1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Adv Mater. 2014 January 22; 26(3): 359-370. doi:10.1002/adma.201303001.

Interfacing Nanoparticles and Biology: New Strategies for
Biomedicine

Gulen Yesilbag Tonga, Krishnendu Saha, and Prof. Vincent M. Rotello”
Department of Chemistry, University of Massachusetts Amherst 710 North Pleasant Street,

Ambherst, Massachusetts 01003, USA

Abstract

[ =
=
a4

The exterior surface of nanoparticles (NPs) dictates the behavior of these systems with the outside
world. Understanding the interactions of NP surface functionality with biosystems enables the
design and fabrication of effective platforms for therapeutics, diagnostics, and imaging agents. In
this review, we highlight the role of chemistry in the engineering of nanomaterials, focusing on the
fundamental role played by surface chemistry in controlling the interaction of NPs with proteins
and cells.
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1. Introduction

Nanoparticles (NPs) provide platforms for crucial biomedical applications including
deliveryl! and imaging.[2] Advances in these biomedical applications require a fundamental
understanding of the complex interactions between NPs, biomolecules, and biosystems.[3]
Using this insight, the tools of chemical synthesis can be used to create nanomaterials that
interact efficiently and predictably with biosystems including proteins,[4l nucleic acids,!
cells,[®] and tissues.[]
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In this review, we highlight selected systems that illustrate how the chemical structure of NP
surface functionality can be used to tune the interactions of particle with proteins and
regulate cell uptake and distribution in tissues.[8] We also show how the surface can
contribute functional attributes to the NPs, including targeting modalitiest®] and the ability to
respond to stimuli.[10]

2. Interactions of proteins with surface-engineered nanoparticles

2.1. Control of protein structure and function using nanoparticle receptors

Selective binding of artificial receptors to proteins provides a means to modulate a variety of
biomedically important cellular processes including protein-protein interactions, protein-
nucleic acid interactions, and enzyme activity.[11] The nature of the interaction of NPs and
proteins is an inherently biophysical question that builds upon the fundamentals of
supramolecular chemistry.[*2] In early studies, Rotello and coworkers demonstrated that 11-
mercaptoundecanoic acid (MUA) functionalized gold NPs irreversibly inhibited the activity
of chymotrypsin (ChT) with an apparent K; of 10 nM (Figure 1a). [13] The mechanism of
this interaction was attributed to a two-step process featuring a fast reversible association
followed by a slower irreversible denaturation, and could be readily tuned by the ionic
strength of the aqueous medial14l and addition of surfactants.[2°]

One inherent limitation of the use of simple ligands such as MUA is that protein structure
and function were lost during the binding process. Preservation of the structure of NP
surface-bound proteins is an essential prerequisite for many pragmatic applications
including in vivo protein delivery and in vitro enzyme stabilization.[16] Structural integrity of
proteins upon NP binding was achieved by introducing oligo(ethylene glycol) (OEG) tethers
onto NP surfaces to provide TEG-OH and TCOOH (Figure 1a).[17] The incorporation of a
short (at least four repeat units) [181 OEG segment on the exterior of MUA provided a non
interacting “tabula rasa’ of NPs that could be further functionalized with particular
headgroups, allowing tailoring of the NP surface (Figure 1a). The stability of NP-ChT
complexes was further investigated using gold NP featuring amino-acid side chains.[1°]
Binding studies using these NPs demonstrated that both electrostatic and hydrophobic
interactions play a major role in the NP-ChT complex stability. Interestingly, the
hydrophobic amino acid functionalized NPs did not affect the protein structure; however,
hydrophilic amino acid functionalized NPs destabilized the native structure of ChT. This
finding contradicts the general belief that hydrophobic surfaces lead to denaturation of
proteins.[20] In a later study, detailed thermodynamic investigations of the interaction of
protein and amino acid functionalized NPs demonstrated that the enthalpy and entropy
changes for these interactions strongly mimic protein-protein interactions.[21]

