated by conjugating iminobiotin
to high molecular weight polyethyleneimine (500 kDa) via NHS
chemistry followed by suspending the polyethyleneimide and
avidin-FITC (Sigma Aldrich) complex inside a 100 kDa Float-a-
lyzer (Spectrum Laboratories) in buffer sinks at different pH
conditions. The contents of the Float-a-lyzer were tested reg-
ularly for FITC fluorescence with a spectrofluorometer.

In Vitro Experimentation. HeLa, MDA-MB-435, KB, and A549
cells were cultured with Alpha MEM (Invitrogen) supplemented
with heat-inactivated bovine serum (10%; Invitrogen) and
penicillin/streptomycin (1%). For flow cytometry measurements,
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gain a better understanding of the efficacy of the
system in different tumor microenvironments. Final-
ly, there is potential to combine these systems with a
range of molecular cargos or imaging agents for
therapeutic or imaging applications.

cells were plated on 96-well plates at 70% confluence a day
before use. Treated cells were trypsinized, washed, and resus-
pended in PBS before analysis. Transferrin-FITC, wortmannin,
and heparinase Ill (Sigma-Aldrich) were used at concentrations
of 100 nM, 200 nM, and 0.1 U/mL. All measurements were made
with 10000 events and at least in triplicate. For confocal
microscopy analysis, cells were washed, fixed in 10% formalin,
and permeabilized with 70% ethanol before staining. For
analysis of hypoxia, HIF-1o. and the appropriate FITC-labeled
secondary antibody (Santa Cruz Biotechnology) were used.
Images were captured using an Applied Precision DeltaVision
confocal. A Cy5 filter was used to detect quantum dot (em:
705 nm) fluorescence.

In Vivo Experimentation. Subcutaneous tumors were induced
in either the left or right hind flank after injection of ~1-2
million cells (MDA-MB-435 or KB, n = 3 each) in 0.1 mL of media.
Tumors were allowed to grow to ~100 mm? before experimen-
tation. The concentration of particles administered was ~0.1 uM
given in 0.1 mL injections via the tail vein. All nanoparticle
solutions were filtered with a 0.2 um filter before injection. LbL
nanoparticle accumulation in vivo was tracked and quantified
using intravital imaging (Caliper LifeSciences). The images
showing QD55 fluorescence were captured using ex: 640 nm
and em: 720 nm. Spectrally unmixed images were captured
using a sequence of ex: 640 nm and em: 700 nm/720 nm/
740 nm/760 nm for QD-gs. For histology, tumors were frozen in
OCT (—80 °C) and cut into 5 um sections for analysis. Blood
circulation analysis was performed by measuring the remaining
QD signal from blood taken after injection (tail vein) with a
spectrofluorometer.

Statistical Analysis. All data in figures and text are given as
mean £ SEM. Flow cytometry measurements were made with
n = 10000 events and performed in triplicate at the minimum.
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