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ABSTRACT: The behavior of cells and how they react to
stimuli is critically important for drug development, drug
delivery, and understanding the molecular basis of many
diseases. However, we still lack a comprehensive understanding
of these interactions, particularly in relation to drug delivery
from nanoparticles. This Sensors Issues article discusses the
importance of quantifying these interactions and highlights
some key areas where advances in sensor technology have the
potential to transform our understanding of drug delivery and
cell biology.
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Transporting drugs to the specific subcellular locations
where they are therapeutically active is fundamental to

effective drug delivery.1 siRNA for gene silencing or peptides
for therapeutic vaccination require delivery to the cytoplasm,
whereas DNA for gene therapy requires delivery to the nucleus.
Rather than relying on passive transport of the drug through
the cell, there has been a focus on engineering nanoparticle
delivery systems to target drug release to specific cellular
organelles. To this end, there has been an explosion of interest
in nanoparticle systems that can deliver a wide range of
therapeutics.2−4 However, while nanoparticle technology holds
promise, the therapeutic outcomes have largely been hit or
miss.5

To achieve effective therapeutic delivery, a good deal of
knowledge relating to how cells interact with nanoparticles and
the drugs they carry is required. There are three key parameters
that must be understood when engineering a nanoparticle
delivery system. (1) Does the nanoparticle enter the cell? (2)
Where do the nanoparticle and drug go inside the cell, and how
do they get there? (3) What is the local environment that the
nanoparticle is exposed to, so a release mechanism can be
engineered to deliver the drug when it reaches the required
location.
There are significant deficiencies in our knowledge of all

three areas. Our lack of understanding largely comes down to
the lack of quantitative tools to accurately measure these
interactions. This means there is a significant opportunity to
develop new sensors to probe these fundamental cellular
processes. This article focuses on the issues associated with
developing quantitative sensors in live cells and highlights areas
where there is scope for significant advances in cellular
understanding and drug delivery.

■ ASSOCIATION IS NOT INTERNALIZATION

The first barrier to drug delivery is crossing the plasma
membrane. There is little point in establishing sophisticated
methods to determine the cellular fate of a nanoparticle if it
remains anchored to the surface of the cell. Therefore, the
internalization kinetics of nanoparticles should be the first point
of analysis for drug delivery systems.
Quantifying association can readily be achieved by

fluorescently labeling nanoparticles and using flow cytometry
to measure the fluorescence intensity of thousands of individual
cells. A common misconception in the literature is that the
intensity measured is indicative of nanoparticle uptake. Flow
cytometry measures the total fluorescence intensity of a cell,
regardless of whether it is on the surface or if it has been
internalized. The interchangeable use of the term internal-
ization when the experimental evidence only shows cellular
association is misleading and leads to incorrect conclusions
around the susceptibility of nanoparticles to be internalized.
The importance of differentiating between association and

internalization is exemplified when the two are compared in
different cell lines (Figure 1a and b). Polymer nanoparticles
incubated with 3T3 mouse embryonic fibroblasts and C1R
human B-lymphocytes show rapid association with cells.6

Greater than 90% of the cells had at least one particle after 15
min, and both cell lines appeared to behave similarly. However,
internalization in the two cell lines differs significantly. 3T3 cells
showed rapid internalization, and after 2 h, >80% of the cells
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had internalized nanoparticles. In contrast, C1R cells showed
<20% internalization after 2 h. In this instance, the nanoparticle
formulation that is effective for delivery to one cell type is
ineffective in the other cell type.
To quantify internalization, more sophisticated assays must

be employed beyond standard fluorescence association. Acid
washing or surface etching cells prior to flow cytometry analysis
can be used to strip surface bound nanoparticles from the cells.7