Protein unfolding on NP surfaces can cause unwanted biological responses. For example,
cryptic epitopes of proteins can be exposed that can further interact with cell membrane
receptors, leading to aberrant inflammatory responses. Minchin et al. have shown that
poly(acrylic acid)-coated gold NPs can selectively interact with fibrinogen in human plasma
and expose an amino acid sequence of fibrinogen y-chain, promoting the specific interaction
with Mac-1 receptors on the cell surface. This interaction further leads to release of
inflammatory cytokines from human monocyte cells via NF-xB signaling pathway.[22]
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However, appending appropriate functionality can improve the protein stability (vide supra),
and even help in refolding the denatured proteins. Rotello et al. have demonstrated that 2-
(10-mercaptodecyl) malonic acid functionalized gold NPs (AuDA) can refold thermally
denatured cationic proteins, acting as artificial chaperones. The partially refolded proteins
can be released from NP surfaces by changing the ionic strength of the solution (Figure
1b).[23]

2.2. NP surface chemistry regulates the affinity and identity of the “protein corona'

When surface-engineered NPs are exposed to complex protein biofluids (e.g. blood, plasma)
a protein “corona” forms on the particle surface, masking its original chemical nature.[24]
This non-specific adsorption of biomolecules on NP surfaces is important for delivery
applications, increasing the clearance rate of NPs via the reticulo-endothelial system and
decreasing the pharmacokinetic half-life of NPs in vivo. Blood plasma contains thousands of
proteins that can bind to NPs with the interaction profile strongly depending on the NP
surface chemistry. For example, positively charged polystyrene particles were shown to
interact with proteins with isoelectric points less than 5.5 (e.g. serum albumin) while
negatively charged particles preferentially bind to proteins with isoelectric points higher
than 5.5 (e.g. 19G).[25] Muller et al. have further shown that negatively charged polymeric
NPs of similar size and hydrophobicity adsorb higher amount of proteins on their surfaces
with increasing surface charge density; however, no apparent difference was observed in the
identity of the adsorbed proteins.[26]

The hydrophobicity of the NP surface is also an important parameter in NP-protein
interactions.[27] For example, hydrophobic N-isopropylacrylamide-co-N-tert-
butylacrylamide (NIPAM/BAM) copolymer NPs adsorb a greater amount of protein on their
surfaces than their hydrophilic counterparts,[28] due to higher protein affinity and/or
increased number of binding sites on hydrophobic NP surfaces.[29] NP surface
hydrophobicity also regulates the nature of the protein corona formed on the surface. For
example, hydrophobic NPs adsorb apolipoproteins on their surface; however, hydrophilic
NPs tend to adsorb more abundant hydrophilic proteins in plasma including albumin and
1gG.[30]

In addition to charge and hydrophobicity, interaction of proteins tends to depend on the
specific functional groups on NP surfaces. For example, Shea et al. have synthesized three
different cationic NIPAM polymeric NPs featuring guanidinium, primary amino, and
quaternary ammonium functional groups (Figure 2a). The guanidinium functionalized
polymer NPs showed significantly higher binding towards fibrinogen that is attributed to
strong interactions with surface carboxylate groups on fibrinogen (Figure 2b).[3] Likewise,
~90 nm methylstyrene NPs showed significantly higher binding of plasma proteins
compared to tert-butylstyrene NPs of similar charge and hydrophobicity.[27]

Even though numerous studies have documented the effect of surface chemistry on the
formation of plasma protein coronas, a clear structure-function relationship still remains
elusive. The inherent complexity of NP-protein interactions coupled with the rather
disorganized array of particle sizes, shapes, and coverages studied makes it challenging to
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deduce general conclusions and providing impetus for parametric examination of this crucial
process.

