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Oral delivery is a highly preferred method for drug administration due to high patient compliance.
However, oral administration is intrinsically challenging for pharmacologically interesting drug classes, in
particular pharmaceutical peptides, due to the biological barriers associated with the gastrointestinal
tract. In this review, we start by summarizing the pharmacological performance of several clinically
relevant orally administrated therapeutic peptides, highlighting their low bioavailabilities. Thus, there is a
strong need to increase the transport of peptide drugs across the intestinal barrier to realize future
treatment needs and further development in the field. Currently, progress is hampered by a lack of
understanding of transport mechanisms that govern intestinal absorption and transport of peptide drugs,
including the effects of the permeability enhancers commonly used to mediate uptake. We describe
how, for the past decades, mechanistic insights have predominantly been gained using functional assays
with end-point read-out capabilities, which only allow indirect study of peptide transport mechanisms.
We then focus on fluorescence imaging that, on the other hand, provides opportunities to directly
visualize and thus follow peptide transport at high spatiotemporal resolution. Consequently, it may
provide new and detailed mechanistic understanding of the interplay between the physicochemical
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properties of peptides and cellular processes; an interplay that determines the efficiency of transport.
We review current methodology and state of the art in the field of fluorescence imaging to study
intestinal barrier transport of peptides, and provide a comprehensive overview of the imaging-
compatible in vitro, ex vivo, and in vivo platforms that currently are being developed to accelerate this
emerging field of research.
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of strong focus.” Oral peptide delivery has received intense
interest for decades.® In this context, bio-availabilities of peptides

1. Introduction

Since the emergence of insulin therapy in the 1920s, peptides
have been used extensively in medical practice." Peptides are
ideal drug candidates, since they may disrupt protein-protein
interaction efficiently and serve as ligands for cell-surface
receptors.” The worldwide market for peptide therapeutics has
been estimated to more than double from 21.3 to 46.6 billion USS$"
between 2015 and 2024. Typically, therapeutic peptides are
administrated by injection,®> which limits the possibility for
self-administration of the drug and lowers overall patient
compliance.” Therefore, alternative routes of delivery are areas
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above a few percent have proven extremely difficult to achieve,
due to the biochemical and physical barriers presented by the
gastric and the intestinal environment.” The major obstacles
include enzymatic peptide degradation and poor absorption
through the epithelial cell layer.® Consequently, considerable
efforts have been devoted to the development of various delivery
systems and permeation enhancers (PEs), such as fatty acids,
surfactants, and bile salts.” However, clinically approved delivery
strategies for uptake via the gastro-intestinal tract remain
scarce.”’

In the quest for new peptide drugs and delivery systems, the
quality of potential candidates is typically assessed using end-
point bio-availability measurements (Fig. 1, left).® Positive hits
are identified by their increased transport across experimental
models of the physiological and cellular barriers of the
intestine.” Such model systems span a vast range of technical
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Fig. 1 Paradigms for studying peptide transport across intestinal barriers. (left) Traditionally, peptide transport across intestinal barriers has been studied
using barrier model systems employing end-point assays offering only indirect mechanistic insight on peptide transport mechanisms. (right)
Fluorescence live-cell imaging offers the ability to directly visualize and track peptide transport across intestinal barrier models allowing for determination
of the transport mechanisms (such as transcytosis, transcellular and/or paracellular) governing peptide transport.

and biological complexities; they range from simple artificial
membranes to tissue samples.® While the model systems do
permit the quantification of pharmaceutical peptide transport
across a biological barrier, they typically do not yield information
about which cellular mechanisms that facilitated translocation.
This approach was used, e.g., in the development of the previously
described array of PEs. Thus, many constructs and strategies
have been tested, but their full biological mechanisms of action are
complex and remain to be fully elucidated, which has led to concerns
about the long-term use of PEs in chronic administration.'*""

The end-point screening methods applied for development
of peptide drug candidates have recently been challenged by a
community that has realized the importance of understanding
the biological mechanisms governing drug delivery.”'> For
transport studies on peptide translocation across the intestinal
barrier, seminal mechanistic efforts focused on using pharmaco-
logical agents to modify tight junction (TJ) integrity or selectively
disrupt endocytosis pathways.>"* Such studies have helped
elucidate the major translocation pathways of the intestinal barrier
employed by orally administrated small-molecule drugs and
peptides.” These pathways include (Fig. 1, right) active transcytosis
mediated vesicular transport, passive transcellular transport
through epithelial cells, and paracellular transport between
epithelial cells through the TJs. Despite the widespread use of
pharmacological pathway inhibitors, their specificity has been
disputed, as they have been shown to affect multiple endocytosis
pathways simultaneously.'*™® Therefore, more direct, rigorous mecha-
nistic insight into peptide transport has been sought through other
routes, most noticeably through the employment of fluorescence
imaging.”'”'® The great advantage of this approach is the ability to
directly track peptide transport in live-cell setups involving only a
minimal disturbance of the cells’ natural milieu (Fig. 1, right).
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Image-based transport studies should provide direct mecha-
nistic information about the absorption and transport of pep-
tides through and across the intestinal barriers. So far
fluorescence-based methods have only routinely been used to
study peptide transport in individual cells, as it is non-trivial to
combine live-cell imaging with more realistic models of cellular
barriers. However recent, significant strides in the field provide
new and exciting opportunities for mechanistic studies of
peptide transport across cellular barriers using more complex
experimental setups and imaging modalities. The increase
in mechanistic information should foster rationally design
modifications to peptides and their delivery systems. Such
guided modifications might optimize the bio-availability and
end-point efficacy of orally delivered peptide pharmaceuticals
dramatically.

Here, we briefly review what is known mechanistically about
the modes of action of the clinically approved oral peptide and
PE formulations as well as how conventional fluorescence
imaging has aided to these ends. We then consider all steps
involved in design and implementation of fluorescence image-
based peptide-translocation studies: first, we discuss the choice
of fluorescence imaging modality, the chemical considerations
regarding choice of fluorescent probe and site of modification,
and the biophysical characterization techniques used to monitor
peptide stability and membrane interaction. Next we discuss the
range of in vitro and ex vivo barrier models that are currently
being developed to facilitate image-based studies and how in vivo
imaging studies are emerging as an important method towards
understanding peptide transport in the native environment.
Finally, we briefly review the insights gained on how nanoparticle
(NP) delivery systems made from peptides translocate across
cellular barriers using imaging-based platforms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Oral peptide drugs for systemic
applications used in the clinic

Of all the classical non-invasive delivery routes, orally admini-
strated pharmaceutical peptides had the largest share of clinical
trials in 2019, emphasizing the strong effort in translating oral
drugs to the clinic."® Nevertheless, only four peptide treatments
designed for transport across the intestinal barrier have yet been
approved by the FDA.>® Despite earlier success with oral dosage
forms of Cyclosporin A (CsA) and desmopressin in the 1980s, it
has proven difficult to push other oral peptide drugs into the
clinic. In fact, no other peptide drug for oral administration
progressed beyond Phase II trials between 1987-2010.>" Only
very recently, did the field experience a resurgence with the FDA
approval of oral semaglutide in 2019 and octreotide in 2020. The
historical development of oral peptide drugs and the current
status of candidates in end-stage clinical trials have been
reviewed extensively recently.>*** Here we instead focus on
the four peptide drugs currently approved for use in the clinic.
We focus on the mechanisms involved in their successful
transport across cell barriers and discuss instances where
fluorescence imaging has helped elucidate these mechanisms.

2.1 Cyclosporin A

CsA is a cyclic undecapeptide used as an immunosuppressant
to treat graft-versus-host disease in transplant patients. It was
approved by the FDA for clinical use in 1983.>* The case of CsA
is unique due to its relatively high bioavailability (BA) (above
30%), which has spurred in-depth mechanistic studies aimed at
elucidating the key structural features promoting the passive
diffusion of CsA across cellular barriers.”® Based on these
studies, it was concluded that the efficient transport of CsA
results from its ability to reduce its interactions with the
aqueous solvent, driving the transport of CsA from the aqueous
phase and through the cell membrane. Firstly, this relies on the
presence of non-canonical N-methylated amino acids, which
reduces hydrogen bond-mediated interactions with the aque-
ous solvent.”® Secondly, conformational flexibility allows CsA to
exist in an “open” conformation in aqueous solvents and a
“closed” conformation when entering a lipid bilayer, thereby
further modifying the hydrogen bonds available for interaction
with the solvent.>* Finally, the cyclic structure of CsA allows it
to bury some of its polar backbone, thus concealing it from
water.”' Despite these unique features, CsA suffers from low
solubility, and therefore the clinically approved product Neoral
is formulated as a self-nanoemulsifying drug delivery system
(SNEDDS) forming oil-droplets smaller than 150 nm. In addition to
facilitating a rapid and uniform drug release, the fatty acid-
based excipients in SNEEDS serve as PEs by directly leading
to an increase in intestinal permeability as well as inhibiting
p-glycoprotein efflux and cytochrome P450-3A4 mediated CsA
metabolism.

2.2 Desmopressin

Oral Desmopressin acetate (DDVAP) is a nonapeptide with a
six-amino acid ring structure that has been used for treatment
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View Article Online

Review

of central diabetes insipidus and primary nocturnal enuresis
since the 1980s.” DDVAP is a synthetically-made analog of
arginine vasopressin with two modifications, a de-amination
of the first amino acid and a substitution of the eighth amino
acid replacing r-arginine by p-arginine. Both of these modifications
strongly enhance the intestinal stability of DDVAP relative to native
arginine vasopressin, mainly by reducing enzymatic degradation.
DDVAP has been suggested to transport across the intestinal cell
layer by passive permeation, most likely by the paracellular
route,”>*” however the oral BA of the commercial DDVAP product
Minirin is only 0.17% in humans.® Its exceptional potency is the
only reason why Minirin remains therapeutically viable at such an
extremely low BA.

2.3 Oral semaglutide

Semaglutide is a 31-amino acid linear GLP-1 receptor agonist
analog approved under the name Rybelsus in 2019 for treat-
ment of Type 2 diabetes.” Facilitated by the addition of a di-acid
C,g-acylation and substitution of strategic amino acids, sema-
glutide displays high potency, stability, and long circulating
half-life.> These properties compensate for a BA of merely
0.4-1.0%.%® However, the large market potential for Type 2
diabetes treatment has resulted in oral semaglutide being
described as the most interesting peptide yet considered for
oral delivery.”" In Rybelsus, semaglutide is co-formulated with
the PE salcaprozate sodium (SNAC) and was demonstrated to
be exclusive absorbed across the gastric epithelial and thus not
in the intestine.”® It was shown that SNAC positively affected
semaglutide uptake by locally lowering the gastric pH, hereby
reducing peptide cleavage by pepsin, and shifting semaglutide
towards a monomeric state better suited for transport. Ex vivo
immunofluorescence imaging on canine gastric tissue was
employed for an in-depth analysis of the transport mechanism
of semaglutide (Fig. 2A).>° An almost exclusive staining for
semaglutide around the site of tablet identification strongly
supported that close proximity of SNAC and semaglutide were
essential for efficient transport (Fig. 2A top). Additional con-
focal microcopy imaging (see Section 4) revealed intracellular
uptake of semaglutide in mucosal cells and staining of the
TJ protein ZO-1 confirmed an intact T] morphology (Fig. 2A
bottom). That combined with in vitro assays displaying no effect
on semaglutide transport upon introduction of TJ modulators
like EDTA demonstrates that semaglutide is transported across
the gastric epithelium through a transcellular mechanism. This
mode of transport concurs with the known function of SNAC as
a modulator of the transcellular pathway.*°

2.4 Octreotide

Orally delivered octreotide is a cyclic octapeptide somatostatin-
analog that binds with high affinity to somatostatin receptors,
hereby blocking the production of growth hormone.® Very
recently, octreotide was approved by the FDA (June 2020) for
oral treatment of acromegaly under the name Mycappsa.®' The
Mycappsa delivery system relies on the “Transient Permeation
Enhancement” (TPE) technology that solubilizes octreotide in
an oily suspension, including the PE sodium caprylate (Cg).>*

RSC Chem. Biol., 2021, 2, M5-1143 | 117
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Fig. 2 Examples of fluorescence imaging used to elucidate peptide and PE transport mode of action. (A) Immunofluorescence imaging of canine gastric
tissue uncovering a transcellular barrier transport mechanism of oral semaglutide. Top, semaglutide (red) and DNA (blue) stains reveal that peptide is
predominantly localized to the region in and around of the Rybelsus tablet. Bottom, semaglutide (red) is shown to reside in the cytoplasm of mucosal
epithelial cells (white arrows) with intact tight junctions depicted by ZO-1 (green) and DNA (blue). Semaglutide is also detected in capillaries under the
epithelium marked by white asterisks. Reproduced from ref. 29 with permission from The American Association for the Advancement of Science,
copyright 2018. (B) Immunofluorescence imaging of rat jejunum epithelium reveal that the “Transient Permeation Enhancement” (TPE) delivery
technology employed for the octreotide system affects the paracellular permeability. Top, a transient disruption of ZO-1 (red) distribution is induced after
one minute incubation with TPE (middle) as compared to saline (left). After 120 minutes incubation with TPE, the ZO-1 organization displays its normal
puncta-like morphology (right). Bottom, paracellular flux of the tracer LC-biotin (blue) (white arrows) displayed after incubation with TPE, with the lateral
membrane stained for actin (red). Reproduced from ref. 33 with permission from Springer Nature, copyright 2014. (C) Elucidating the ability of the
microbial toxin VP8 and the Ca2* chelator EGTA to affect the TJ fence function by imaging caco-2 cell monolayers. In control cells (lower left), imaging
of the diffusion marker Bodipy-Sphingomyelin-BSA (green) revealed a staining restricted to the apical cell layer. After addition of either VP8 (top) or EGTA
(lower right) clear baso-lateral membrane staining of Bodipy-Sphingomyelin-BSA is evident (see white arrows). Reproduced from ref. 35 with permission
from The Company of Biologists Ltd, copyright 2004. (D) Distribution of PIP peptide analogs in caco-2 cell monolayers imaged after 45 min of apical
incubation. Binding of Alexa488-streptavidin (green) to active biotinylated PIP peptides (left) or non-active biotinylated PIP peptides (right) reveal a strong
colocalization with occluding (red) for active PIP, but a random cytosolic distribution for non-active PIP. Reproduced from ref. 39 with permission from
Elsevier, copyright 2018.

Despite employing this multi-component delivery platform, the octreotide in this formulation (Fig. 2B).>* Staining rat intestines
BA of octreotide remains at just 0.5%.>” Ex vivo immuno- for ZO-1 revealed a loss of TJ structural integrity within one
histochemistry in combination with confocal microscopy were minute of adding the TPE system and reversal of this effect after
used to investigate the transport mechanisms employed by 120 minutes (Fig. 2B top). Additionally, using a fluorescently
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labelled diffusion marker, it was shown that application of the
TPE system leads to a paracellular flux (Fig. 2B bottom). This
evidence supports that octreotide is transported across the
intestinal barrier through paracellular transport via a TPE
mediated T] modulating mechanism, induced by Cs.