This process also strips other surface markers from the cell,
making it different from phenotype different cell types that are
present in the sample. It is also time-consuming and can affect
the viability of sensitive cells. Fluorescence microscopy can be
used to qualitatively assess if the nanoparticles are internalized.
However, microscopy is inherently low throughput, and it can
be difficult to differentiate between material localized on the
surface of the cell and internalized material that remains within
500 nm of the cell membrane.8 Gottstein and co-workers
overcame the low throughput of microscopy by developing a
method to correlate internalization determined by confocal
microscopy with the total fluorescence intensity determined by
flow cytometry.9 An alternative solution is to use molecular
sensors to detect internalization. We recently developed an
internalization sensor that can quantify nanoparticle and
protein internalization using DNA hybridization.8 The specific
hybridization internalization probe (SHIP) consists of a piece
of single stranded DNA with a fluorophore on one end and a
functional group on the other (FIP) that can be attached to a
nanoparticle or protein. The FIP labeled nanoparticles are
incubated with cells and allowed to internalize (Figure 1c). To
quantify internalization, a second DNA sequence, which is
complementary to the FIP and labeled with a quencher (QP),

is added to the cells. The QP hybridizes with FIP on the surface
of the cell, quenching the fluorescence. However, all material
that has been internalized remains fluorescent, as the QP
cannot diffuse into the cell. This enables rapid and quantitative
determination of internalization. This sensor works for a range
of proteins10 and nanoparticles,6,11 but there is scope for
improvement. The size of the DNA probe (7 kDa) has the
potential to interfere with the native internalization pathways of
small molecules and thus is only suitable for studying large
molecules such as antibodies and nanoparticles. There is a
significant need for smaller sensors that can probe the
internalization of peptides and low-molecular-weight drugs.
Flow cyotmetry is a sensitive technique to probe nanoparticle

interactions; however, the inherent autofluorescence of cells
can sometimes mask low intensity signal from nanoparticles. To
overcome this, we recently developed a deconvolution
technique that enables populations of cells to be resolved
that would otherwise be hidden by background noise.12 This
highlights the opportunity to improve the sensitivity of sensors
through improved data analysis.

■ LOCALIZATION AND TRAFFICKING
The second major challenge is to understand where nano-
particles are localized in cells, and importantly, how they get
there. For therapeutic effect, drugs need to be delivered to
specific organelles; however, after endocytosis, the majority of
nanoparticles are trafficked to the lysosomes.13,14 Lysosomes
are characterized by low pH and the presence of acid
hydrolases that can degrade both the nanoparticle and the
drug.15 Therefore, a critical step in drug delivery is engineering
nanoparticles to escape from the endosome. Internalized
nanoparticles can also be exocytosed (trafficked back to the
surface of the cell) before they have delivered their therapeutic
cargo. Currently, there are significant deficiencies in our
knowledge of nanoparticle transport in cells, which makes it
difficult to effectively engineer delivery systems to give the
optimal therapeutic outcome. Our lack of understanding partly
comes down to the lack of quantitative tools to accurately
measure these interactions.
End point assays can be used to show therapeutic function,

such as cell death or expression/knockdown of a protein,16−18

but only give a yes/no answer about the effectiveness of the
therapeutic delivery. To understand in detail how therapeutic
delivery works, improved assays are required. Much of our
knowledge about nanoparticle localization and trafficking
comes from colocalization studies using fluorescence micros-
copy.19 These studies are typically performed with fixed cells
using immunohistochemistry to stain individual organelles, or
with live cells using fluorescent fusion proteins to identify the
organelles. The information from such experiments is often
limited by simplistic qualitative analysis of the images, in
particular when assessing if the drug or nanoparticle has
escaped from the endosomal compartment. Punctate fluo-
rescence is indicative of material trapped inside endosomes, but
can be misidentified as release into the cytosol when light from
out of focus endosomes is observed as diffuse fluorescence. In
addition, the lack of localization with endosome/lysosome
markers does not automatically correlate to endosomal escape,
as there are a number of endosomal compartments that will not
stain with basic markers such as LysoTracker. Furthermore, the
detection of diffuse fluorescence in fixed samples is not
conclusive evidence of endosomal escape. The fixation process
relies on cross-linking amines, amides, and hydroxyl groups into