2.3. Engineering NP surface to prevent protein adsorption

Protein corona formation masks functionality and decreases circulatory lifetime of NPs.
Grafting hydrophilic polymers on NP surfaces is a widely employed strategy to reduce non-
specific protein adsorption. For example, polyethylene glycol (PEG), a charge-neutral highly
hydrophilic polymer, is often incorporated on NP surfaces for in vitro and in vivo
applications.[32] The advantage of NP surface modification with PEG is two-fold: 1) PEG
delays the opsonization process, thereby reducing NP uptake in macrophage cells; 2) the
improved circulation allows NPs to preferentially accumulate in tumor microenvironment
exploiting enhanced permeability and retention effect.[33] Even though widely used for in
vivo applications, PEG has several drawbacks. Chan et al. have shown that gold NPs with
increasing surface PEG densities adsorb less serum proteins; however, even at high PEG
grafting density the proteins were not fully removed.[34] Moreover, the different PEG
densities influence the identity of the protein corona formed and subsequent macrophage
uptake. Kiwada et al. have demonstrated siRNA encapsulated PEG-modified lipid
nanocarriers can produce antibodies against them; therefore, subsequent doses of the same
PEGylated NPs were rapidly cleared in vivo.[35] PEG can also create unwanted immune
responses. Moghimi et al. have demonstrated activation of complement system by NPs
functionalized with PEG,[36] harnessing adverse immune responses and facilitating
clearance by macrophages.

Recently, zwitterionic ligands including carboxybetaines and sulfobetaines have been
introduced as “anti-fouling’ coatings on NP surfaces.[37] These functionalities provide much
lower adsorption of proteins compared to PEG and very low non-specific cellular uptake,
providing a potential alternative to PEG (Figure 3a).[38] Jiang et al. have demonstrated that
poly (carboxybetaine)- functionalized gold NPs were highly stable in undiluted blood
plasma and serum while PEG-coated NPs aggregated.[39] Likewise, Mattoussi and
coworkers have synthesized zwitterionic quantum dots (QDs) that showed superior colloidal
stability compared to simple lipoic acid functionalized QDs over a broad range of conditions
including pH, salt, and undiluted serum.[40] Using zwitterionic mixed monolayer gold NPs,
Rotello et al. have shown intracellular delivery of therapeutics while maintaining low uptake
and minimal cytotoxicity from the NP itself (vide infra).[41] Mukherjee et al. have further
demonstrated that zwitterionic gold NPs had higher blood circulation lifetime and enhanced
tumor accumulation, while positively and negatively charged NPs were rapidly cleared.[4]
However, the surface charge distribution of zwitterionic NPs can influence the uptake and
biodistribution. Bawendi et al. have reported that zwitterionic QDs exposing positive
charges in their outermost layer show non-specific adsorption in vitro and in vivo, whereas
zwitterionic QDs exposing negative charges in their outermost layer are far less susceptible
to interactions with proteins (Figure 3b—c).[43]

Adv Mater. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tonga et al.

Page 5

3. Interaction of cells with surface-engineered nanoparticles

3.1. Use of cell-penetrating peptides on NP surfaces

Penetration of the cell membrane and subsequent access of NPs to cytosol are two major
hurdles for delivery of therapeutics. To overcome these challenges, NPs can be coated with
peptide motifs that penetrate the cell membrane and can facilitate endosomal escape into the
cytosol. Cell penetrating peptides (CPPs) including RGD,[44] allatostatin 1,451 PLL,[46] and
arginine-rich peptides[4’] have been conjugated onto NP surfaces for efficient cellular
delivery. Brust et al. have demonstrated cytosolic delivery of CPP conjugated gold NPs;
addition of a nuclear localizing sequence (NLS) peptide resulted in localization to the
nucleus.l#8] In a similar study, gold NPs featuring NLS can penetrate to the nucleus after
endosomal escape and induce DNA damage in cancer cells, demonstrating potential
therapeutic strategy using surface-engineered NPs.[49] Gillies et al. have shown that
superparamagnetic iron oxide NPs featuring dendritic guanidine moieties on their surface
have similar cell-penetration efficiency with immunodeficiency virus-1 transactivator (HIV-
TAT) peptide and showed better penetration efficiency than amine functionalized NPs.[50]