3. Elucidating permeation enhancers’
modes of action using fluorescence
imaging

A recurring obstacle for oral peptide delivery is the poor BAs
that are reported in clinical trials to be in the low single digit
percentages.? Therefore, there is a quest for discovery, design,
and testing of new PEs that could increase the intestinal
transport of peptide drugs. Until these endeavors prove success-
ful, oral peptide delivery is restricted to rely on candidates that
display elevated intrinsic permeability, high potency, stability,
and/or long plasma-half-life. Here, we abstain from giving a
comprehensive description of PEs and their use in ongoing
clinical trials, since these subjects have been covered extensively
in recent, excellent reviews.””*** Instead, we highlight some
pivotal studies in which fluorescence imaging has been employed
in an attempt to elucidate PE modes of action, paving the way for
designing smarter and better PEs in the future (Fig. 2).
Traditionally, PEs are divided into classes based on the
transport pathway that they affect, mainly paracellular or trans-
cellular (Fig. 1).° However, it is well-established that many PEs
affect numerous different pathways simultaneously, often making
it hard to pin-point an exact mode of action. In general, para-
cellular PEs function by disrupting the TJ proteins that ensure a
tight barrier between adjacent epithelial cells.** This class is
further sub-divided into PEs that either directly affect the TJ
proteins or target endogenous cell signaling cascades related to
TJ function and integrity. Members of the first sub-group include
microbial toxins, which disrupt TJ protein distribution, as shown
using fluorescence imaging of in vitro cell monolayers.>**® This
disruption induces an impairment of the TJ fence function evident
from a loss of distinct apical or basolateral membrane staining of
lipid reporter systems or membrane proteins (Fig. 2C, VP8).
Despite the potent ability of microbial toxins to modulate TJ
biology, their clinical use as PEs has remained sparse, mainly
due to concerns about toxicity.>’ The most clinically advanced
paracellular PEs are EDTA (ethylenediaminetetraacetic acid) and
EGTA (ethylene glycol-bis(-aminoethyl ether)-N,N,N’,N'-tetraacetic
acid), which belong to the second sub-group affecting endogenous
signaling pathways linked to TJ function.”® Both EDTA and EGTA
work by chelating extracellular Ca®* ions, causing an efflux of
intracellular Ca®" leading to a disruption of TJ integrity. Fluores-
cence imaging in cell monolayers has shown a similar loss in TJ
fence function induced by EGTA as compared to molecular toxins
(Fig. 2C, EGTA).*® A more directed approach homes in on a specific
endogenous pathway, which is believed to reduce toxic off-target
effects. One example is the phosphorylation state of the myosin
light chain (MLC) complex, which dynamically controls whether
the TJ complex is in an “open” or “closed” conformation.?’

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The PIP decapeptide (Permeable Inhibitor of MLC Phosphatase)
was developed to specifically prevent dephosphorylation of
MLC, keeping the TJ complex in an open confirmation.*® This
detailed method of action was verified by imaging the intracel-
lular localization of fluorescent PIP peptide in cell monolayers
in vitro.”® The active PIP analog displayed strong spatial coloca-
lization with the TJ complex protein occludin, demonstrating
its specific targeting to the site of MLC phosphatase action
(Fig. 2D). Single amino acid replacements in control peptides
was enough to completely abolish the occludin colocalization
observed for native PIP.

Surfactants make up the most abundant group of PEs that
potentially affect intestinal transport through the transcellular
route.? This group contains fatty acids with intermediate chain
lengths (Cg, Cy0, and C;,) and acetylated amino acids (SNAC),
which are the PEs most abundantly tested in humans.® Originally,
these surfactants were believed to facilitate increased transcellular
permeability through membrane-insertion-dependent reduction in
plasma membrane packing density or through increased peptide
hydrophobicity via complexation. More detailed method-of-action
studies, in which fluorescence imaging has played a central
part, have recently questioned the link between surfactants and
the transcellular pathway. One example is the Cg-containing
TPE technology (see Section 2.4) that facilitates uptake via the
paracellular pathway, as shown by fluorescence imaging of rat
intestines (Fig. 2B).>* Also, a thorough description of the mode
of action of C;, was recently performed to resolve previous
ambiguity of Cy, function.’® The study included in vitro cell
monolayer imaging of various TJ proteins, showing a clear
C,o concentration-dependent loss in claudin-5 and occludin
localization. Additionally, the authors performed a fluorescence
imaging-based high-content analysis, where simultaneous multi-
plexed detection of fluorescent reporters for nuclear intensity,
mitochondrial membrane potential, plasma membrane perme-
ability, and intracellular calcium was achieved at the single-cell
level. All evidence suggested that C;o, increased paracellular
permeability via a membrane-perturbation induced alteration in
intracellular calcium levels, which leads to TJ opening through a
MLC regulated mechanism.?>*° Additionally, C;, has been
shown to have a direct effect on membrane fluidity above its
critical micelle concentration,”" illustrating how PEs, like Cy,,
can affect numerous different pathways simultaneously.>" The
perceived mechanism of the main member of the acetylated
amino acid class, SNAC, has also recently been updated. As
described in Section 2.3 for the oral semaglutide formulation
Rybelsus, SNAC was shown to display formerly unknown
buffering and solubilizing effects.>® Additionally, SNAC was
also shown to facilitate transcellular transport of semaglutide
as evident from ex vivo fluorescence imaging of canine gastric
tissue (Fig. 2A). All the examples provided in this section
illustrate how the field is only starting to reach consensus on
the PE function, even for PEs extensively used in the clinic.
Furthermore, it should be clear that fluorescence imaging
is becoming a cornerstone for providing detailed insight,
helping to usher in this increased focus on elucidating PE
mode of action.
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4. Fluorescence imaging modalities
and single-particle data analysis

4.1 Fluorescence imaging modalities appropriate for studying
peptide transport

Fluorescence imaging is widely used in the search for mechanistic
insight into peptide transport across membrane- and cellular
barriers. It is essential, however, to choose the right imaging
modality among the following (ever growing) list of options'”"*>
(Fig. 3):

(i) Wide-field microscopy (WFM) is the standard modality."”
It is affordable and consequently broadly available. In wide-field
microscopy, the entire sample is exposed to the illumination
(bright-field or epi-fluorescence) and imaged with a camera.
This mode does not provide resolution along the optical axis. Its
achievable contrast is limited by a fluorescent background in
samples that extend along the optical axis or when fluorescently
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tagged molecules of interest, say peptides, are present also in
the solution surrounding the sample.

(ii) Total internal reflection fluorescence microscopy (TIRFM)
uses an evanescent wave to confine the excitation light to within
~100 nm of the surface of a coverslip.”® This enables single-
molecule studies even in extended samples because most of the
sample is not illuminated. For the same reason, TIRFM is limited
to processes occurring in proximity of the coverslip surface, such
as molecular motion in the plasma membrane and early steps of
molecular uptake mechanisms.

(iii) Confocal laser scanning microscopy (CLSM) differs
fundamentally from the above by scanning the sample with a
focused spot of excitation light.** Emitted light is simultaneously
collected with a photo detector, but only from the focused
illuminated spot on the sample in the focal plane of the objective.
All other light is blocked with a screen containing a ‘pinhole’ in
the optically conjugate plane. Thus, spatial resolution here
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Fig. 3 Fluorescence imaging modalities applicable to study peptide transport across membranes and cellular barriers. (A) A schematic of the illumination
strategies and the optical sectioning capabilities of different microscopy modalities. The illumination light (green) excites fluorophores in the sample and,
effectively, light is collected from a modality-dependent subset of the fluorophores near the focal plane (green dots). (B) A schematic comparing different
imaging modalities in terms of their performance with respect to useful imaging depth and maximum temporal resolution when used to image extended
samples that are sparsely labeled. In low-light situations, modalities that rely on scanning (CLSM, 2PM) or do not yield efficient background rejection
(WFM) are slower than camera-based methods (LLSM, SDCM, TIRFM) that collect light from all pixels in an image plane in parallel. WFM's poor rejection of
fluorescence away from the focal plane strongly limits its useful penetration depth due to loss of contrast. (C) A schematic illustrating how the three
major classes of super-resolution fluorescence imaging methods overcome the diffraction limit of conventional fluorescence imaging. (D) A schematic
comparing the three super-resolution imaging modalities in terms of their typical performance in terms of temporal and lateral spatial resolution.
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originates from the lateral scanning mode of the excitation
combined with axial light selection by the pinhole. This also
permits optical sectioning, thus providing three-dimensional (3D)
spatial resolution in extended samples (~ 100 pm). Fast scanning
modes are possible, but the modality suffers from high photo-
bleaching rates, since the excitation light is not limited along the
optical axis to the part of the sample from which light is collected.

(iv) Spinning disk confocal microscopy (SDCM) essentially
parallelizes the confocal illumination and acquisition through
multiple pinholes in a rotating disk, relying on a camera to
collect the emitted light."”” Compared to CLSM this modality
has lower photobleaching rates and faster acquisition rates but
lower effective penetration depth (~10 pm), limited by light-
collection crosstalk between neighboring pinholes at deeper
penetrations.*®

(v) Two-photon microscopy (2PM) is the preferred modality
for deep imaging (~1 mm) into tissue, model organisms, and
on-chip model systems."**® Here, the fluorescent label is
simultaneously excited by two near-infrared photons. The longer
excitation wavelength reduces scattering in the sample, while
the non-linear multi-photon excitation process strongly confines
the excited volume even in scattering samples. This makes
pinholes redundant and suppresses the background. The light
emitted is collected by a photodetector, which makes collection
insensitive to moderate scattering of emission. The major drawback
of the modality is its relatively low acquisition speed in practice.

(vi) Lattice light-sheet microscopy (LLSM) now offers pro-
longed intra-cellular imaging of single molecules. All light-
sheet based microscopies uses a second objective to illuminate
selectively a plane of interest in the sample.””*° In conjunction
with a camera, these modalities allow imaging of an entire
plane during each exposure. Recently, the lattice light-sheet
microscope was developed to illuminate the sample with an

View Article Online

Review

ultra-thin light sheet. This effectively achieves extremely
efficient background rejection in selected planes of living cells
and optically transparent organisms.’*>> This modality was
recently combined with adaptive optics that permit correction
for optical distortions created by the sample itself, which allows
for deeper imaging (~100-200 um) into tissues by tiling
independently-acquired fields of view.

The choice of experiment, imaging modality,"” and image
analysis depends, obviously, on the scientific question at hand.
This choice subsequently defines the resolution with which one
can provide answers. Light scattering and background in thick
samples, for example, are factors that determine the level of
detail that can be imaged. Also, the working distance of the
objective is an important parameter when imaging peptide
transport across various models of the intestine. The physical
dimensions of the model of interest (Fig. 4) determine the range
of applicable objectives. The need for long working distance
objectives to image traditional intestinal barrier models (see
Sections 8 and 9) often prevents high-resolution imaging.>®
Oil-immersion objectives provide the highest numerical apertures
(NAs), and hence the highest resolution, but typically have a
working distance below 130 um.>*** This leaves an effective depth
of imaging around 100 um in typical imaging conditions. Water-
immersion objectives provide NAs up to 1.3 but offer a much larger
range of working distances, up to 500 pm. If a cover glass can be
omitted, water dipping objectives can provide very long working
distances for high NAs (for example 60x/1.0 NA with 2.0 mm
working distance). In all cases, the working distance increases if
one can compromise on NA, magnification, and need for optical
corrections. The choice of objective in turn determines the
microscope modality and the magnification that can be used.
Importantly, the temporal resolution in all modalities is either
limited by the scanning speed of the microscope or the
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acquisition rate of the camera. When light is abundant, e.g.
when imaging biological structures associated with bright or
multiple fluorescent labels, the limited speed of the hardware
limits time resolution. When light is scarce, e.g. when imaging
single (peptide) molecules or structures labeled with a single or
a few fluorophores, the rate at which photons are detected
instead limits time resolution. In the latter case, recording with
a camera (imaging sensor) in general yields better temporal
resolution, provided that background fluorescence can be
efficiently rejected (TIRFM, SDCM, LLSM), than scanning with
a point detector (CLSM, 2PM), since all pixels in the image are
acquired simultaneously and photons are usually collected with
a higher quantum efficiency (Fig. 3B).

Phototoxicity is an important potential artifact, when using
imaging modalities to study peptide transport in a live cell
setup.®® The excitation light used to illuminate the cells will
react with naturally occurring compounds like flavin and
porphyrin inside the cells.’” These can then be degraded in a
process creating reactive oxygen species that are detrimental to
cell health and thus effect the experimental outcome. Reactive
oxygen species can also be created when fluorophores undergo
photobleaching. Some steps in the experimental setup can be
taken to reduce phototoxicity: the detection scheme can be
optimized to lower the effective illumination dose of the
sample.”® Additionally, modification of the buffer solution by
adding antioxidants to scavenge reactive oxygen species or
removing certain vitamins to reduce photobleaching have been
demonstrated to reduce overall phototoxicity. Such specialized
buffers for live cell imaging are commercially available.””
However the most efficient way of reducing phototoxicity is to
selectively only illuminate the currently imaged volume and not
the entire depth of the sample. Selective illumination is a
cornerstone in the emerging imaging methods TIRFM, 2PM
and LLSM (Fig. 3A). Especially LLSM offers the possibility of
only illuminating the focal plane, which is then scanned rapidly
through the cell sample, allowing for time-dependent 3D
imaging, often termed four-dimensional (4D) microscopy, with
greatly reduced phototoxicity.>

4.2 How single-particle/molecule data analysis may be used to
gain mechanistic insight on peptide transport

One path to mechanistic insight using fluorescence microscopy
focuses on the detection and tracking of single molecules
and/or particles. Tracking may enable quantification of hetero-
geneities in uptake pathways for individual particles. Hetero-
geneities may, in turn, identify the roadblocks in cases where
transport of peptide drugs across a barrier is not complete, for
example due to (partial) sequestering in endocytic pathways.
The use of single-particle tracking in biophysical and pharma-
ceutical research has been reviewed on several occasions.>* **
In the context of peptide translocation, single-particle tracking
has predominantly been applied to study cell-penetrating
peptides, both in artificial model membranes® (see also
Section 6.1) and in live cells®®°® (see also Section 7). In this
way, the transport mechanisms of either the peptide itself or of
its model delivery system have been elucidated.
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Observation and analysis of the internalization, transport,
and fate of individual peptides are desired to study uptake
heterogeneities at the molecular level. Dynamic imaging of
individual peptides is limited by only a single fluorescent
molecule being present on each peptide (see Section 5). Despite
continued progress in fluorophore development,® it remains a
challenge to record a sufficient number of photons from the
peptide with sufficient temporal resolution to follow its where-
abouts. Single peptides diffuse fast, which results in motion
blur during exposures long enough to record a supposedly
sufficient number of photons. If stacks along the optical axis
are required for full 4D resolution, the challenge is even bigger.
On the other hand, a crowded cellular environment or inter-
action with the cell membrane or various organelles slows
diffusion. Thus, single-peptide studies in such environments
have their temporal extent limited by the fluorophore stability
rather than by the acquisition speed of the microscope.