Figure 1. Association is not the same as internalization. Flow
cytometry data showing association (red) and internalization (blue) of
(a) 3T3 mouse fibroblasts and (b) CEM human T lymphoblasts. Both
cells show high amounts of association, but only 3T3 cells show
significant levels of internalization. (c) The SHIP sensor for
quantifying nanoparticle internalization. A fluorescent internalization
probe (FIP) is attached to any protein or NP using click chemistry.
Endocytosed material is identified by adding a complementary DNA
quencher (QP). QP hybridizes to FIP on the cell surface, but cannot
access internalized FIP. Therefore, the only fluorescence emitted is
from FIP that has entered the cell. Reprinted with permission from
Pharmaceut. Res. 2016, 33, 2421−2432. Copyright 2016 Springer
Science.
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a formaldehyde/glutaraldehyde network to preserve the
structure of the cell.20 Many “stealth” nanoparticles do not
contain these functional groups, so are not cross-linked to the
glutaraldehyde network. This results in the nanoparticles
diffusing though the cell as a result of the fixation process,
and not drug release in the living cell.
Live cell imaging allows cells to be imaged in their native

state, and enables the acquisition of dynamic interactions and
kinetic information. Considerations need to be made about the
viability of cells during live cell imaging, with particular
attention to the light dosage and light induced cellular toxicity.
It is important to ensure that the interactions being observed
are from healthy live cells and not the result of cell death
induced by phototoxicity.21 Strategies for low light imaging
have made significant progress in recent years, with the
development of four-dimensional noise reduction algorithms
that enable signal to be extracted from noisy low light images.22

While providing valuable insight, fluorescence microscopy is
hampered by temporal and spatial limitations. The temporal
limitations lie in quantifying fleeting interactions that can occur
during nanoparticle trafficking. If an interaction occurs for a
period shorter than the imaging interval, then the interaction
may be missed completely. An interesting approach to improve
the temporal resolution is the development of pair-correlation
microscopy to track nanoparticles in cells.23 This technique
uses conventional line scan confocal microscopy to track the
speed and direction of nanoparticle motion in live cells. This
data can be used to probe how nanoparticles cross cellular
barriers such as the plasma membrane and nucleus.
Quantifying localization is also limited spatially. The

principal of colocalization relies on the inherent low resolving
power of optical microscopy (∼200 nm), resulting in signal
from the nanoparticle overlapping (or being coincident) with
the signal from the tagged organelle.19 This principal only
works for nanoparticles and organelles that are smaller than the
resolving power of the microscope. If nanoparticles can be
imaged inside an organelle, such as a lysosome (Figure 2), the

signal will not be coincident, thus requiring more sophisticated
analysis. Nuclear localization of nanoparticles can also be
misleading, as folds within the nuclear envelope mean
nanoparticles can appear to be surrounded by the nucleus,
while still remaining outside. Proximity mapping can be used to
measure the average distance of the particle from the organelle
marker,24 but this requires complex algorithms. The advent of

super-resolution microscopy techniques enables an order of
magnitude improvement in the resolving power of fluorescence
microscopy. Single molecule analysis of super-resolution images
allows for quantitative analysis of nanoparticle interactions.25

The limitations of fluorescence microscopy highlight the
need to develop molecular sensors that can quantitatively
measure cellular interactions. Quantitation needs to occur in
live cells, and ideally should be suitable for high throughput
analysis such as flow cytometry. Furthermore, sensors need to
be developed to detect fleeting interactions, which requires a
high signal-to-noise ratio, and ideally consists of a molecular
switch which can be permanently switched on once the
interaction has occurred. Such molecular switches enable
accumulation of signal with time, meaning interactions can be
detected after the interaction has occurred.
Advances in sensor technology have helped with under-

standing localization through the use of split fluorescence
probes, where two halves of a protein dimerize to induce
fluorescence.26 When a portion of the GFP β-barrel is removed,
the protein loses its fluorescence. By introducing a modified
form of the missing β-barrel, when the two parts dimerize the
fluorescence of the protein is restored. The system has been
used to probe nanoparticle−protein interactions in cells,27 and
has significant potential for probing cellular interactions. In
more recent work, the signal response from the split GFP
sensor has been improved by engineering a tripartite sensor.28

One potential limitation with these sensors is the peptide
component is quite large and is susceptible to degradation. If,
however, the therapeutic being delivered is a peptide, the sensor
can act as a very good model peptide therapeutic. An alternative
sensor that works on a similar principal is the Fluorogen
Activating Peptide (FAP) which induces fluorescence from a
low molecular weight fluorogen upon binding to the protein.29

The advantage of FAP is that the fluorescent component is a
similar size to conventional fluorescent dyes.