3.2. Effect of NP surface charge and hydrophobicity on cellular uptake

Engineering the NP surface provides a versatile alternative to CPPs for cellular delivery.
The surface charge of the NP is a key parameter for NP-cell membrane interaction and
subsequent intracellular internalization. In general, cationic NPs interact more strongly with
the cell membrane due to the presence of negatively charged groups (e.g. sialic acid) onto
cellular membranes, and hence show higher uptake efficiency compared to their anionic and
neutral counterparts (Figure 4a).[5 However, efficient intracellular uptake of negatively
charged NPs is known, presumably through pinocytosis or membrane diffusion.[>2]
Moreover, negatively charged QDs were shown to penetrate mouse skin, with higher degree
of penetration observed upon exposure to UV light.[53] Likewise, DNA functionalized
anionic gold NPs were shown to penetrate in epidermis layer of mouse skin with no apparent
inflammation or toxicity.[>4]

Two-dimensional cell culture models present a vastly different environment than tissues,
complicating translation into in vivo systems. Rotello and Forbes et al. have investigated the
role of NP surface charge in delivering covalently attached therapeutic drugs using a three-
dimensional cell culture model. Significantly, cationic particles were better at delivering
drugs on the proliferating peripheral cells due to their higher uptake; however, anionic
particles had higher diffusion rates, delivering drug- and fluorophore-tagged NPs more
rapidly to the center of the spheroid model (Figure 5).[5°]

In addition to surface charge, NP hydrophobicity plays an important role in the cellular
uptake process. In one study, Mailénder et al. have showed that increasing surface
hydrophobicity increases intracellular uptake of polymeric NPs in a variety of cell lines.[56]
Rotello et al. have demonstrated a linear correlation of surface hydrophobicity and
intracellular uptake of gold NPs (2 nm core), stemming from a stronger interaction of
hydrophobic NPs with serum albumin.[57 However, in the absence of serum, no apparent
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trend between surface hydrophobicity and cellular uptake was observed, demonstrating the
importance of serum proteins on the NP uptake process (vide supra).

4. Design of stimuli-responsive nanocarriers by tailoring surface
functionality

In addition to regulating interactions with the environment, nanoparticle surfaces can be
used to impart functionality to nanoparticles. “Smart” surface functionality provides a
strategy for creating delivery systems that can release drugs at target site, minimizing
potential off-target issues. Stimuli-responsive nanocarriers that respond to either a
physiological (e.g. pH, enzyme) or external stimulus (e.g. magnetic field, light) can be used
to enhance the therapeutic efficiency of delivery vehicles.[>8]

4. 1. External Stimuli

4. 1. 1. Light-induced release of cargo—L.ight provides an excellent orthogonal
stimulus for nanocarriers, providing spatio-temporal control of delivery. For example,
Tamanoi and Zink et al. have reported the intracellular delivery and release of the anticancer
drug camptothecin using nanoimpeller-controlled mesostructured silica nanoparticles that
are functionalized with photo-switchable azobenzene moieties positioned in the pore
interiors.[59] Lin et al. have presented a supramolecular assembly for visible light sensitive
release of cargo from mesoporous silica nanoparticles (MS NPs) using Ru(bpy),(PPh3)
moieties coordinated to mercaptopropyl functional groups as gatekeepers.[6% Upon
irradiation with visible light, the Ru-S coordination bond is cleaved and encapsulated
molecules are released. Furthermore, Rotello et al. have shown the UV light-triggered
release of fluorouracil from gold NP surface through a photoresponsive o-nitrobenzyl
(ONB) linkage (Figure 6).[41]

UV light has a very short tissue penetration depth (~1 mm), making UV-activated systems
unsuitable for deep tissue penetration. Branda et al. have addressed this issue by
synthesizing NaYF, upconverting NPs (UCNPs) doped with the lanthanides, Tm3* and
Yb3* [NaYF,: TmYb] with a UV light activated caging group (3',5'-
di(carboxymethoxy)benzoin) (Figure 7a).[81] These UCNPs were used as antennae for
harvesting the NIR (980 nm) light and converting it into UV light (290 nm) (Figure 7a-b).
This strategy was also employed in UCNPs containing hydrogels to release
biomacromolecules on demand.[62]