In case of sufficiently low (labeled) peptide density, LLSM
allows 4D tracking of individual molecules/peptides in live-cells
for extended durations. This modality should be particularly
suited to study individual peptides in direct translocation
across the membrane,”®”? a process that is difficult to capture
due to the limited number of photons available. On the other
hand, endocytic uptake of multiple individual peptides or
aggregates results in a high peptide density in the endosomes.
This makes more photons available, as long as the fluorescent
peptide remains in the compartment,”* which enables single-
particle (endosome) resolution in 4D using SDCM.

Successful analysis of single-particle/molecule tracking data
relies on three main steps:

(i) Detection of spots and their linking into trajectories. This
may be considered a precursor step to a single-particle/molecule
analysis.®®”*”77

(ii) Sub-pixel resolution location of the fluorophore(s) that
caused the detected spot trajectories. Typically, this localization is
done by fitting a 2D or 3D model for a spot’s intensity distribution
to the measured spots. The precision of the fluorophore’s location
that results from this localization analysis depends critically on the
number of photons in the measured spot.”®”® A plethora of
packages for automated 2D and 3D localization analysis exist,
and a large fraction of them have had their performances com-
pared across a number of data sets.>*'

(iii) Characterization of the underlying motion at the single-
object level based on the high-precision trajectories obtained.”>***
Most approaches rely on the mean-squared displacement of particle
trajectories, but simpler, more rigorous alternatives exist for
particles that exhibit normal diffusion.®*%*

In all steps, the automated analyses have obvious advantages
in terms of ease-of-use. Unfortunately, one-size-fits-all tools may
result in suboptimal localization analyses.®® Care should be
taken throughout, since choices made by the user in every step
may affect conclusions.

Single-particle/molecule tracking is often conducted as
co-localization studies, which allows real-time tracking of
multiple objects. This may be quantified as correlations, ie.
synchronized motion, between spectrally separated images of a

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology
drug/peptide and any labeled cellular entity of interest.*®®”
More detailed information is attainable by accurately correlating
color channels over time in an experiment to provide relative
positions of drug/peptide and carrier compartment, not just
information on their colocalization.®® Relative positions can
potentially discriminate between the peptide being transported
on the inside or the outside of a membrane of a compartment to
further elucidate transport mechanisms after successful uptake.
Highly supervised data analysis is under pressure from the
increased use of high-resolution fluorescence imaging. The
large amounts of data produced cause a demand for automated
analyses. Thus, machine learning strategies®® towards analysis
currently proliferate in many branches of science. In single-
molecule based localization microscopy, such algorithms may
well be used to automate and speed up analyses’® when one
knows what the machine should learn to look for, e.g. specific
biological structures and/or dynamics.?>®" However, in the
exploratory phases of data analysis and improvements of
experimental designs, their use seems limited.

4.3 Super-resolution fluorescence microscopy

The microscopy modalities described above are all limited by
diffraction to a spatial resolution of a few hundred nanometers.
Consequently, labelled structures and/or molecules that are
separated by less than this distance cannot be discriminated in
images, which occludes the nanoscale organization of biological
structures. In the past two decades, however, this fundamental
resolution limit has been surpassed by various super-resolution
methods for optical microscopy. These methods have had a
major impact on the visualization and quantification of bio-
logical structures and processes at the nanoscale, and, as a
result, they have been reviewed on many occasions.”*°¢ We
refer the reader to these excellent reviews for a detailed account
of the methods and their usages in various contexts. Here, we
provide a brief overview of the classes of methods and highlight
their strengths and limitations in the context of cellular trans-
port. In this light, it is important to realize that these methods
originally were conceived as tools to circumvent the diffraction
limit in the imaging of structures, but more recent develop-
ments of the methods, however, also permit their use to probe
dynamics. The different requirements of those two applications
are important to be aware of when choosing a super-resolution
fluorescence modality for an application. With that in mind,
super-resolution microscopy has been applied to study many
structures and processes that are relevant in the context of
cellular transport. Examples are: the nanoscale architecture
and dynamics of cellular organelles, such as endosomes, the
heterogeneity and mobility of cell-membrane associated pro-
teins, intra-cellular motion of proteins, and dynamics of inter-
nalization and cellular trafficking of nanoparticles.”>

In general, super-resolution fluorescence methods can be
divided into two main classes. The first class uses engineered
illumination of the sample to circumvent the diffraction limit.
The second class consists of various single-molecule localization-
based methods, in which fluorophores are separated in space
and/or time and then localized with nanometer resolution, using
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View Article Online

Review

tools identical to those described above for single-molecule
tracking (see Section 4.2).

(i) Structured illumination microscopy (SIM)**'% falls in the
first class of methods. It exposes the sample to multiple high-
spatial-frequency illumination structures, typically parallel lines
that are phase-shifted and rotated relative to each other
(Fig. 3C). This encodes sub-diffraction-limited features from
the sample in the resulting images. A super-resolved image of
the sample may then be obtained by deconvolution of the images.
In its simplest implementation,”®'%° SIM essentially combines two
diffraction-limited sources of information. Consequently, it results
only in a doubling of resolution relative to conventional
diffraction-limited imaging (Fig. 3D). SIM allows straightforward
multiplexing with different colors of fluorophores, is compatible
with live-cell imaging, since it does not require high illumination
intensities, and does not require complicated sample preparation.
The temporal resolution is in the millisecond-to-second range,
limited by the number of structured illumination patterns neces-
sary for reconstruction/deconvolution (Fig. 3D).

(ii) In stimulated emission depletion (STED) microscopy,
a super-resolution image is obtained by scanning the sample with
an effectively sub-diffraction limited excitation spot. To this end,
the conventional confocal excitation spot is scanned synchronously
with a second, doughnut-shaped depletion spot (Fig. 3C). The
latter beam depletes excited fluorophores before they decay to the
ground state by emission of fluorescence. Sub-diffraction-limited
resolution is achieved through the non-linear dependence of STED
on intensity of the depletion light: Intensities above a certain
threshold deplete all fluorophores. Thus, only fluorophores
positioned in the middle of the “hole” in the doughnut will
avoid depletion and hence emit fluorescence. Consequently, the
spatial resolution of STED is determined by the sharpness of the
doughnut around its minimum. Typically, a lateral resolution of
~50 nm is achieved (Fig. 3D). Fluorophores should be chosen
so they are compatible with both lasers of the STED setup. The
large intensity required for the depletion laser may result in
phototoxicity to the sample, which may hinder prolonged
biological imaging with this modality. The temporal resolution
is in the millisecond to second range and is limited by the need
to scan the entire field of view (Fig. 3D).

(iii) Single-molecule localization microscopy (SMLM) is a
class of methods that achieve sub-diffraction-limited resolution
by precise localization of single fluorescent probes in a sample.
To do this, the sample is imaged repeatedly, with only a sparse
subset of fluorophores activated in each frame (Fig. 3C).
Popular methods include (direct) stochastic optical reconstruc-
tion microscopy (STORM,'%*'%* dSTORM'?%), photo-activated
localization microscopy (PALM'°®), and point accumulation for
imaging in nanoscale tomography (PAINT'®”), which primarily
differ in the means by which they create the sparse subset of
active fluorophores. In a given image, each active fluorophore is
localized with a precision that is limited, in principle, only by the
number of photons observed from it (see above). In practice,
however, other factors, e.g. labelling density and sample stability,
also influence the resolution. A final resolution of ~20 nm is not
uncommon for biological samples (Fig. 3D). The temporal
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resolution is limited by the number of images required for
sufficient coverage of the targeted structure, which typically takes
seconds to minutes to acquire (Fig. 3D). Fluorophores must be
chosen to be photo-switchable or have appropriate blinking
dynamics in order to be compatible with the super-resolution
method or, in the case of PAINT, be conjugated to molecules with
appropriate binding kinetics relative to the structure of interest.
All methods are compatible with various field-wide illumination
schemes, such as WFM, TIRFM, and (L)LSM (see Section 4.1).

For studies of single-particle and single-molecule dynamics
in live cells, both STED and the various SMLM methods may be
combined with single-particle tracking (see Section 4.2) and
dual-color labeling strategies for co-localization.””**'°® Due
to its scanning nature, STED may achieve sufficiently high
temporal resolution by compromising on the size of the field
of view. On the other hand, SMLM methods, such as sptPALM
(single-particle tracking PALM), simultaneously solve the two
problems of sufficiently sparse labeling and replenishing of labels
for imaging, since they only view a subset of the fluorescent
molecules at the same time. This increases throughput by orders
of magnitudes without any additional sample preparation steps.
In this mode, SMLM is not limited by the number of images
required for imaging of a structure, since only individual mole-
cules are tracked through consecutive frames, until this tracking
is repeated for another subset of molecules.

Recent methodological developments in microscopy have
yielded a series of methods that essentially are hybrids of the
different modalities described above. Notably, MINFLUX"%%**°
uses multiple exposures of a doughnut-shaped illumination
beam and the relative number of photons observed from a
fluorophore to localize and track it. For given resolution, this
requires an order of magnitude fewer photons than conventional
single-molecule tracking, which enables MINFLUX to track indi-
vidual molecules with unprecedented temporal resolution. Its
scanning configuration, however, limits throughput. In its wake,
a series of methods have emerged, which do not suffer from
limited throughput. They use wide-field illumination structures
(similar to those used in SIM) and thereby double the resolution
of localization of individual molecules in 2D compared to what is
achieved with uniform illumination.""*™"** Very recently, similar
methods have been developed for improved axial localization
using illumination structured along that dimension.'**''®
These wide-field methods are yet to be applied to imaging
dynamics, however.

5. Fluorescent labeling and biophysical
characterization of peptides

5.1 Potential artifacts introduced to peptide properties and
behavior by fluorescent labeling

Fluorescence-based imaging studies of peptide transport across
membranes and cellular barriers require the creation of a
peptide-fluorophore construct."**"**° Creating such constructs
potentially changes the physiochemical properties of the peptide,
which might affect the transport behavior as compared to the
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unlabeled peptide. Both the choice of fluorophore and con-
jugation strategy has been shown to influence the properties of
the labeled peptide (Fig. 5)."*'*>* Fluorophore size and hydro-
phobicity/hydrophilicity may influence the solubility, aggregation
properties and partitioning coefficient of the labeled peptide
(Fig. 5A)."*' The conjugation strategy such as the labeling
position and conjugation chemistry may further impact amphi-
pathicity and secondary structure of the labeled peptide
(Fig. 5B)."** A direct experimental artifact reported for some
fluorescently labeled peptides is fluorophore mediated non-
specific binding of peptides to glass surfaces or other substrates
during microscopy, which can hamper single-molecule tracking
and cause inaccuracies when using such setups to track peptide-
membrane interactions."* It has been shown that the extent of
fluorophore hydrophobicity (Fig. 5A) highly influences the
extent of unspecific binding and caution should be exercised
when choosing the respective fluorophore.'**"*** When employing
fluorescently labeled peptides for studying transport across cellular
barriers it is important to acknowledge that the fluorophore label
has been shown to affect both the initial membrane interaction as
well as the intracellular trafficking of peptides.'*"'**'**
comprehensive screen of a wide range of commonly used fluoro-
phores it was concluded that the fluorophore:membrane inter-
action propensity varied greatly. Thus, researchers should always
strive to select fluorophores known to not drive the membrane
interaction on its own. Once the peptide is taken up by the cell, the
fluorophore can also influence the intracellular distribution of
the conjugated peptides.'*' Depending on the size and shape of
the fluorophore, different localization patterns were observed
for the same peptide, demonstrating how fluorophore labeling
can bias the interpretation of intracellular transport data.

In addition to phototoxicity during imaging, it has also been
shown that the mere presence of the fluorophore conjugate can
lead to an increased cellular toxicity.">" A possible mechanism is
a loss of membrane integrity due to the fluorophore mediated
enhancement of peptide-membrane interactions supported by
the physiochemical properties of the fluorophores having a
direct influence on the extent of the cytotoxicity. Screening a
selection of fluorophores determined that neutral hydrophobic
fluorophores or negatively charged fluorophores conferred less
cytotoxicity as compared positively charged, hydrophobic
fluorophores.'**

Based on a

5.2 Strategies for fluorescent labeling of peptides

As outlined in the previous section, it is essential to understand the
impact of the fluorophore on both the transport across mem-
branes as well as the intracellular trafficking. This impact should,
if at all possible, be evaluated in the context of the native peptide
by performing a structure/activity analysis and mechanistic trans-
port study. However for studies where fluorescence imaging is the
sole experimental platform, any potentially detrimental effect
of fluorophore conjugation can be delineated by comparing
results from identical peptides labelled with chemically distinct
fluorophores. Other factors for the choice of fluorophore
depend on the experimental design, including the density of
fluorescently-labeled peptides under study (see Section 4.1),
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Fig. 5 Strategies for fluorescent labeling of peptides. (A) The chemical core structures of the most common and commercially available fluorophores.
The properties of the fluorophore derivatives can be chemically tailored, by changing the substitution pattern of the respective core structures or by the
addition of chemical moieties. This results in a great variety of different fluorophores available for many different applications. (B) The chemistry behind
the commonly employed fluorophore conjugation techniques using either amine-, thiol- and click-reactive probes. Amine-reactive probes target amine
groups like lysine residues or the N-terminus. A wide variety of different amine-reactive probes is available. This makes it an advantageous method, when
labeling peptides during SPPS. Thiol-selective probes are advantageous, when labelling peptides in solution. Due to the low abundance of cysteine
residues this conjugation techniques results in a high regioselectivity. Click-reactive probes offer the advantage of bioorthogonality, however, an
unnatural amino acid with an alkyne or azide moiety needs to be incorporated into the peptide sequence. (C) Schematic overview of the MALDI-MSI
method for the evaluation of peptide degradation or modification in vivo. A frozen intestinal section is first cryosliced and placed on a glass slide before a
matrix is applied and the MALDI-MS is performed. For each pixel a mass spectrum is obtained allowing the creation of raster graphics which can be
compared to histological sections. Reproduced from ref. 181 with permission from American Chemical Society, copyright 2021.

and should be made based on its spectroscopic properties, coefficient, quantum yield, Stokes shift, and its propensity for
including absorption and emission spectra, the molar extinction quenching and bleaching."*”
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Traditionally, peptides are either produced by recombinant
expression or synthesized using solid-phase peptide synthesis
(SPPS).12%12% The synthetic approach allows for full design-
flexibility over the peptide sequence, enabling the introduction
of chemically reactive handles available for bio-conjugation,
such as the labeling with fluorophores. The conjugation of
fluorophores to peptides™®***" can be achieved by modifying
the isolated peptide in solution, by adding the fluorescent label
to side chain-protected polymer-bound peptides during
SPPS'**'3? or by incorporating pre-labeled amino acids into the
sequence.”*'* When introduced in solution, the applied
conjugation chemistry should be efficient, regio- and chemo-
selective, to ensure the formation of the desired product in high
yield. When introduced during SPPS, the fluorophore should
furthermore be compatible with deprotection- and cleavage
conditions, as well as heating, if applied. In Fig. 5A the
chemical core structures of the most commonly used fluoro-
phores are depicted. By adding or changing the substitution
pattern of functional groups, the properties of the respective
fluorophores can be tailored. The most common commercially
available fluorophores are derivatives of the shown core structures.
For example, the widely used fluorophores fluorescein isothio-
cyanate (FITC) and carboxyfluorescein (CF) are built around the
fluorescein core structure (i in Fig. 5A). The frequently used
fluorophores Alexa Fluor 488, Atto 488 and 5-carboxytetra-
methylrhodamine (TAMRA) are all built around the rhodamine
core structure (ii in Fig. 5A.). Bodipy and a number of derivates
is designed around the main Bodipy structure (iii in Fig. 5A).
Alexa Fluor 405 is built around the pyrene core structure
(iv in Fig. 5A) and Alexa Fluor 350 or 430 are based on the
coumarine core structure (v in Fig. 5A). The indocyanine
core structure can be found in e.g. Cy5 or Alexa Fluor 647
(vi in Fig. 5A), Atto 610 builds around carbopyronin (vii in Fig. 5A)
and Atto 655 represents a derivate of oxazines (viii in Fig. 5A). Many
fluorophores, for example TAMRA and CF, contain reactive func-
tional groups such as hydroxyl or amine groups. Consequently, the
fluorophore preferably should be introduced in the final step, in
order to avoid side-reactions during SPPS."**"'*° In cases where the
fluorophore is in short supply due to cost or challenges in
synthesis, the solution phase conjugation is a stoichiometric,
cost-effective alternative to the SPPS approach, in which a larger
excess of reagents is traditionally used."’