■ LOCAL ENVIRONMENT
Measuring the local environment that drugs and nanoparticles
are exposed to is critical for engineering drug release and
understanding potential drug degradation. When nanoparticles
and drugs are endocytosed into a cell, the endosomal
compartment is acidified.30 This pH drop is used extensively
in materials science to control the release of drugs from the
nanoparticle,31 and is also the means by which most viruses
facilitate their exit from the endosomal compartment.32 In
addition to pH, redox species and the presence of specific
enzymes can provide avenues to engineer drug release. An
average concentration of these analytes can be determined by
isolating organelles from thousands of cells and measuring the
concentration in the lysate. However, the isolation process can
induce artifacts into the measurement, and as the concentration
is an average, subtle differences in individual organelles can be
missed. To develop a dynamic understanding of the how the
cellular environment affects drug delivery, in situ measurements
are required.
The direct measurement of cellular pH can be achieved

through fluorescent dyes or proteins that change their
fluorescence in response to fluctuations in pH. To make a
quantitative pH measurement, a ratiometric approach is
necessary. If a single fluorophore is used and the fluorescence
intensity of the fluorophore increases with increasing pH, it is
difficult to determine whether there is a high concentration of
the fluorophore at a low pH, or a low concentration of the

Figure 2. Localization requires sophisticated analysis. Fluorescence
microscopy shows the localization of polymer nanoparticles (red) in
3T3 cells. Lysosomes (LAMP) shown in green and early endosomes
(EEA1) shown in blue. Scale bar = 1 μm.
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fluorophore at a high pH. To overcome this, the pH responsive
fluorophore is coupled with a pH insensitive fluorophore. By
ratioing the fluorescence intensity of the pH sensitive probe to
the pH insensitive probe, the pH can be calibrated.
Benjaminson and co-workers have developed a nanoparticle
sensor that is internalized into cells and can be used to measure
the pH of endosomal compartments using this ratiometric
approach (Figure 3).33 The approach is a significant improve-

ment on the use of free dyes such as pHrodo, although the
approach is limited to measuring the pH of where the
nanosensors are localized. An alternative approach is to use
genetically encoded protein sensor such as pHluorin,34,35 a pH
sensitive protein, which when fused to pH insensitive protein
such as mApple, can be used as a quantitative pH probe.36 This
approach has the advantage of being able to tag the protein so it
localizes in a specific compartment of the cell, such as the
lysosome, to measure the pH of specific organelles.
A similar approach can be applied to sensing other species

such as chloride ions37 and redox potential (using Dihydro-
rhodamine 123).38,39 Enzymatic activity can be probed using
quenched fluorescent substrates that, once cleaved by the
enzyme, restore the fluorescence of the fluorophore.40

In situ measurements of these parameters are subject to the
observer effect, where the act of making the measurement
affects the analyte being measured. The majority of sensors that
are employed to sense pH, redox potential and enzymatic
activity consume a small amount of analyte in the sensing
process. In combination with the small volume of membrane
bound organelles, this can effect the concentration of analyte
that is measured. Consideration must also be given to the
localization of fusion protein tags in the cell. Proteins targeted
toward harsh environments such as the lysosome are
susceptible to degradation, resulting in either loss of sensing
function or cleavage of the sensor protein from the targeting
moiety.41

While many delivery systems are designed to respond to
changes in environmental conditions, there has been limited
attention to confirm the correlation between theoretical
environmental changes with the actual environment the
nanoparticles encounter. Sensors that can accurately measure
the local environment will be critical to the development of the
next generation of smart drug delivery systems.