Recently, Xing et al. have demonstrated the use of UCNPs to uncage D-luciferin molecules
caged with 1-(2-nitrophenyl)ethyl group in vitro and in vivo (Figure 7c).[63] The absorption
band of the photocaged D-luciferin overlaps with the emission band of UCNPs in the UV
region; thus disassociation of D-luciferin from the surface of the nanoparticle is triggered by
excitation of UCNPs with NIR light. Released D-luciferin can recognize firefly luciferase
(fLuc) reporter genes and generate a bioluminescence signal which is an indication of
successful release of the cargo from the carrier (Figure 7d—e).[64] Their photocaged system
has potential to selectively deliver payload in vivo with deep tissue penetration ability by
NIR irradiation.
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4.2. Endogenous stimulus for triggering the release of cargo

4.2.1 Non-covalent drug delivery through changes in environmental
hydrophobicity—Endogenous release mechanisms use environmental changes in living
systems to dictate their behavior. Non-covalent drug delivery systems using NPs can use
either an encapsulation mechanism or a stabilizing pocket,[5%] using electrostaticl6¢] and
hydrophobicl®7] interactions to reversibly bind the drug of interest.[68]

Burda et al. have demonstrated that encapsulating hydrophobic drug Pc4 inside the
monolayer of PEG functionalized gold NPs increases the drug accumulation in the tumor.
Significantly, little to no accumulation was observed when Pc4 was covalently attached to
the gold NP surface, demonstrating that reversible association is required for therapeutic
activity.[5% Rotello et al. have used hydrophobic pockets of gold NP monolayers to
encapsulate highly hydrophobic dyes/therapeutics and release them upon interacting with
cell membrane (Figure 8).[791 The zwitterionic surface of NPs further provided
biocompatibility to the NP carriers. Hydrophobic payloads (tamoxifen and lapachone) were
shown to be released into the cell by membrane-mediated diffusion without the uptake of the
carrier NPs, demonstrating the desired biocompatibility of the carrier.

4.2.2. pH as an internal trigger to release the cargo—The average extracellular pH
of solid tumors is 6 =7, lower than the pH of normal tissues and blood (7.4).I71] Surface
functional groups that respond to acidic pH including acetal,[72] derivatized maleamate,[73!
and hydrazonel”4] have been used to attach the therapeutics to a variety of carriers for
release at tumor sites. For example, Wang et al. have used carbamate linkage on a gold NP
surface to release doxorubicin in response to the pH of acidic organelles after
endocytosis.[’5] They have further demonstrated that this delivery system can effectively
inhibit the growth of multidrug-resistant MCF-7/ADR cancer cells, owing to the high
endocytic uptake and subsequent pH responsive release in cells. Mirkin and Lippard et al.
have combined the properties of DNA functionalized gold NPs and Pt(IV) prodrugs into a
single agent for drug delivery.[76] They have engineered the surface of gold NPs to attach
the prodrugs. They have demonstrated that the acidic environment in cancer cells facilitates
reduction of the Pt(1V) and hence yields of the cytotoxic Pt(ll) species (Figure 9).

The acidic environment found in the endocytic compartments of cancer cells can also be
used to release the drug molecules that are non-covalently attached to the nanoparticle
surface. For example, Haam et al. have reported a pH-responsive drug delivering magnetic
NPs utilizing non-covalent interactions (Figure 10).[77] They have used a nanoemulsion
method to synthesize MnFe,O,4 nanocrystals that are coated with a-pyrenyl- o -carboxyl
poly(ethylene glycol). Doxorubicin (DOX) molecules are loaded to the magnetic carrier via
a strong - interaction between pyrene and DOX molecules. Upon intracellular uptake,
protonation of DOX can decrease the 7t-m interaction, resulting in the release of DOX.[78]
Receptor-mediated endocytosis was achieved by modifying surface of magnetic NPs with
anti HER2/neu antibody, a tumor-targeting marker of the human HER2/ neu receptor of
metastatic breast cancer.

In addition to cleaving the bond between drug and carrier, pH triggers can also be used to
open molecular valves or lids, releasing encapsulated drugs. Zink et al. have loaded MS NPs
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with hydrophobic cargo and grafted pH- sensitive nanovalves to keep the cargo inside and
release into the cells upon changes in pH (Figure 11).[7% In another study, Feng et al. have
reported the controlled release of guest molecules from MS NPs that are capped by acid-
labile acetal group linked gold NPs.[8%] At neutral pH, no diffusion from pores is observed
as pores are strongly blocked by gold NPs. Hovewer, at acidic pHs, the gold capping agent
can be removed due to hydrolysis of the pH-responsive acetal group, releasing the trapped
molecules. Feng et al. have also decorated MS NPs with poly(4-vinyl pyridine) (PVP) as a
pH-sensitive capping nanoshell.[8] In their system, at low pH, the polymer becomes swollen
and permeable to the encapsulated molecules after protonation.