The most commonly used fluorophore conjugation chemistries
utilize amine- and thiol-reactive probes and the alkyne/azide
functionalized probes (Fig. 5B). The amine-reactive fluorophores
are mainly acylating reagents such as activated esters'*® or
isothiocyanates'®® (Fig. 5B, left). When they react with a peptidic
amine, such as the N-terminus or a sidechain amino group, an
amide bond or a thiourea will form. Although thioureas are less
stable than amide bonds, isothiocyanates such as FITC and
tetramethylrhodamine isothiocyanate (TRITC) are relatively cheap
and thus are still widely used."**'?”'*° The thiol-reactive fluoro-
phores are mainly alkylating reagents, such as iodoacetamides'**
or maleimides'** (Fig. 5B, middle). The thiol-reactive fluorophores
react with free cysteine residues forming a thioether bond, and
the relatively low abundance of cysteine in in peptides makes
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regioselective fluorescent labeling possible. The majority of fluor-
escent dyes are commercially available as amine- and thiol-reactive
probes. In an alternative bio-conjugation approach, alkyne- or azide-
functionalized probes and peptides are used (Fig. 5B, right)."**'** In
the presence of a copper(i) catalyst, alkynes react with azides
forming a very stable 1,4-substituted 1,2,3-triazole, often referred
to as a “click” reaction."*>**° It is biorthogonal, meaning that the
reactants’ chemical handles possess a unique reactivity that is
orthogonal to naturally occurring functional groups.'**'*” The
azide/alkyne moiety can be introduced into peptides by
incorporating unnatural amino acids, either into the peptide
sequence during synthesis'*® or by post-synthesis bio-
conjugation of an azido/alkyne moiety."*°

The broad range of commercially available fluorophores and
their straightforward bio-conjugation and synthesis provide a
high degree of flexibility in the peptide-fluorophore design.
However, it is imperative to ensure that both the spectroscopic
performance of the attached fluorescent dye and the basic
functional properties of the peptide are minimally disturbed
by the labeling process. Alternatively, any change should be
characterized and understood. The next section details how to
evaluate the effect fluorescent labeling infer on peptide properties
and behavior and we outline the additional possibilities for peptide
characterization offered by the fluorescent label, as well as the
potential pitfalls associated with their use.

5.3 Basic characterization of fluorescently labeled peptides

While fluorescent labeling of peptides may give insight to the
mechanistic pathway as they translocate across barriers (Fig. 1,
right), the fluorescent labeling may directly affect a peptide’s

solubility,"*® conformational dynamics,"*" oligomerization and
fibrillation behavior,">** membrane interactions,"** and receptor
binding."”®> Before studying fluorescently labeled peptides in

complex biological environments, it is thus important to evaluate
the physicochemical properties of the peptides and how they
compare to the unlabeled peptide.

In principle, fluorescently labeled peptides may be evaluated
using common peptide characterization techniques,'”® including
dynamic light scattering, size-exclusion chromatography with
multi-angle light scattering, ultracentrifugation, circular dichro-
ism, nuclear magnetic resonance, and fluorescence from extrinsic
dyes (e.g. thioflavin T). However, for several of these techniques,
there is a risk that the fluorophore attached to the peptide might
disturb the measurement. For example, in assays with extrinsic
fluorescent dyes, the peptide-attached fluorophore may obscure
the signal of interest.'*? Likewise, the presence of a fluorophore
may reduce the sensitivity and accuracy of light scattering-based
techniques.'® This calls for careful choice of the techniques used
for characterization of fluorescently labeled peptides and execution
in a manner compatible with the fluorophore.

Fluorescent labeling of peptides, however, also opens new
opportunities for studying peptide properties, for instance
investigation of the peptides with fluorescence fluctuation-
based techniques."*®'*® An important example of this class of
techniques is fluorescence correlation spectroscopy (FCS)."*° In
FCS, the emission intensity of fluorescent molecules diffusing
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in and out of a small confocal detection volume is recorded,
and the temporal fluctuations of the intensity are analyzed to
obtain information about the concentration and diffusion
properties of the molecules. FCS may thus report on the oligomer-
ization and aggregation of fluorescently labeled peptides, since
multimeric peptide species have a smaller diffusion coefficient than
monomeric peptides."®" Similarly, FCS may reveal conformation
changes of fluorescently labeled peptides in cases where these
changes are associated with an altered diffusivity of the
peptides.'®*

Fluorescent labeling may also provide the opportunity of
studying peptides using Forster/fluorescence resonance energy
transfer (FRET).'®® This non-radiant energy transfer process
may take place between two fluorophores when the emission
spectrum of the one fluorophore (the donor) overlaps with the
excitation spectrum of the other fluorophore (the acceptor). The
efficiency of the process depends on the spatial proximity and
relative orientation of the donor and acceptor, and therefore,
FRET may provide information about the relative nanometer scale
distance of the two fluorophores. In samples with mixtures of
peptides labeled with either a donor or an acceptor, it is possible to
use this information to study peptide oligomerization and deter-
mine the stoichiometry of peptide complexes.'**'** Additionally, if
a given peptide is labeled with both a donor and an acceptor, it is
possible to use the information to investigate the conformational
state and dynamics of the peptide."*®

Any research using fluorescently labeled peptides assumes
that the fluorescence signal corresponds in space and time to
the peptide of interest. Obviously, this is true only if the
peptide—fluorophore construct is not degraded. Ensuring the
absence of degradation is especially important in the design
and study of peptide transport across the intestinal barrier, as
the intestine is a particularly harsh environment.”*"®” The
biochemical barrier is constituted by a range of peptide degrading
enzymes including pancreatic proteases in the intestinal fluids,
brush-border membrane peptidases at the cellular interface, and
intracellular enzymes within the enterocytes.'®®™”° Peptide
degradation will in most cases not affect the fluorescent label.
Consequently, the peptide’s stability has to be assessed indepen-
dently of the attached fluorophore. To this end, three alternative
avenues are pursued: either (i) the peptide is incubated in vitro,
simulating the intestinal environment; or (ii) the peptide is
administrated in vivo and subsequently studied ex vivo, e.g., by
extracting blood samples; or (iii) the peptides are studied directly
in the native intestinal environment. In option (i), researchers
attempt to recreate the intestinal environment in vitro by incubat-
ing peptides in chemically simulated intestinal fluids (SIFs) that
contain the naturally occurring pancreatic enzyme mixtures, bile
acids, and phospholipids as well as having the relevant pH."”"'">
Another possibility is to incubate peptides in human aspirates
from the upper gastro-intestinal tract, which mimics the in vivo
environment closer but requires advanced sampling from human
subjects.””>™7> Option (ii) exposes the peptide to the native
intestinal environment prior to ex vivo analysis,"””*'”” traditionally
using the same analytical chemistry techniques as employed for
studying peptides in option (i). These techniques most often
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include high-performance liquid chromatography- and/or mass-
spectrometry-based analysis methods, which offer insight on
peptide stability, potential chemical modifications as well as
degradation kinetics.!”®78°

Options (i) and (ii) can indicate if the peptide of interest is
still intact when exposing it to the environment of the intestine.
However, they neglect the possibility of observing location depen-
dent degradation or modification patterns (e.g. during transcytosis).
For option (iii), techniques like matrix-assisted laser desorption/
ionization mass-spectrometric imaging (MALDI-MSI), allows for
visualization of the stability and distribution of peptides directly
in the tissue, e.g., across the small intestine.'®" This technique has
been employed to elucidate how di-peptides were partially degraded
by brush-border enzymes, providing an explanation for low in vivo
absorptions (Fig. 5C)."**"®* The combination of MALDI-MSI and
fluorescence imaging provides a powerful combination to verify the
integrity of the peptide of interest but also opens up possibilities to
learn about spatial degradation and modification mechanisms
during peptide transport across the intestinal barrier.

Of relevance, the fluorescence-based techniques mentioned
in Section 4 generally have in common that they allow for
evaluation of the peptides not only in simple aqueous solutions
but also in complex biological environments. Accordingly, they
may be applicable for studying the behavior of peptides in the
various experimental setups described in the following sections.

6. Membrane model systems

The cellular interaction of peptides starts at the level of the
plasma membrane. The first step of deciphering the intestinal
transport mechanisms of peptides is thus to understand their
membrane interactions. Imaging-compatible membrane model
systems represent a useful tool for shedding light on these
interactions.

6.1 Image-based peptide-membrane interaction and
translocation studies using artificial membrane models

The simplest approach to studying peptide-membrane interactions
is to use artificial membrane models. To obtain free-standing
artificial membranes compatible with imaging, giant unilamellar
vesicles (GUVs) are often used (Fig. 4, GUV)."® "% These vesicles are
usually either formed by electroformation or by spontaneous
swelling to be >5 pm in diameter, approximately the size of
mammalian cells."*® To ensure their biological relevance, the
vesicles are typically prepared to consist of unsaturated
phosphatidylcholines,'®” % which is the most abundant type
of phospholipid in mammalian plasma membranes.'*' Some-
times, they are also prepared with other lipid constituents to
confer additional specific properties on the vesicles, for example,
cholesterol to increase membrane rigidity'®” or phosphatidyl-
glycerol to decrease membrane surface charge. 8188192

GUVs are commonly used to study membrane binding and
translocation of fluorescently labeled peptides. The translocation
studies are frequently done with GUVs with enclosed inner
vesicles, exploiting that peptides can only bind to an inner vesicle
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Fig. 6 Using membrane model systems to study peptide translocation. (A) Left, schematic illustration showing the concept of the peptide:membrane
interaction and translocation experiment using the simplest membrane model system, GUVs. Influx of CF (green) in the inner GUVs constitutes a sensitive
method for proving the ability of peptides to translocate across membranes. Right, studying the membrane translocation of fluorescent Transportan
10 analogs (Rhodamine-TP10W, red) using a microscopy-based multivesicular vesicle assay, employing CF influx into GUVs as a function of time (8.5, 14,
33, and 75 min). Reproduced from ref. 189 with permission from American Chemical Society, copyright 2013. (B) Top, schematic illustration of cell
blebbing, GPMV formation and peptide transport experiment. Bottom, membrane translocation of the fluorescently labeled nona-arginine (Arg9, green)
after 1 h, studied using GPMVs labeled with wheat germ agglutinin conjugated to Alexa Fluor 647 (WGA-AF64, white). Reproduced from ref. 204 with

permission from Elsevier, copyright 2016.

if they have translocated across the outer membrane of the GUV
(Fig. 6A).'8¢18%18% By this principle, it is possible to determine the
kinetics of peptide translocation across the outer membranes if
the association to and dissociation from the membranes are not
rate limiting."®® Furthermore, by comparing the time course of
the translocation process to the transport of non-permeable
fluorophores across the outer membranes, it is possible to
investigate whether or not the translocation process is coupled
with membrane permeabilization.'®>"8”1%°

6.2 Using cell-derived giant plasma membrane vesicles for
studying peptide membrane binding and translocation

While GUVs have been a steady work horse in the field of
peptide translocation studies, they represent a completely
artificial membrane system. Thus, their lipid composition are
much simpler than that of a cell membrane, and they do not
contain any of the membrane proteins making up roughly half

128 | RSC Chem. Biol., 2021, 2, 1115-1143

the plasma membrane area in cells.’®® Thus, for more realistic
quantitative biophysical peptide-membrane interaction studies,
researchers have turned towards more native-like environments
than classical synthetic liposomes.'**™'%® Specifically, in recent
years giant plasma membrane vesicles (GPMVs) have become
increasingly popular (Fig. 4, GPMV). GPMVs are micron-sized
single-bilayer structures, created by treating cells with chemicals
that induce a controlled blebbing of the plasma membrane
(Fig. 6B)."°® Initially GPMV production protocols relied on
mixtures of the protein and lipid cross-linking agent formalde-
hyde and the reducing agent dithiothreitol (DTT) to weaken the
interaction between the cytoskeleton and the plasma membrane
followed by volume expansion driven by intracellular pressure.'®’”
Although much lower concentrations of formaldehyde is used than
for regular cell fixation, this method was still believed to produce
less than ideal mimics of the plasma membrane environment.'*®
Less harmful protocols have been developed, including the use of
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N-ethylmaleimide, which do not directly cross-link protein or
reduce disulfide bridges.'*® Still, one needs to be aware that GPMV
preparation processes have been reported to impose a lack of actin
cytoskeleton, phosphorylated lipids, and strict lipid asymmetry
between bilayer leaflets. The key advantage is that GPMVs main-
tain the diverse lipid and protein composition of the original
cellular membrane.'*® This means that the GPMVs harbor a lipid
complexity, which cannot be produced in purely artificial systems,
and which can be modified by the choice of initial cell line."®’”
Additionally, cell lines can be genetically modified to express
fluorescently labelled plasma membrane proteins, giving the
opportunity to use imaging modalities to track peptide:protein
interactions in the produced GPMVs. Known regulators of
peptide:cell interactions are the glycoproteins and glycolipids
making up the pericellular matrix, known as the glycocalyx. Since
GPMVs have been shown to retain the glycocalyx after isolation,>*
they offer the possibility to study how it affects peptide:membrane
interactions in a controlled environment. Although GPMVs cannot
be used to study the endocytic pathways of peptide uptake, they do
represent a well-suited system for elucidating peptide-membrane
interaction and direct translocation mechanisms. Thus GPMVs are
believed to be a promising tool for peptide transport studies
and have been used to study the translocation mechanism of
therapeutic peptides,?*"?°* cell-penetrating peptides'®*2%%:204
and bacterial toxins.>*

7. Imaging-based studies on cellular
uptake and transport of peptides using
single-cell and cell-layer systems

While unique insight into peptide-membrane interaction and
translocation can be gained using GUV and GPMVs, they are
simplified model systems which lack key biological features that
are central to cellular uptake and transport, such as an energy
dependent uptake machinery. Therefore, single-cell systems in
combination with fluorescence microscopy have been a corner-
stone for studying cellular transport of peptides.'”>%?%2% we
note that such studies are compatible with many established and
emerging imaging modalities (see Section 4.1) (Fig. 4, Single cell).