■ ALL WAVELENGTHS ARE NOT EQUAL
When developing fluorescence sensors, thought needs to be
given to the excitation and emission wavelengths used for the
readout. The exposure of cells to even low levels of light can
have a significant impact on their viability.21 Low wavelength
(high-energy) light has a greater impact on cell viability than
longer wavelength light. Sensors that require excitation in the
UV or blue end of the spectrum have limited use for live cell
imaging. Such sensors are only useful for single point
measurements, as repeated exposure to the high energy light
leads to cell death, and thus the subsequent measurements
result in the analysis of dead cells. Red-shifted fluorophores are
generally the best for live cell imaging. The lower energy
excitation photons do less damage to the cells, and cells show
lower autofluorescence at wavelengths above 600 nm.
A further consideration in fluorophore selection is stability.

Photostability (resistance to photobleaching) is essential for
sensing over extended time periods, and the advent of
sulfonated fluorophores (such as the AlexFluors and sulfonated
Cyanine derivatives) has greatly improved the ability to image
for extended periods. The local environment the fluorophore
will be exposed to must also be considered. pH sensitive
fluorophores such as fluorescein are not suitable for live cell
imaging (unless they are being used as a pH sensor) as the
fluctuation of signal due to the differences in the pH
environment within the cell makes quantitation of the signal
very difficult.

■ SUMMARY AND OUTLOOK
The design of smart drug delivery systems should be based on a
sound knowledge of how nanoparticles interact with cells.
Nanoparticles often have a broad size distribution and it is
important to consider if the interactions observed are indicative
of the entire population or a subset within the distribution of
particle sizes. Currently, our understanding of the uptake,
trafficking, and chemical environment experienced by nano-
particles in live cells is incomplete. Although significant
progress has been made to investigate these areas, there is
significant room for innovation. Phenomena such as the
adsorption of serum proteins onto particles can play a
significant role in cellular interactions. However, sensing these
adsorbed proteins and, more importantly, understanding what
the complex data generated from proteomic analysis means for
nanoparticle/cell interactions remain a challenge. Developing
better sensors to probe bio nanointeractions will play a central
part in developing the next generation of nanoparticle drug
delivery systems.
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Figure 3. Intracellular pH sensor. Nanoparticle pH sensors incubated
in HepG2 cells. Cells on the right are treated with bafilomycin A1,
which inhibitors the acidification of lysosomes. Scale bar = 10 μm.
Reprinted with permission from ACS Nano 2011, 5, 5864−5873.
Copyright 2011 ACS.