4.2.3. Enzyme-responsive nanoparticles for delivery applications—Enzyme-
responsive NPs can be used to deliver cargos via enzymatic action at targeted locations.[82]
Tuning the surface chemistry of nanoparticles by introducing bioactive moieties or enzyme
cleavable linkers is the most common way followed to fabricate enzyme-responsive delivery
systems. Stoddart et al. have designed a delivery vehicle with an enzyme-responsive snap-
top motif, activated by porcine liver esterase (PLE).[83] In their system, MS NPs loaded with
luminescent cargo molecules (rhodamine B) were capped with the ester-linked adamantyl
stopper. Hydrolysis of the adamantyl ester stopper by PLE resulted in the dethreading of the
a-cyclodextrin and triggered the release of the rhodamine B from the pores. In another
study, Akashi et al. have used hollow capsules prepared by MS NPs coated with chitosan
and dextran sulfate for the delivery of the cargo.[84] Sustained release of the cargo was
achieved through degradation of chitosan component by chitosanase.

Recently, Fukumura et al. have reported a multistage nanoparticle-based delivery system
with a deep tumor-penetration feature.[8%] In this work, enzyme-degradable type A gelatin
was crosslinked with glutaraldehyde, and PEG-stabilized quantum dots (QDs, ~ 10 nm)
were used to generate enzyme-degradable nanoparticles (~100 nm). Due to the enhanced
permeability and retention (EPR) effect, the enzyme-responsive nanoparticles preferentially
extravasate from leaky regions of tumor vasculature. However, after extravasation into the
tumor tissue, these nanoparticles can be degraded by MMP-2 and smaller 10 nm QDs can be
released from the surface, resulting a deeper penetration into the tumor parenchyma (Figure
12).

5. Conclusions

Surface functionalization of NPs controls the interface between nanomaterials and
biosystems. In this review, we have highlighted several examples that demonstrate the
fundamental interaction of NP surface functional groups with proteins and cells, and showed
how this understanding can be applied to delivery and imaging strategies.

This review focuses on innovative uses of surface functionalization to impart functional
properties to NPs. In addition to these novel applications, surface functionalization dictates
toxicity, immune response, and bioavailability. Integrated study of nanoparticle function and
behavior in vitro and in vivo will be essential to establish the structure-activity correlation
required to move these promising systems towards the clinical use.
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Figure 1.

(a) Schematic representation of the effect of MUA, TEG-OH and TCOOH functionalized
NPs on the structure and function of a cationic protein, chymotrypsin. (b) Schematic
representation of the structure of AuDA, and AuDA-mediated refolding of thermally
denatured proteins. Reproduced with permission from Ref [23]. Copyright 2008 Royal

Society of Chemistry.
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Figure2.
(a) Structure of guanidinium, primary amino, and quaternary ammonium functional groups

in polymeric NPs. (b) Quartz crystal microbalance analysis of interactions between
fibrinogen and positively charged NPs showing guanidinium functionalized polymeric NPs
have the highest binding towards fibrinogen. Arrows indicate the time points of NP solution
injections. Reproduced with permission from Ref [31]. Copyright 2012 American Chemical
Society.
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Figure 3.
(a) Mustration of protein adsorption on the surface of zwitterionic and PEGylated NPs. (b)

Top: illustration of expected charge distribution on QDs. Bottom: non-specific binding of
QDs with different charge distribution to HeLa cells. (c) Real-time intravital microscopy
images of zwitterionic QDs and nonionic QDs in a murine breast tumor, demonstrating that
extravasation of zwitterionic QDs from vessels is much less than extravasation of nonionic
QDs. Scale bars: 100 mm. Reproduced with permission from Ref [43]. Copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure4.
Schematic representation of the interaction between gold NPs bearing different surface

charge and SK-BR-3 breast cancer cells. (a) Citrate-coated (negative), (b) PVA-coated
(neutral), and (c) poly(allyamine hydrochloride)—coated (positive) NPs.
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Figurebs.
(a) Structure of mixed monolayer-protected cationic and anionic gold NPs loaded with

thioalkylated fluorescein isothiocyanate (FITC). Green fluorescence images of tumor
cylindroids treated with (b) cationic and (c) anionic particles. Reproduced with permission
from Ref [55]. Copyright 2010 Nature Publishing Group.