For some applications, conclusions may be made based on
integrated intracellular levels of a fluorescently marked peptide and/
or a rough cellular localization (with time-resolution) of peptides. In
particular, such a simple data-analytic approach may be sufficient to
provide evidence in favor of a particular peptide translocation
mechanism” 7> when combined with proper control experi-
ments, biophysical assays and/or model calculations. For example,
either immediate cytosolic delivery, resulting from direct transloca-
tion across the membrane, or endocytic uptake of GFP was readily
observed to depend on the cell-penetrating peptide conjugated to
the green fluorescent protein (GFP).*'* In this paradigm, one may
maximize the temporal resolution of the imaging modality, since
the signal from the fluorescent probes is typically not a limitation
(see Section 4.1).

At the cellular level, mechanistic insight on uptake
and translocation may be gained by the use of additional,
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organelle-specific markers that are spectrally separated from that
of the peptide.>*"> The extent of co-localization is typically
assessed using simple image correlations.®® Subcellular localization
of peptides may also be revealed using other means, for example
pH-sensitive probes.”"* Such environmental dependencies of fluoro-
phores may however be a caveat in co-localization analysis. In
particular, fluorescence quenching may conceal co-localization of
peptides with the membrane of cells and/or organelles, which,
however, may be leveraged by diluting labeled peptide with its
unlabeled analogue.?**'* In the presence of fluorescence
quenching, care should be taken before integrated fluorescence
intensities are used to quantify the density of peptides.

If peptide uptake in the cell does occur, fluorescence recovery
after photobleaching (FRAP) can determine the mobile (free)
and immobile (bound) fractions of molecules.*>*'>*'® In this
approach, intense, focused light bleaches a well-defined spatial
region of a sample followed by observation of the recovery of
fluorescence with time as surrounding fluorophores diffuse into
the bleached region. Diffusion coefficients of various diffusers
are subsequently estimated by employing a theoretical model
for diffusion of a (heterogeneous) population of molecules.>'®

Assays based on single cell models can provide important
knowledge on the cellular uptake and transport of peptides.*"”
Simple intestinal barrier-like setups consisting of a confluent
cell layer on a glass surface have added additional insights on
barrier physiology®'®*'? and peptide/protein transport.>*° How-
ever, neither single cells nor confluent cell layers on a glass
surface recapitulate the complex three-dimensional characteristics
and organization of fully differentiated cells making up an
intestinal barrier. They fall short of accurately describing the
chain of transport processes that the peptide experiences from
one side of the intestinal barrier to the other in a polarized cell
monolayer. This shortcoming makes physiologically relevant
in vitro or ex vivo models of great interest, not only as end-
point screening platforms for investigating peptide permeability,
but also for dynamic in-depth mechanistic studies of peptide
transport across the intestinal barrier. To facilitate such studies,
sophisticated physiologically relevant models that are compatible
with live cell imaging are emerging. The following sections review
them in detail.

8. In vitro and ex vivo models for
studying peptide translocation across
intestinal barriers

8.1 Peptide transport and translocation studied using in vitro
intestinal barrier models

In vitro intestinal epithelial barrier models have traditionally
been based on static 2D Transwell systems®*' utilizing the
human-derived adenocarcinoma cell line Caco-2 that spontaneously
differentiates into small intestine-like enterocytes after 17-21 days
(Fig. 4, monolayer). To generate a model that more closely resembles
the in vivo scenario, gobletlike cells HT29 MTX>** and Raji B
lymphocytes® have been employed to induce mucus expression
and to implement immunological features, respectively. Efforts have
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also been made to mimic the physiological villi-crypt structure of the
small intestine by creating scaffolds made of porous poly(lactic-co-
glycolic acid) (PLGA),”** micromolded collagen*****® or silk fibroin
proteins.”?” As an example, culturing human small intestinal cells
on a collagen-derived scaffold and creating a chemical- and growth
factor gradient across the cell layer (Fig. 7A, top) allowed the
formation of a differentiated and polarized cellular compartment
mimicking aspects of the in vivo scenario (Fig. 7A, bottom).

The Transwell technology uses a microporous diffusion-
open polymer membrane as cell culture support to enable
exposure to difference chemical environments on opposing
sides of a cell layer. It has been a vital platform for investigating
intestinal absorption of peptides®*® and has played a pivotal
role in investigating passive paracellular/transcellular transport
of peptides and the impact on their absorption profile upon
various structural modifications.”*® A major limitation of
Transwell-based models is that they are not designed for
microscopy and thus offer no direct visual insight on transport
mechanisms (Fig. 1, left). The main obstacle is the distance
between the cell monolayer and the basolateral chamber, which
is not compatible with the working distance of high magnifica-
tion, high numerical aperture objectives (see Section 4.1).>3
Many studies circumvent this problem by chemically fixing the
cell samples, excising the semi-permeable Transwell
membrane, and placing it on a coverslip for imaging.>** This
approach provides static snap-shots of drug transport, but it
falls short of capturing the dynamics of cellular transport of
peptides and drugs inside cells and across the barrier.>*° In
order to rectify these shortcomings, cells have been grown on
the underside of the semi-permeable membrane, but the dis-
tance from the sample to the objective still remains a problem
for high-magnification imaging.>® Other studies have made use
of a small-volume, closed-bath imaging chamber that allows
live imaging with higher-magnification objectives.>*' However,
this also requires a specialized microscope platform and stage
adaptor, and the semi-permeable membrane must be cut out
and placed in the chamber for imaging.>*'

8.2 Commercially available platforms for high-resolution live-
cell imaging of peptide transport across intestinal barriers

More image-compatible cellular barrier systems than Trans-
wells have been developed to facilitate high-end live cell
imaging. The p-Slide Membrane ibiPore Flow system (Ibidi,
Germany) consists of two channels separated by a 0.3 um-thick
porous glass membrane and fluidic channels for inducing
shear stress. The major advantage of this system is the highly
transparent thin glass bottom (180 pm) and internal porous
glass membrane, which gives access to real-time monitoring of
drugs over time. However, the system is not designed for
intestinal models and only allows liquid perfusion through
the lower chamber. No intestinal transport studies have yet
been reported with this system. Additional drawbacks of this
single-chip system are the low throughput and the need for
pumps, tubing systems, and related specialized equipment. In
a recent development, an in vitro intestinal barrier model was
established in the OrganoPlate (Mimetas, the Netherlands),
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a pump-free, microfluidic extracellular-matrix-based platform
(Fig. 4, Organoplate) (Fig. 7B).>** In forty parallel chips, Caco-2
cells differentiate into polarized, intact monolayers and form
intestinal tubules. Due to continuous perfusion cell differentia-
tion takes place in only 4 days.”**> In addition to the fast
differentiation time and the lack of a physical membrane, the
OrganoPlate is designed with three adjacent channels instead
of the stacked topology of traditional models like the Transwell.
This and its glass bottom strongly facilitate high-end live-cell
imaging.***

8.3 Ex vivo barrier models offer increased biological
complexity

Attempts to better preserve and recapitulate the biological
complexity of the intestinal barrier have been made by the
use of ex vivo intestinal models (Fig. 4, Microtissue). The Ussing
chamber equipped with intestinal human or animal tissue®*® is
one model that has been utilized vastly for determining drug
permeability. However, the model suffers from short viability of
the tissue segments, low-throughput, and incompatibility with
live imaging.?***** A high-throughput alternative to the Ussing
chamber is the INTESTine system (TNO, the Netherlands) that
allows monitoring of 96 excised porcine tissue barriers simulta-
neously but also suffers from short tissue viability and imaging
incompatibility issues.>** The Epilntestinal model (MatTek,
MA) is a high-throughput, human primary cell-based, 3D
microtissue model that can be kept in culture for up to a
month (Fig. 7C).>** The model demonstrates a higher correla-
tion to human in vivo drug absorption profiles than classical
Caco-2 Transwell systems®*® and has also been used in a multi-
organ-chip system to recapitulate absorption.>*® As the Epiln-
testinal model expresses many of the enzymes and transporters
of the small intestine, peptide transport studies in this model
could offer biologically relevant mechanistic insight. One pro-
mising approach for live-cell imaging of the model is 2PM,
which can be employed for in-depth imaging of tissue samples,
as explained in Section 4.1 (Fig. 3). The limitation of this
approach is the compromise made on speed of imaging,
resulting in limited information gained on dynamic intracel-
lular processes. In addition to the more high-throughput solu-
tions described above, the use of excised and fixed tissue
sections for studying barrier transport is gaining more wide-
spread use. Examples of this include the two recently FDA
approved peptide formulations oral semaglutide (Section 2.3)
and octreotide (Section 2.4).*>** Tissue fixation allows for the
use of immunostaining, and tissue clearing greatly increasing
the ability to image deep into tissue with high spatial
resolution.>®” The main drawback of fixing excised tissue sec-
tions is the inability to perform live imaging and the potential
artifacts introduced during fixation. The whole field of ex vivo
barrier models is greatly benefitting from the emerging
approaches enabling in-depth live imaging in tissues such as
LLSM (see also Section 4.1) (Fig. 3). In combination with
clearing techniques and adaptive optics, it has the possibility
to revolutionize imaging deep into tissue samples with pre-
viously unseen levels of spatial and temporal resolution.**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Summary of in vitro and ex vivo intestinal barrier models for studying peptide transport. (A) Example of micro-engineered scaffolds to generate
crypt-villus architecture of human small intestinal epithelium. Top left, an electron microscopy image of the PDMS stamp used to create, top right, a
micromolded collagen scaffold in a modified Transwell insert; bottom, visualization of cellular differentiation and polarization using immunostaining. Left,
absorptive enterocytes localized on the villi (ALP, red) and proliferative cells localized in the crypt (EdU, green). Right, terminally differentiated tissues of the
intestine expressing human cytokeratin 20 localized on villi tips (KRT20, red) and stem cells localized to crypts and adjacent regions (Olfm4, green).
Reproduced from ref. 226 with permission from Elsevier, copyright 2017. (B) Top, OrganoPlate by MIMETAS: schematic of the three lane system at the
center of each channel network, consisting of a Caco-2 cell tubular lane, an extracellular matrix (ECM) gel lane, and a perfusion lane. Bottom, 3D
reconstruction of a confocal z-stack showing the Caco-2 cell tubular morphology visualized by staining the tight junction protein ZO-1 (red), the brush
border-protein Ezrin (green), and DNA (blue). White arrows indicate the apical (A) and basal sides (B). Reproduced from ref. 232 with permission from
Springer Nature, copyright 2017. (C) Epilntestinal™ model, an ex vivo model for studying drug absorption in the small intestine based on primary human
cell-based organotypic small intestinal micro-tissues. Left, an illustration showing different types of cells and the microporous membrane underneath.
Right, immmunostained cross-sections of the reconstructed microtissues showing cytokeratin-19 stained columnar epithelial cells (CK-19, red), villin
stained apical surface of epithelium (green) and vimentin stained fibroblasts in the underlying ECM substrate (white). Reproduced from ref. 235 with
permission from Springer Nature, copyright 2018. (D) Left, two types of organoid morphology, basal-out and apical-out, can be produced, with the latter
potentially facilitating studies of peptide transport across the intestinal barrier from the apical to the basal side. Middle, organoids imaged using modulation
contrast microscopy. Right, confocal microscopy images with nuclei in blue, ZO-1 (green) and B-catenin (red) illustrate how the orientation of the organoid
organization is flipped when going from the basal-out to the apical-out system. Reproduced from ref. 252 with permission from Cell Press, copyright 2019.
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Organoids are used as another tissue-mimicking model of
the intestine, which is receiving increased interest in the field
of drug delivery.>*® Organoids are multicellular organotypic
3D-clusters generated from either primary tissue, embryonic
tissue, or induced pluripotent stem cells, closely resembling the
structural build seen in vivo (Fig. 7D).>*°>*> Organoids exhibit
tissue-specific markers, with a self-renewal ability making them
a complex and sophisticated model that is able to mimic a
variety of organs (brain, liver, lung, gut, kidney, pancreas, and
salivary gland). To date, however, intestinal organoids have
primarily been used as disease models, for studying morpho-
genesis, or to investigate inflammatory host-pathogen
interactions.>*>*° Thus, the use of organoids in the context
of analyzing peptide trafficking across a cellular barrier have
been limited, predominantly due to the traditional basolateral-side
out orientation of intestinal organoids resulting in inaccessibility
of the apical side.*** To overcome this limitation, attempts have
been made to use, e.g., microinjections>**>*” or to dissociate
intestinal organoids into single cells and culture them as
2D-monolayers in classical Transwells®****° or in more advanced
organ-on a-chip systems.>****! Another approach to gain access to
the apical side, while aiming at maintaining the 3D identity
of intestinal organoids, rely on inverting organoid polarity by
modifying the culturing conditions, resulting in so called apical-
out organoids.””> While these attempts show great potential,
organoids must be fully verified as physiological relevant transport
models, before they can emerge as a state-of-the art model system
for studying peptide transport.

9. Imaging-compatible
organ-on-a-chip microfluidic models

The most technically advanced cell-barrier models are the emerging
organ-on-a-chip systems (Fig. 4, Organ-on-a-chip).”***** In these,
researchers combine tissue engineering and lab-on-a-chip technol-
ogy to create a platform that allows accurate and biologically
relevant studies of both cellular barrier physiology and peptide
transport. In recent years, micro-engineered devices have been used
to establish tissue models that mimic physiological function
and structural complexity of human organs such as lung,**
intestine,”***” liver*>®*>® and heart*****" in vitro (Fig. 8A). The
intestine focused organ-on-a-chip systems represent minimal
functioning units of the biological barrier providing a more
native-like microenvironment within a micrometer-sized chamber
as compared to their conventional counterparts, like Transwell-
and 3D models (see Section 8.1). A major drawback of Transwell
models is the absence of flow, which is an intrinsic feature
of the native biological environment. With conventional 3D
models, on the other hand, it is problematic to quantify
transcellular transport, since sampling from the luminal content is
challenging.>*>*** Additionally, these systems lack tissue-tissue
interfaces, such as vascular endothelium and parenchymal cells.***
The intestine-focused organ-on-a-chip systems combines living
cells and continuous flow, creating a 3D model that exhibits key
hallmarks of native tissues. Consequently, they offer the potential
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for more biologically accurate readouts of, e.g., peptide transport
across cellular barriers.