ACS Sensors Sensor Issues

DOI: 10.1021/acssensors.6b00725
ACS Sens. 2017, 2, 4−9

7

mailto:angus.johnston@monash.edu
http://dx.doi.org/10.1021/acssensors.6b00725


■ REFERENCES
(1) Torchilin, V. P. Recent Approaches to Intracellular Delivery of
Drugs and Dna and Organelle Targeting. Annu. Rev. Biomed. Eng.
2006, 8, 343−375.
(2) van Dongen, S. F. M.; de Hoog, H.-P. M.; Peters, R. J. R. W.;
Nallani, M.; Nolte, R. J. M.; van Hest, J. C. M. Biohybrid Polymer
Capsules. Chem. Rev. 2009, 109, 6212−6274.
(3) De Koker, S.; Hoogenboom, R.; De Geest, B. G. Polymeric
Multilayer Capsules for Drug Delivery. Chem. Soc. Rev. 2012, 41,
2867−2884.
(4) Johnston, A. P. R.; Such, G. K.; Ng, S. L.; Caruso, F. Challenges
Facing Colloidal Delivery Systems: From Synthesis to the Clinic. Curr.
Opin. Colloid Interface Sci. 2011, 16, 171−181.
(5) Maity, A. R.; Stepensky, D. Limited Efficiency of Drug Delivery
to Specific Intracellular Organelles Using Subcellularly “Targeted”
Drug Delivery Systems. Mol. Pharmaceutics 2016, 13, 1−7.
(6) Mann, S. K.; Czuba, E.; Selby, L. I.; Such, G. K.; Johnston, A. P.
R. Quantifying Nanoparticle Internalization Using a High Throughput
Internalization Assay. Pharm. Res. 2016, 33, 2421−2432.
(7) Wilde, A.; Beattie, E. C.; Lem, L.; Riethof, D. A.; Liu, S.-H.;
Mobley, W. C.; Soriano, P.; Brodsky, F. M. EGF Receptor Signaling
Stimulates SRC Kinase Phosphorylation of Clathrin, Influencing
Clathrin Redistribution and EGF Uptake. Cell 1999, 96, 677−687.
(8) Liu, H.; Johnston, A. P. R. A Programmable Sensor to Probe the
Internalization of Proteins and Nanoparticles in Live Cells. Angew.
Chem., Int. Ed. 2013, 52, 5744−5748.
(9) Gottstein, C.; Wu, G.; Wong, B. J.; Zasadzinski, J. A. Precise
Quantification of Nanoparticle Internalization. ACS Nano 2013, 7,
4933−4945.
(10) Reuter, A.; Panozza, S. E.; Macri, C.; Dumont, C.; Li, J.; Liu, H.;
Segura, E.; Vega-Ramos, J.; Gupta, N.; Caminschi, I.; et al. Criteria for
Dendritic Cell Receptor Selection for Efficient Antibody-Targeted
Vaccination. J. Immunol. 2015, 194, 2696−2705.
(11) Ana-Sosa-Batiz, F.; Johnston, A. P. R.; Liu, H.; Center, R. J.;
Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Kaewkungwal, J.;
Kim, J. H.; Michael, N. L.; et al. HIV-Specific Antibody-Dependent
Phagocytosis Matures During HIV Infection. Immunol. Cell Biol. 2014,
92, 679−687.
(12) Selby, L. I.; Kongkatigumjorn, N.; Such, G. K.; Johnston, A. P.
R. HD Flow Cytometry: an Improved Way to Quantify Cellular
Interactions with Nanoparticles. Adv. Healthcare Mater. 2016, 5,
2333−2338.
(13) Yan, Y.; Johnston, A. P. R.; Dodds, S. J.; Kamphuis, M. M. J.;
Ferguson, C.; Parton, R. G.; Nice, E. C.; Heath, J. K.; Caruso, F.
Uptake and Intracellular Fate of Disulfide-Bonded Polymer Hydrogel
Capsules for Doxorubicin Delivery to Colorectal Cancer Cells. ACS
Nano 2010, 4, 2928−2936.
(14) Khalil, I. A.; Kogure, K.; Akita, H.; Harashima, H. Uptake
Pathways and Subsequent Intracellular Trafficking in Nonviral Gene
Delivery. Pharmacol Rev. 2006, 58, 32−45.
(15) Luzio, J. P.; Pryor, P. R.; Bright, N. A. Lysosomes: Fusion and
Function. Nat. Rev. Mol. Cell Biol. 2007, 8, 622−632.
(16) Pack, D. W.; Putnam, D.; Langer, R. Design of Imidazole-
Containing Endosomolytic Biopolymers for Gene Delivery. Biotechnol.
Bioeng. 2000, 67, 217−223.
(17) Hatakeyama, H.; Ito, E.; Akita, H.; Oishi, M.; et al. A pH-
Sensitive Fusogenic Peptide Facilitates Endosomal Escape and Greatly
Enhances the Gene Silencing of siRNA-Containing Nanoparticles in
Vitro and in Vivo. J. Controlled Release 2009, 139, 127−132.
(18) Spagnou, S.; Miller, A. D.; Keller, M. Lipidic Carriers of siRNA:
Differences in the Formulation, Cellular Uptake, and Delivery with
Plasmid DNA. Biochemistry 2004, 43, 13348−13356.
(19) Zinchuk, V.; Wu, Y.; Grossenbacher-Zinchuk, O. Bridging the
Gap Between Qualitative and Quantitative Colocalization Results in
Fluorescence Microscopy Studies. Sci. Rep. 2013, 3, 01365.
(20) Thavarajah, R.; Mudimbaimannar, V.; Rao, U.; Ranganathan, K.;
Elizabeth, J. Chemical and Physical Basics of Routine Formaldehyde
Fixation. J. Oral Maxillofac Pathol 2012, 16, 400.