Adv Mater. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Tonga et al.

Page 19

(a)

0/\.)"'\/\/50: WMS&

e/
Oz
Au_PCFU Y

& %
\

?Sggrﬁﬁ
ot

Figure®6.
(a) Photochemical reaction of Au_PCFU and delivery of fluorouracil to cells. Bright-field

and fluorescence-microscopy images of the cells exposed to UV before treated with
Au_PCFU (b and c) and after treated with Au_PCFU (d and e). Reproduced with
permission from Ref [41]. Copyright 2009 American Chemical Society.
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(a) Generation of UV light from NIR light using benzoin cage decorated UCNPs. (b)
Changes in the UV/Vis absorption spectra of a solution of 1a[NaYF4:TmYb] when it is
irradiated with 980 nm light. Reproduced with permission from Ref [61]. Copyright 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (¢) Schematic illustration of
photocaged UCNPs synthesis and release of D-luciferin upon NIR irradiation and
bioluminescence through the use of photocaged core-shell upconversion NPs. (d—e)
Bioluminescent images of fLuc activity in living mice (d) Left: injection with D-luciferin
and right: injection with photocaged nanoparticles without NIR light irradiation. (e) Left:
injection with photocaged nanoparticles and irradiation with UV light and right: injection
with photocaged nanoparticles and irradiation with NIR light. Reproduced with permission
from Ref [63]. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure8.
(a) Delivery of payload to cell due to change in hydrophobicity through monolayer-

membrane interactions. (b) Schematic illustration of guest molecules entrapped in the
hydrophobic pocket of zwitterionic NPs and structure of guest molecules: Bodipy,
tamoxifen and lapachone. Confocal laser scanning microscopy images of MCF-7 cell treated
with bodipy encapsulated zwitterionic NPs (c) green channel, (d) overlapped with bright
field. Reproduced with permission from Ref [70]. Copyright 2009 American Chemical
Society.
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Top scheme-synthesis of Pt-DNA-Au NP. Bottom Live cell imaging of HeLa cells after

incubation with platinum-tethered Cy5-DNA-Au NPs for (a) 6 h, (b) 12 h, and (c)

colocalization of the particles with the cytoplasmic microtubules. Scale bars: 20 um.

Reproduced with permission from Ref [76]. Copyright 2009 American Chemical Society.
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Figure 10.
(a) Schematic illustration of anti HER2/neu antibody-modified pH-sensitive drug-releasing

magnetic NPs. (b) Magnetic resonance images of tumor-bearing mice after the intravenous
injection of human epidermal growth factor receptor (HER) and irrelevant antibody (IRR)
functionalized pH sensitive magnetic NPs at various time intervals, demonstrating HER
modified NPs accumulated in the tumor more than IRR modified NPs. Reproduced with
permission from Ref [77]. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Figure 11.
Top illustration-synthesis of pH-sensitive nanovalve. Bottom illustration-binding of the 3-

cyclodextrin (3-CD) cap to neutral benzimidazole stalk and releasing of 3-CD and cargo
from the carrier after protonation of the stalk. Reproduced with permission from Ref [79].
Copyright 2011 American Chemical Society.
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Figure12.
Top-schematic of 100-nm gelatin-QD changing size to 10 nm QD NPs in response to

MMP-2. Bottom- in vivo images of gelatin-QD NPs (a) 1h, (b) 3 h, and (c) 6 h after
intratumoral injection into the HT-1080 tumor. Reproduced with permission from Ref [85].
Copyright 2011 National Academy of Sciences.
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