One strategy to recreate the multicellular interface of organs
is to incorporate polymer membranes into the microfluidic
channel of these devices.***>%° Most commonly, poly(dimethyl-
siloxane) (PDMS) is used as fabrication material for such systems.
PDMS is transparent and thus enables high-resolution microscopy
of the developed intestinal barrier model.>****” This strategy has
been widely employed to develop gut-on-a-chip systems and is
popular among the researchers in the field. Another interesting
approach uses microfluidic hydrogels with built-in microchannels,
which are intrinsically highly permeable to biomolecules and
therefore alleviate the need for micropores.>’°">> Moreover,
microfabrication techniques, specifically 3D-printing, offer the
possibility of creating complex microchannel networks and
microarchitectures through a one-step procedure.””!?737273
Recently the above-mentioned technologies were combined to
develop a hybrid mini intestine, composed of an elastomeric
PDMS-based frame and a hydrogel compartment for cell
culture.>** Exploiting the self-organization property of the
intestinal stem cells, a tubular epithelium with similar spatial
arrangement of crypt- and villus-like domains was generated as
well as an accessible lumen. Horizontal orientation of the
device—like most of the gut-on-a-chip systems in general -
further facilitates monitoring of intercellular translocation by
means of high-resolution imaging.>***”®>”® In contrast to other
off-the-shelf solutions, such as living organs or macroscale 3D
models, the chip-based models offer unique possibilities for
high-resolution, real-time imaging of biological phenomena at
the molecular scale within a 3D tissue model.>”*** More
specifically, integration of the mini-intestine chip with state-
of-the-art microscopes and cameras enabled bright-field and
fluorescence live imaging of the intestinal tissue development,
regeneration, and parasite infection (Fig. 8B). Another interest-
ing example of high-resolution imaging of organ-on-a-chip
models is the implementation of stochastic optical reconstruction
microscopy (STORM, see Section 4.3) on a simple and versatile
microfluidic platform to visualize mitochondrial protein distri-
bution in live cells.**"

Besides cell orientation, the microfluidic platforms present
several other advantages over their classical counterparts: They
facilitate the required long-term high-resolution image acquisition
by providing stable conditions for the cells, and, at the same time,
they enable monitoring of cell growth and division.”*****> This
advantage has been utilized in the development of an integrated
microfluidic device capable of real-time imaging of living cells with
high signal-to-noise ratio under continuous perfusion.>®® Using
TIRFM (see Section 4.1), the setup allows non-invasive in situ of the
location of insulin granules in mouse pancreatic f-cells
(Fig. 8C).*®* This is to date the most relevant study where advanced
microscopy and organ-on-a-chip have joined forces to provide
valuable insights into a biological translocation. However, it
must be noted that organ-on-a-chip technology is in its infancy
and many tissue characteristics still need to be engineered and
integrated in a robust format to reach broad application. As
mentioned, these microfluidic devices?*®**7?857289 have been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Imaging cells in lab-on-a-chip platforms. (A) Schematic cross-section of a microfluidic organ-on-a-chip. Top, left, device showing cyclic
mechanical strain using the two vacuum chambers, which creates a shear stress in the perpendicular direction. Top, right, photograph of the device with
blue and red dyes representing upper and lower microchannels, respectively. Bottom left, a differential interference contrast micrograph showing
intestinal crypt (red arrow) and villi (white arrow) formation for Caco-2 cells grown in the chip. Bottom center, confocal immunofluorescence image of
horizontal cross-section of intestinal villi stained for F-actin (green) labelling the apical brush border of polarized intestinal epithelial cells and
DNA (blue), reproduced from ref. 268 with permission from National Academy of Sciences, copyright 2016. Bottom right, confocal fluorescence image
showing vertical cross section of an intestinal villi inside the chip, stained for F-actin (green), Mucin-2 (magenta), and DNA (blue). Reproduced from
ref. 256 with permission from The Royal Society of Chemistry, copyright 2012. (B) Schematic of microfluidic platform of the mini-intestine, consisting of a
hydrogel chamber in the center, fed by the two medium reservoirs, perspective and side view (left). Bright-field and fluorescence time-course
experiments showing the real-time formation of epithelium in mini-intestine chip (right). Reproduced from ref. 244 with permission from Springer
Naturee, copyright 2020. (C) Left, schematic of the integrated device for observation of insulin granules inside the adherent cells cultured under
continuous medium perfusion. Right, microscopic images of the MIN6-m9/insulin-GFP cells captured on the integrated system with different
illumination modes, bright-field, epifluorescence microscopy (EPIFM), and TIRFM. Reproduced from ref. 284 with permission from Springer Nature,
copyright 2012.
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successfully coupled with imaging setups for real-time imaging,
which makes them candidates for providing detailed mechanistic
understanding of complex biological phenomena, such as peptide
transport across the intestinal barrier.

The organ-on-a-chip technology is rapidly growing. However,
from a technological standpoint, several overarching considera-
tions and operative challenges must be tackled to fully realize the
potential of these micro-engineered devices and successfully
translate them from proof-of-concept to practical screening plat-
forms. One of the very basic issues arises from the material, PDMS,
which is the most commonly used for fabrication. Albeit allowing
high-resolution imaging, PDMS absorbs small hydrophobic com-
pounds, including drug molecules,****" which may hinder accu-
rate evaluation of the parameters of interest. Furthermore, lack of
a standardized automated fabrication process poses additional
technical hurdles in terms of high-throughput operation and
reproducibility. Another underdeveloped aspect of on-chip assays
is the fact that high-end fluorescence imaging still relies mainly on
fixed and immunostained samples. This is an end-point analysis,
while current live-imaging techniques used in organ-on-a-chip
platforms are mostly still limited to WFM modes, such as bright-
field and epifluorescence imaging (see Section 4.1). Looking
forward, one can envision highly automated systems integrating
microfluidic devices, sophisticated built-in sensors,**°* and
advanced multiplex imaging techniques.

10. In vivo imaging of transport across
the intestinal barrier

Despite the immense amount of insight gained on the fundamental
function of cellular barriers using in vitro and ex vivo models of
various complexity, such systems are inherently limited and do not
fully recapitulate the natural in vivo milieu. Consequently, within the
last few decades, various in vivo imaging platforms have been
developed.*®***® They allow for continuous fluorescence imaging
of a plethora of different living tissues, including the intestinal
cellular barrier. Such intravital microscopy (IVM) setups allows for
long-time measurements, ranging from hours to days, under mini-
mally invasive conditions (Fig. 4, Intravital and Fig. 9). This circum-
vents the accelerated tissue degradation observed in, e.g., explanted
tissue models.””*”” In contrast to whole-body in vivo imaging
modalities like MRI and PET-CT, which typically have a spatial
resolution in the millimeter range,”****° IVM allows for imaging
with single-cell resolution, making it ideally suited for elucidating
the molecular mechanisms governing peptide transport across
cellular barriers.>® The single-cell resolution of IVM also allows
for quantitative measures of cellular barrier heterogeneities with
respect to both physiology and transport processes.”*>?***% The
main limitations for employing IVM is the requirement for sophis-
ticated equipment, both with respect to advanced microscopes and
animal-handling setups, as well as specially trained and skilled
personnel.’****” These technical requirements and the tedious data
acquisition mean that IVM inherently is not a high through-put
technique. Instead it offers an unmatched level of detail and
biological accuracy.**®
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To facilitate IVM of the intestinal barrier, one method relies
on an intestinal section being externalized from an anesthe-
tized mouse and placed inside a glass-based imaging chamber
(Fig. 9A).°” The subcellular resolution provided by such setups
has been used to determine in vivo, the molecular mechanism
by which tumor necrosis factor a disrupts the intestinal barrier
integrity through modification of TJ structure and function.**
For transport studies, both peptides and proteins have been
imaged crossing the intestinal barrier. This has offered unique
insights on how specific epithelial- and immune cells coordinate
the transport process in vivo (Fig. 9A and C).***** In a drug-
delivery context, the setup has been used to elucidate a clear
dependency on NP size in both the amount and the route of
transport across the intestinal barrier. Smaller particles displayed
increased transport.’®® Finally, IVM was used to visualize how

A Intestinal imaging Window

Imaging
window

Stage
warmer

Nylon
washer
Cover sli
g Insect pin Silicone pad
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c intestine

Dex-Fluo NP

Fig. 9 Invivo imaging of the intestinal barrier. (A) An illustration showing a
mouse with a surgically implanted imaging window allowing visualization
of the small intestine. (B) A schematic showing an IVM setup where an
intestinal section is externalized from an anesthetized mouse and placed
inside a glass based imaging chamber. (C) An example of a IVM setup being
used to demonstrate differential uptake of orally administered particles
and antigens. Dextran-fluorescein (Dex-Fluo) (green) enters through
Goblet cell-associated passageways (white arrows), while 20 nm poly-
styrene nanoparticles (NP) (red) enter via intestinal epithelial cells.
Reproduced from ref. 303 with permission from Public Library of Science,
copyright 2014.
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NP-delivered insulin interacted with the microvilli of the
intestine.*** The molecular mechanism of the insulin absorption
was revealed to depend on a direct interaction with the apical
sodium-dependent bile acid transporter.

IVM may also be performed in conjunction with a surgical
implantation of an imaging window through which the micro-
scopy can be performed**>°® (Fig. 9B). This methodology does
not rely on tissue externalization and thus allows IVM to be
performed on a larger range of cellular barriers. The main
benefit of performing imaging window-based IVM is the ability
to image tissue under near-native conditions and in its ortho-
topic position without this imaging being compromised by
the detrimental optical distortions typically experienced when
imaging non-superficial tissues.>*® Additionally, the technical
advances in surgical procedures and window implementation
now make it possible to image cellular barriers for extremely
long periods (up to months), while maintaining subcellular
resolution.”>*°” However, it is important to keep in mind that
this technique requires highly specialized staff and sophisticated
equipment. Also, it remains prone to trauma and contaminants
introduced during the surgery and to damaging fluid accumulation
over time. All of this limits the use of the technique to a restricted
number of highly specialized groups.*”” Recently, surgically
implanted imaging windows in the mouse abdomen have allowed
researchers to perform IVM of living intestinal tissue.**® This has
facilitated novel insights on how the complex cellular architecture of
the micro villi formations lining the intestinal barrier is produced
and maintained.’*® These methods are still in their infancy and
have, to our knowledge, not been employed for studying peptide
transport across the cellular barrier. We envision, however, that
such studies should be feasible with current setups. Overall, the
unique ability of IVM to study biological processes and drug
transport in conditions resembling the native environment will
make IVM an increasingly important tool for reducing the
translational gap between early drug development and clinical
efficiency.?*%3%°

11. Peptide-based nanoparticle
delivery systems

The main focus of this review is on the transport across cellular
barriers of peptides as individual entities. However, another
appealing mode of delivering peptide and proteins is to assem-
ble them into NPs. Here we define such peptide/protein NPs to
be structures where the core element is the peptide/protein
itself and thus not delivery vehicles where peptides/proteins
are, e.g., encapsulated. For a thorough discussion on the latter
type of delivery system see the recent review by Brayden et al.**
Making peptide/protein NPs can be done either through self-
assembly, chemical cross linking, de-solvation, or a combination
of approaches.*'® The benefits of NPs include: protection of the
peptides/proteins against enzymatic degradation,*’® improved
physicochemical properties compared to free peptide/protein,
increased cellular uptake, reduced clearance from tissue
microenvironments, the ability to bypass biological barriers
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(e.g., mucus® and glycocalyx®'"), as well as the potential to
deliver a high payload of biologically active molecules. The
transport across intestinal barriers of NPs is highly dependent
on the physicochemical properties of the particle.****'? Larger
NPs (100-200 nm) are commonly endocytosed by clathrin- or
caveolin-mediated endocytosis, while smaller (<100 nm in
diameter) particles can be taken in by macro- or micropino-
cytosis. Some protein NPs will be endocytosed by interacting
with the receptor of the free protein on the cell surface. For
instance, albumin particles such as Abraxane, a 130 nm diameter
bovine serum albumin particle loaded with the chemotherapeutic
paclitaxel, has been shown to interact with the endothelial gp60
receptor to induce caveolin mediated endocytosis (similar to free
albumin).*"* Unzueta et al. showed that 13 nm self-assembled NPs
from GFP coupled to the peptide T22 interact with the CXCR4
receptor and lead to uptake into endosomes.*"” Interestingly, they
found that the T22 peptide bound more weakly to the receptor
than other peptides tested but that the T22-GFP NP was the only
construct that lead to cellular uptake.*’> More detailed imaging
might lead to a deeper understanding of the reason for the
discrepancy between receptor-binding affinity and cell uptake.
Estrada et al. also used GFP to formulate NPs. These chemically
crossed-linked particles carrying (-galactosidase showed protec-
tion of the active enzyme in the biological environment as well as
increased cellular uptake of the enzyme when delivered by the
283 nm negatively charged protein particles and compared to free
enzyme in solution.*'® GFP has also been used to show protein
encapsulation into Q-virus-like protein particles that helped to
protect the encapsulated protein against thermal denaturation
and degradation by proteases and lead to efficient uptake in
CD22" cells.*"”

However, cellular uptake is not enough to cross epithelial
barriers such as the ones found in the intestine, and knowledge
about particle exocytosis and transcytosis is crucial.**® Bramini
et al. showed, using fluorescently labeled polystyrene NPs, how
a Transwell setup and a combination of CLSM and TIRFM (see
Section 4.1) (Fig. 3) can be used to evaluate transport of NPs
through a tight epithelial barrier.*'® It would be interesting to
see methods like these applied to peptide/protein particle
systems, such as the ones described above, to gain more
mechanistic insights on the transport and biological fates
of these biodegradable systems after endocytosis. Different
imaging techniques can also be utilized to evaluate NP inter-
action with mucosal barriers, such as particle tracking (see
Section 4.2).*° Surface charge of NPs has shown to have great
impact on NP diffusion in mucus, with negatively and neutrally
charged particles being able to diffuse through mucus while
positively charged particles get trapped.**° This interaction can
possibly be utilized to ensure prolonged residence time of a NP
system in the intestine allowing slow release of single proteins or
peptides.®*! There are numerous examples of such prolonged NP
interactions with biological barriers facilitating better delivery of
vitamins®'**?*> and hydrophobic drugs*>*~** and a few for delivery
of active protein and peptides.>'®**® These highly biocompatible
systems show great potential for improved drug targeting, avail-
ability, and enhanced patient compliance.
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13. Conclusion

Poor predictive power of current preclinical drug testing results in
major failures in clinical trials and consequently in high costs of
research and development in the pharmaceutical industry.****>”
To remedy this, it has been proposed to enhance the focus on
understanding the biological mechanisms that facilitate drug
uptake and transport.”'* This focus requires new barrier models
and technical methods. Fluorescence imaging is poised to be part
of the solution, and currently there is a rapid development of
advanced intestinal barrier models that are compatible with high-
end imaging modalities. This progress in model development
coincides with the increased access to (L)LSM setups, both offering
the imaging speed, sensitivity and low phototoxicity needed to
implement 4D microscopy as a stable in peptide translocation
studies. Here, we have provided an overview of the various aspects
and possibilities one should consider before engaging in studies of
peptide transport across the intestinal barrier using fluorescence
microscopy. Overall, the endeavors reviewed here pave the way for
cutting-edge, dynamic, high-resolution mechanistic transport
studies in highly sophisticated barrier models that recapitulate
the physiological features of the small intestine with enhanced
precision. This should result in improved end-point efficacy in
oral delivery and thereby bridge the translational gap between
bench and bedside for peptide biopharmaceuticals.