(21) Carlton, P. M.; Boulanger, J.; Kervrann, C.; Sibarita, J. B.;
Salamero, J.; Gordon-Messer, S.; Bressan, D.; Haber, J. E.; Haase, S.;
Shao, L.; et al. Fast Live Simultaneous Multiwavelength Four-
Dimensional Optical Microscopy. Proc. Natl. Acad. Sci. U. S. A.
2010, 107, 16016−16022.
(22) Arigovindan, M.; Fung, J. C.; Elnatan, D.; Mennella, V.; Chan,
Y.-H. M.; Pollard, M.; Branlund, E.; Sedat, J. W.; Agard, D. A. High-
Resolution Restoration of 3D Structures From Widefield Images with
Extreme Low Signal-to-Noise-Ratio. Proc. Natl. Acad. Sci. U. S. A.
2013, 110, 17344−17349.
(23) Hinde, E.; Thammasiraphop, K.; Duong, H. T. T.; Yeow, J.;
Karagoz, B.; Boyer, C.; Gooding, J. J.; Gaus, K. Pair Correlation
Microscopy Reveals the Role of Nanoparticle Shape in Intracellular
Transport and Site of Drug Release. Nat. Nanotechnol. 2016,
DOI: 10.1038/nnano.2016.160.
(24) Wu, Y.; Eghbali, M.; Ou, J.; Lu, R.; Toro, L.; Stefani, E.
Quantitative Determination of Spatial Protein-Protein Correlations in
Fluorescence Confocal Microscopy. Biophys. J. 2010, 98, 493−504.
(25) van der Zwaag, D.; Vanparijs, N.; Wijnands, S.; De Rycke, R.;
De Geest, B. G.; Albertazzi, L. Super Resolution Imaging of
Nanoparticles Cellular Uptake and Trafficking. ACS Appl. Mater.
Interfaces 2016, 8, 6391−6399.
(26) Hu, C. D.; Kerppola, T. K. Simultaneous Visualization of
Multiple Protein Interactions in Living Cells Using Multicolor
Fluorescence Complementation Analysis. Nat. Biotechnol. 2003, 21,
539−545.
(27) Bale, S. S.; Kwon, S. J.; Shah, D. A.; Kane, R. S.; Dordick, J. S. A
GFP Complementation System for Monitoring and Directing
Nanomaterial Mediated Protein Delivery to Human Cellular
Organelles. Biotechnol. Bioeng. 2010, 107, 1040−1047.
(28) Cabantous, S.; Nguyen, H. B.; Pedelacq, J.-D.; Koraïchi, F.;
Chaudhary, A.; Ganguly, K.; Lockard, M. A.; Favre, G.; Terwilliger, T.
C.; Waldo, G. S. A New Protein-Protein Interaction Sensor Based on
Tripartite Split-GFP Association. Sci. Rep. 2013, 3, 02854.
(29) Szent-Gyorgyi, C.; Schmidt, B. F.; Creeger, Y.; et al. Fluorogen-
Activating Single-Chain Antibodies for Imaging Cell Surface Proteins.
Nat. Biotechnol. 2008, 26, 235−240.
(30) Saftig, P.; Klumperman, J. Lysosome Biogenesis and Lysosomal
Membrane Proteins: Trafficking Meets Function. Nat. Rev. Mol. Cell
Biol. 2009, 10, 623−635.
(31) Such, G. K.; Yan, Y.; Johnston, A.; Gunawan, S. T.; Caruso, F.
Interfacing Materials Science and Biology for Drug Carrier Design.
Adv. Mater. 2015, 27, 2278.
(32) Helenius, A. Virus Entry: What Has pH Got to Do with It? Nat.
Cell Biol. 2013, 15, 125−125.
(33) Benjaminsen, R. V.; Sun, H.; Henriksen, J. R.; et al. Evaluating
Nanoparticle Sensor Design for Intracellular pH Measurements. ACS
Nano 2011, 5, 5864−5873.
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