Author contributions

Wrote or contributed to the writing of the manuscript: J. B.
Larsen, Taebnia, Dolatshahi-Pirouz, Eriksen, Hjerringgaard,
Kristensen, N. W. Larsen, N. B. Larsen, Marie, Miindler, Parha-
mifar, Urquhart, Weller, Mortensen, Flyvbjerg, Andresen.

Conflicts of interest

None.

Acknowledgements

This work was supported by the Novo Nordisk Foundation
(Grant No. NNF160C0022166).

References

1 A.F.B. Rader, M. Weinmuller, F. Reichart, A. Schumacher-
Klinger, S. Merzbach, C. Gilon, A. Hoffman and H. Kessler,
Angew. Chem., Int. Ed., 2018, 57, 14414-14438.

2 J. L. Lau and M. K. Dunn, Bioorg. Med. Chem., 2018, 26,
2700-2707.

3 S. Mitragotri, P. A. Burke and R. Langer, Nat. Rev. Drug
Discovery, 2014, 13, 655-672.

4 M. W. Tibbitt, J. E. Dahlman and R. Langer, J. Am. Chem.
Soc., 2016, 138, 704-717.

5 D.]. Drucker, Nat. Rev. Drug Discovery, 2020, 19, 277-289.

6 R.Ismail and I. Csoka, Eur. J. Pharm. Biopharm., 2017, 115,
257-267.

136 | RSC Chem. Biol., 2021, 2, 1115-1143

View Article Online

RSC Chemical Biology

7 J. Renukuntla, A. D. Vadlapudi, A. Patel, S. H. S. Boddu and
A. K. Mitra, Int. J. Pharm., 2013, 447, 75-93.

8 P. Lundquist and P. Artursson, Adv. Drug Delivery Rev.,
2016, 106, 256-276.

9 Nat. Biotechnol., 2014, 32, 961.

10 M. Morishita and N. A. Peppas, Drug Discovery Today, 2006,
11, 905-910.

11 F. McCartney, J. P. Gleeson and D. J. Brayden, Tissue
Barriers, 2016, 4, €1176822.

12 Nat. Med., 2010, 16, 347.

13 G. Sahay, D. Y. Alakhova and A. V. Kabanov, J. Controlled
Release, 2010, 145, 182-195.

14 A. 1. Ivanov, in Exocytosis and Endocytosis, ed. A. 1. Ivanov,
Humana Press, Totowa, NJ, 2008, DOIL: 10.1007/978-1-
59745-178-9_2, pp. 15-33.

15 D. Vercauteren, R. E. Vandenbroucke, A. T. Jones,
J. Rejman, J. Demeester, S. C. De Smedt, N. N. Sanders
and K. Braeckmans, Mol. Ther., 2010, 18, 561-569.

16 R. Duncan and S. C. W. Richardson, Mol. Pharmaceutics,
2012, 9, 2380-2402.

17 M. Gumbleton and D. ]. Stephens, Adv. Drug Delivery Rev.,
2005, 57, 5-15.

18 P. Watson, A. T. Jones and D. ]J. Stephens, Adv. Drug
Delivery Rev., 2005, 57, 43-61.

19 A. C. Anselmo, Y. Gokarn and S. Mitragotri, Nat. Rev. Drug
Discovery, 2019, 18, 19-40.

20 S. Maher, C. Geoghegan and D. J. Brayden, Expert Opin.
Drug Delivery, 2020, 1-28.

21 D. J. Brayden, T. A. Hill, D. P. Fairlie, S. Maher and
R. J. Mrsny, Adv. Drug Delivery Rev., 2020, 157, 2-36.

22 T. D. Brown, K. A. Whitehead and S. Mitragotri, Nat. Rev.
Mater., 2020, 5, 127-148.

23 G. Kolata, Science, 1983, 221, 1273.

24 P. G. Dougherty, A. Sahni and D. H. Pei, Chem. Rev., 2019,
119, 10241-10287.

25 C. K. Wang and D. J. Craik, Biopolymers, 2016, 106,
901-909.

26 S. Lundin and P. Artursson, Int. J. Pharm., 1990, 64,
181-186.

27 N. Pantzar, S. Lundin and B. R. Westrom, J. Pharm. Sci.,
1995, 84, 1245-1248.

28 https://www.accessdata.fda.gov/drugsatfda_docs/label/
2019/213051s0001bl.pdf.

29 S. T. Buckley, T. A. Baekdal, A. Vegge, S. ]J. Maarbjerg,
C. Pyke, J. Ahnfelt-Ronne, K. G. Madsen, S. G. Scheele,
T. Alanentalo, R. K. Kirk, B. L. Pedersen, R. B. Skyggebjerg,
A. J. Benie, H. M. Strauss, P. O. Wahlund, S. Bjerregaard,
E. Farkas, C. Fekete, F. L. Sondergaard, ]J. Borregaard,
M. L. Hartoft-Nielsen and L. B. Knudsen, Sci. TranslL
Med., 2018, 10, eaar7047.

30 C. Twarog, K. Liu, P. J. O’Brien, K. A. Dawson, E. Fattal,
B. Illel and D. ]J. Brayden, Eur. J. Pharm. Biopharm., 2020,
152, 95-107.

31 https://ir.chiasma.com/news-releases/news-release-details/
chiasma-announces-fda-approval-mycapssar-octreotide-
capsules/.

© 2021 The Author(s). Published by the Royal Society of Chemistry


https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/213051s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/213051s000lbl.pdf
https://ir.chiasma.com/news-releases/news-release-details/chiasma-announces-fda-approval-mycapssar-octreotide-capsules/
https://ir.chiasma.com/news-releases/news-release-details/chiasma-announces-fda-approval-mycapssar-octreotide-capsules/
https://ir.chiasma.com/news-releases/news-release-details/chiasma-announces-fda-approval-mycapssar-octreotide-capsules/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

S. Tuvia, J. Atsmon, S. L. Teichman, S. Katz, P. Salama,
D. Pelled, I. Landau, I. Karmeli, M. Bidlingmaier, C. J.
Strasburger, D. L. Kleinberg, S. Melmed and R. Mamluk,
J- Clin. Endocrinol. Metab., 2012, 97, 2362-2369.

S. Tuvia, D. Pelled, K. Marom, P. Salama, M. Levin-Arama,
I. Karmeli, G. H. Idelson, I. Landau and R. Mamluk, Pharm.
Res., 2014, 31, 2010-2021.

S. Maher, D. J. Brayden, L. Casettari and L. Illum, Pharma-
ceutics, 2019, 11, 41.

P. Nava, S. Lopez, C. F. Arias, S. Islas and L. Gonzalez-
Mariscal, J. Cell Sci., 2004, 117, 5509-5519.

N. Sonoda, M. Furuse, H. Sasaki, S. Yonemura, J. Katahira,
Y. Horiguchi and S. Tsukita, J. Cell Biol., 1999, 147,
195-204.

K. E. Cunningham and J. R. Turner, in Barriers and
Channels Formed by Tight Junction Proteins Ii, ed.
M. Fromm and J. D. Schulzke, 2012, vol. 1258, pp. 34-42.
A. Taverner, R. Dondi, K. Almansour, F. Laurent,
S. E. Owens, I. M. Eggleston, N. Fotaki and R. J. Mrsny,
J. Controlled Release, 2015, 210, 189-197.

K. Almansour, A. Taverner, I. M. Eggleston and R. J. Mrsny,
J. Controlled Release, 2018, 279, 208-219.

D. J. Brayden, T. A. Hill, D. P. Fairlie, S. Maher and
R. J. Mrsny, Adv. Drug Delivery Rev., 2020, 157, 2-36.

B. K. Yoon, J. A. Jackman, M. C. Kim, T. N. Sut and
N.-J. Cho, Langmuir, 2017, 33, 2750-2759.

N. S. White and R. J. Errington, Adv. Drug Delivery Rev.,
2005, 57, 17-42.

D. Axelrod, T. P. Burghardt and N. L. Thompson, Annu. Rev.
Biophys. Bioeng., 1984, 13, 247-268.

S. M. Nie, D. T. Chiu and R. N. Zare, Science, 1994, 266,
1018-1021.

J. Jonkman and C. M. Brown, J. Biomol. Tech., 2015, 26,
54-65.

F. Helmchen and W. Denk, Nat. Methods, 2005, 2, 932-940.
T. A. Planchon, L. Gao, D. E. Milkie, M. W. Davidson,
J. A. Galbraith, C. G. Galbraith and E. Betzig, Nat. Methods,
2011, 8, 417-423.

R. M. Power and ]J. Huisken, Nat. Methods, 2017, 14,
360-373.

E. G. Reynaud, J. Peychl, J. Huisken and P. Tomancak, Nat.
Methods, 2014, 12, 30-34.

E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser,
S. Olenych, J. S. Bonifacino, M. W. Davidson, ]J. Lippincott-
Schwartz and H. F. Hess, Science, 2006, 313, 1642-1645.
B.-C. Chen, W. R. Legant, K. Wang, L. Shao, D. E. Milkie,
M. W. Davidson, C. Janetopoulos, X. S. Wu, J. A. Hammer,
Z. Liu, B. P. English, Y. Mimori-Kiyosue, D. P. Romero,
A. T. Ritter, ]J. Lippincott-Schwartz, L. Fritz-Laylin,
R. D. Mullins, D. M. Mitchell, A.-C. Reymann,
J. N. Bembenek, R. Bohme, S. W. Grill, J. T. Wang,
G. Seydoux, U. S. Tulu, D. P. Kiehart and E. Betzig, Science,
2014, 346, 1257998.

W. R. Legant, L. Shao, J. B. Grimm, T. A. Brown,
D. E. Milkie, B. B. Avants, L. D. Lavis and E. Betzig, Nat.
Methods, 2016, 13, 1-9.

© 2021 The Author(s). Published by the Royal Society of Chemistry

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

View Article Online

Review

Y. Wakabayashi, J. Chua, J. M. Larkin, J. Lippincott-
Schwartz and 1. M. Arias, Histochem. Cell Biol., 2007, 127,
463-472.

We note that the working distances given in this section
represents typical values found for several commercially
available  microscope  objectives  from  different
manufacturers.

N. Ji, D. E. Milkie and E. Betzig, Nat. Methods, 2010, 7,
141-147.

P. P. Laissue, R. A. Alghamdi, P. Tomancak, E. G. Reynaud
and H. Shroff, Nat. Methods, 2017, 14, 657-661.

J. Icha, M. Weber, J. C. Waters and C. Norden, BioEssays,
2017, 39, 8.

K. L. Tosheva, Y. Yuan, P. M. Pereira, S. Culley and
R. Henriques, J. Phys. D: Appl. Phys., 2020, 53, 163001.

N. Ruthardt, D. C. Lamb and C. Briduchle, Mol. Ther., 2011,
19, 1199-1211.

B. S. Schuster, L. M. Ensign, D. B. Allan, J. S. Suk and
J. Hanes, Adv. Drug Delivery Rev., 2015, 91, 70-91.

J. Suh, M. Dawson and ]J. Hanes, Adv. Drug Delivery Rev.,
2005, 57, 63-78.

C. Manzo and M. F. Garcia-Parajo, Rep. Prog. Phys., 2015,
78, 124601.

M. P. Clausen and B. C. Lagerholm, Curr. Protein Pept. Sci.,
2011, 12, 699-713.

J. Elf and 1. Barkefors, in Annual Review of Biochemistry,
ed. R. D. Kornberg, 2019, vol. 88, pp. 635-659.

C. Ciobanasu, J. P. Siebrasse and U. Kubitscheck, Biophys.
J., 2010, 99, 153-162.

L. Parnaste, P. Arukuusk, E. Zagato, K. Braeckmans and
U. Langel, J. Drug Targeting, 2016, 24, 508-519.

Y. Suzuki, C. N. Roy, W. Promjunyakul, H. Hatakeyama,
K. Gonda, J. Imamura, B. Vasudevanpillai, N. Ohuchi,
M. Kanzaki, H. Higuchi and M. Kaku, Mol. Cell. Biol.,
2013, 33, 3036-3049.

G. Ruan, A. Agrawal, A. I. Marcus and S. Nie, J. Am. Chem.
Soc., 2007, 129, 14759-14766.

J. B. Grimm, A. K. Muthusamy, Y. Liang, T. A. Brown,
W. C. Lemon, R. Patel, R. Lu, J. J. Macklin, P. J. Keller, N. Ji
and L. D. Lavis, Nat. Methods, 2017, 14, 987-994.

J. R. Marks, J. Placone, K. Hristova and W. C. Wimley,
J. Am. Chem. Soc., 2011, 133, 8995-9004.

N. Nischan, H. D. Herce, F. Natale, N. Bohlke, N. Budisa,
M. C. Cardoso and C. P. R. Hackenberger, Angew. Chem.,
Int. Ed., 2015, 54, 1950-1953.

R. Wallbrecher, T. Ackels, R. A. Olea, M. J. Klein, L. Caillon,
J. Schiller, P. H. Bovée-Geurts, T. H. van Kuppevelt,
A. S. Ulrich, M. Spehr, M. J. W. Adjobo-Hermans and
R. Brock, J. Controlled Release, 2017, 256, 68-78.

S. M. A. Tabei, S. Burov, H. Y. Kim, A. Kuznetsov, T. Huynh,
J. Jureller, L. H. Philipson, A. R. Dinner and N. F. Scherer,
Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 4911-4916.

J. C. Crocker and D. G. Grier, J. Colloid Interface Sci., 1996,
310, 298-310.

Z. Pispoki, D. Sage, J. P. Ward and M. Unser, Bioinfor-
matics, 2016, 32, 1278-1280.

RSC Chem. Biol., 2021, 2, M5-1143 | 137


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98
99

I. Smal, M. Loog, W. Niessen and E. Meijering, IEEE Trans.
Med. Imaging, 2010, 29, 282-301.

A. Sergé, N. Bertaux, H. Rigneault and D. Marguet, Nat.
Methods, 2008, 5, 687-694.

H. Deschout, F. Cella Zanacchi, M. Mlodzianoski,
A. Diaspro, J. Bewersdorf, S. T. Hess and K. Braeckmans,
Nat. Methods, 2014, 11, 253-266.

K. I. Mortensen, L. S. Churchman, J. A. Spudich and
H. Flyvbjerg, Nat. Methods, 2010, 7, 377-381.

D. Sage, H. Kirshner, T. Pengo, N. Stuurman, ]J. Min,
S. Manley and M. Unser, Nat. Methods, 2015, 12, 717-724.
D. Sage, T.-A. Pham, H. Babcock, T. Lukes, T. Pengo,
J. Chao, R. Velmurugan, A. Herbert, A. Agrawal,
S. Colabrese, A. Wheeler, A. Archetti, B. Rieger, R. Ober,
G. M. Hagen, J.-B. Sibarita, J. Ries, R. Henriques, M. Unser,
S. Holden, R. Volum, R. Lateral, R. Axial, M. A. D. Volum,
M. A. D. Lateral and M. A. D. Axial, Nat. Methods, 2019, 16,
387-395.

A. S. Hansen, M. Woringer, J. B. Grimm, L. D. Lavis,
R. Tjian and X. Darzacq, eLife, 2018, 7, 1-33.

C. L. Vestergaard, P. C. Blainey and H. Flyvbjerg, Phys. Rev.
E: Stat., Nonlinear, Soft Matter Phys., 2014, 89, 022726.

C. L. Vestergaard, J. N. Pedersen, K. I. Mortensen and
H. Flyvbjerg, Eur. Phys. J.-Spec. Top., 2015, 224, 1151-1168.
C. L. Vestergaard, P. C. Blainey and H. Flyvbjerg, Nucleic
Acids Res., 2018, 46, 2446-2458.

H. Deschout, T. Martens, D. Vercauteren, K. Remaut,
J. Demeester, S. C. De Smedt, K. Neyts and
K. Braeckmans, Int. J. Mol. Sci., 2013, 14, 16485-16514.
D. Vercauteren, H. Deschout, K. Remaut, J. F. J. Engbersen,
A. T. Jones, J. Demeester, S. C. D. Smedt and K. Braeckmans,
ACS Nano, 2011, 5, 7874-7884.

K. I. Mortensen, J. Sung, H. Flyvbjerg and J. A. Spudich,
Nat. Commun., 2015, 6, 8621.

W. Ouyang, A. Aristov, M. Lelek, X. Hao and C. Zimmer,
Nat. Biotechnol., 2018, 36, 460—-468.

P. Zelger, K. Kaser, B. Rossboth, L. Velas, G. J. Schutz and
A. Jesacher, Opt. Express, 2018, 26, 33166-33179.

E. Moen, D. Bannon, T. Kudo, W. Graf, M. Covert and
D. V. Valen, Nat. Methods, 2019, 16, 1233-1246.

J. Vangindertael, R. Camacho, W. Sempels, H. Mizuno,
P. Dedecker and K. P. F. Janssen, Methods Appl. Fluoresc.,
2018, 6, 022003.

B. Huang, M. Bates and X. Zhuang, Annu. Rev. Biochem.,
2009, 78, 993-1016.

S. Pujals, N. Feiner-Gracia, P. Delcanale, I. Voets and
L. Albertazzi, Nat. Rev. Chem., 2019, 3, 68-84.

A. M. Sydor, K. J. Czymmek, E. M. Puchner and
V. Mennella, Trends Cell Biol., 2015, 25, 730-748.

D. Baddeley and J. Bewersdorf, Annu. Rev. Biochem., 2018,
87, 965-989.

N. Li, R. Zhao, Y. Sun, Z. Ye, K. He and X. Fang, Natl. Sci.
Rev., 2017, 4, 739-760.

J. Yu, Annu. Rev. Phys. Chem., 2016, 67, 565-585.

R. Heintzmann and T. Huser, Chem. Rev., 2017, 117,
13890-13908.

138 | RSC Chem. Biol., 2021, 2, 1115-1143

100
101
102
103
104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

View Article Online

RSC Chemical Biology

M. G. L. Gustafsson, J. Microsc., 2000, 198, 82-87.

S. W. Hell and J. Wichmann, Opt. Lett., 1994, 19, 780-782.
H. Blom and ]J. Widengren, Chem. Rev., 2017, 117, 7377-7427.
B. Huang, S. A. Jones, B. Brandenburg and X. Zhuang, Nat.
Methods, 2008, 5, 1047-1052.

M. J. Rust, M. Bates and X. Zhuang, Nat. Methods, 2006, 3,
793-796.

M. Heilemann, S. van de Linde, M. Schiittpelz, R. Kasper,
B. Seefeldt, A. Mukherjee, P. Tinnefeld and M. Sauer,
Angew. Chem., Int. Ed., 2008, 47, 6172-6176.

E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser,
S. Olenych, J. S. Bonifacino, M. W. Davidson, J. Lippincott-
Schwartz and H. F. Hess, Science, 2006, 313, 1642.

A. Sharonov and R. M. Hochstrasser, Proc. Natl. Acad. Sci.
U. S. A., 2006, 103, 18911.

M. Miyake, T. Koga, S. Kondo, N. Yoda, C. Emoto, T. Mukai
and H. Toguchi, Eur. J. Pharm. Sci., 2017, 96, 373-380.

K. C. Gwosch, J. K. Pape, F. Balzarotti, P. Hoess,
J. Ellenberg, J. Ries and S. W. Hell, Nat. Methods, 2020,
17, 217-224.

F. Balzarotti, Y. Eilers, K. C. Gwosch, A. H. Gynna,
V. Westphal, F. D. Stefani, ]J. EIf and S. W. Hell, Science,
2017, 355, 606.

M. Schmidt, A. C. Hundahl, H. Flyvbjerg, R. Marie and
K. I. Mortensen, Commun. Phys., 2021, 4, 41.

J. Cnossen, T. Hinsdale, R. Thorsen, M. Siemons,
F. Schueder, R. Jungmann, C. S. Smith, B. Rieger and
S. Stallinga, Nat. Methods, 2020, 17, 59-63.

L. Gu, Y. Li, S. Zhang, Y. Xue, W. Li, D. Li, T. Xu and W. Ji,
Nat. Methods, 2019, 16, 1114-1118.

P. Jouchet, C. Cabriel, N. Bourg, M. Bardou, C. Potis, E. Fort
and S. Lévéque-Fort, Nat. Photonics, 2021, 15, 297-304.

L. Gu, Y. Li, S. Zhang, M. Zhou, Y. Xue, W. Li, T. Xu and
W. Ji, Nat. Methods, 2021, 18, 369-373.

P. M. Fischer, N. Z. Zhelev, S. Wang, J. E. Melville,
R. Fahraeus and D. P. Lane, J. Pept. Res., 2000, 55, 163-172.
R. Fischer, T. Waizenegger, K. Kohler and R. Brock, Bio-
chim. Biophys. Acta, Biomembr., 2002, 1564, 365-374.

M. Hillbrink, A. Florén, A. Elmquist, M. Pooga, T. Bartfai
and U. Langel, Biochim. Biophys. Acta, Biomembr., 2001,
1515, 101-109.

M. Hillbrink, J. Oehlke, G. Papsdorf and M. Bienert,
Biochim. Biophys. Acta, Biomembr., 2004, 1667, 222-228.

S. Al-Taei, N. A. Penning, ]J. C. Simpson, S. Futaki,
T. Takeuchi, I. Nakase and A. T. Jones, Bioconjugate Chem.,
2006, 17, 90-100.

D. Birch, M. V. Christensen, D. Staerk, H. Franzyk and
H. M. Nielsen, Biochim. Biophys. Acta, Biomembr., 2017,
1859, 2483-2494.

S. F. Hedegaard, M. S. Derbas, T. K. Lind, M. R. Kasimova,
M. V. Christensen, M. H. Michaelsen, R. A. Campbell,
L. Jorgensen, H. Franzyk, M. Cardenas and
H. M. Nielsen, Sci. Rep., 2018, 8, 1-14.

J. D. Ochocki, D. G. Mullen, E. V. Wattenberg and
M. D. Distefano, Bioorg. Med. Chem. Lett.,, 2011, 21,
4998-5001.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

L. D. Hughes, R. J. Rawle and S. G. Boxer, PLoS One, 2014,
9, €87649.

L. C. Zanetti-Domingues, C. J. Tynan, D. J. Rolfe,
D. T. Clarke and M. Martin-Fernandez, PLoS One, 2013,
8, €74200.

L. C. Zanetti-Domingues, M. L. Martin-Fernandez, S. R.
Needham, D. J. Rolfe and D. T. Clarke, PLoS One, 2012,
7, €45655.

X. Liu, Z. Xu and J. M. Cole, J. Phys. Chem. C, 2013, 117,
16584-16595.

V. Méde, S. Els-Heindl and A. G. Beck-Sickinger, Beilstein
J. Org. Chem., 2014, 10, 1197-1212.

Fmoc solid phase peptide synthesis, ed. W. Chan and
P. White, a practical approach, Oxford University Press,
2000.

N. Stephanopoulos and M. B. Francis, Nat. Chem. Biol.,
2011, 7, 876-884.

J. Kalia and R. T. Raines, Curr. Org. Chem., 2010, 14,
138-147.

R. Fischer, O. Mader, G. Jung and R. Brock, Bioconjugate
Chem., 2003, 14, 653-660.

C. N. Carrigan and B. Imperiali, Anal. Biochem., 2005, 341,
290-298.

M. Sainlos and B. Imperiali, Nat. Protoc., 2007, 2,
3210-3218.

M. Eugenio Vazquez, D. M. Rothman and B. Imperiali, Org.
Biomol. Chem., 2004, 2, 1965-1966.

A. Chersi, S. Giommi and L. Rosano, Biochim. Biophys. Acta,
Gen. Subj., 2000, 1474, 196-200.

D. Boturyn, J. L. Coll, E. Garanger, M. C. Favrot and
P. Dumy, J. Am. Chem. Soc., 2004, 126, 5730-5739.

P. Hoogerhout, K. ]J. Stittelaar, H. F. Brugghe,
J. A. M. Timmermans, G. J. Ten Hove, W. Jiskoot,
J. H. G. Hoekman and P. J. M. Roholl, J. Pept. Res., 1999,
54, 436-443.

M. Dettin, C. Scarinci, C. Zanotto, A. Cabrelle, A. Rossi and
C. Bello, J. Pept. Res., 2009, 51, 110-115.

A. Song, X. Wang, J. Zhang, J. Mafik, C. B. Lebrilla and
K. S. Lam, Bioorg. Med. Chem. Lett., 2004, 14, 161-165.

M. Miki and C. G. D. Remedios, J. Biochem., 1988, 104,
232-235.

J. S. Nanda and J. R. Lorsch, Methods Enzymol., 2014, 536,
79-86.

M. D. Best, Biochemistry, 2009, 48, 6571-6584.

N. K. Devaraj, ACS Cent. Sci., 2018, 4, 952-959.

V. V. Rostovtsev, L. G. Green, V. V. Fokin and
K. B. Sharpless, Angew. Chem., Int. Ed., 2002, 41,
2596-2599.

M. Meldal and C. W. Tornge, Chem. Rev., 2008, 108,
2952-3015.

E. M. Sletten and C. R. Bertozzi, Angew. Chem., Int. Ed.,
2009, 48, 6974-6998.

J. Marik and ]. L. Sutcliffe, Tetrahedron Lett., 2006, 47,
6681-6684.

P. Kele, G. Mezd, D. Achatz and O. S. Wolfbeis, Angew.
Chem., Int. Ed., 2009, 48, 344-347.

© 2021 The Author(s). Published by the Royal Society of Chemistry

150

151

152

153

154

155

156

157

158
159

160

161

162

163
164

165
166
167

168

169

170

171
172

173

174

175

View Article Online

Review

M. K. Quinn, N. Gnan, S. James, A. Ninarello, F. Sciortino,
E. Zaccarelli and J. J. McManus, Phys. Chem. Chem. Phys.,
2015, 17, 31177-31187.

M. P. Luitz, A. Barth, A. H. Crevenna, R. Bomblies,
D. C. Lamb and M. Zacharias, PLoS One, 2017,
12, €0177139.

L. M. Jungbauer, C. Yu, K. J. Laxton and M. J. LaDu, J. Mol.
Recognit., 2009, 22, 403-413.

M. Mucibabi¢, M. M. Apetri, G. W. Canters and
T. J. Aartsma, Biochim. Biophys. Acta, Proteins Proteomics,
2016, 1864, 1419-1427.

J. Wégele, S. De Sio, B. Voigt, ]J. Balbach and M. Ott,
Biophys. J., 2019, 116, 227-238.

L. Yin, W. Wang, S. Wang, F. Zhang, S. Zhang and N. Tao,
Biosens. Bioelectron., 2015, 66, 412-416.

S. M. D’Addio, J. R. Bothe, C. Neri, P. L. Walsh, J. Zhang,
E. Pierson, Y. Mao, M. Gindy, A. Leone
A. C. Templeton, J. Pharm. Sci., 2016, 105, 2989-3006.
D. Geissler, C. Gollwitzer, A. Sikora, C. Minelli, M. Krumrey
and U. Resch-Genger, Anal. Methods, 2015, 7, 9785-9790.
A. Kitamura and M. Kinjo, Int. J. Mol. Sci., 2018, 19, 964.
S. Macchi, G. Signore, C. Boccardi, C. Di Rienzo, F. Beltram
and F. Cardarelli, Sci. Rep., 2015, 5, 16914.

J. Ries and P. Schwille, BioEssays, 2012, 34, 361-368.

L. O. Tjernberg, A. Pramanik, S. Bjorling, P. Thyberg,
J. Thyberg, C. Nordstedt, K. D. Berndt, L. Terenius and
R. Rigler, Chem. Biol., 1999, 6, 53-62.

M. Schneider, S. Walta, C. Cadek, W. Richtering and
D. Willbold, Sci. Rep., 2017, 7, 2154.

H. Sahoo, J. Photochem. Photobiol., C, 2011, 12, 20-30.

A. S. Khadria and A. Senes, Biopolymers, 2015, 104,
247-264.

V. Raicu, J. Biol. Phys., 2007, 33, 109-127.

B. Schuler, J. Nanobiotechnol., 2013, 11(suppl. 1), S2.

B. Wang, N. Xie and B. Li, J. Food Biochem., 2019,
43, €12571.

M. D. Sitrin, in The Gastrointestinal System: Gastrointest-
inal, Nutritional and Hepatobiliary Physiology, ed.
P. S. Leung, Springer, Netherlands, Dordrecht, 2014, DOI:
10.1007/978-94-017-8771-0_6, pp. 137-158.

A. Bernkop-Schniirch, Oral Delivery of Macromolecular
Drugs: Barriers, Strategies and Future Trends, Springer,
New York, 2009.

J. F. Woodley, Crit. Rev. Ther. Drug Carrier Syst., 1994, 11,
61-95.

A. Bernkop-Schniirch, J. Controlled Release, 1998, 52, 1-16.
E. Galia, E. Nicolaides, D. Horter, R. Lobenberg, C. Reppas
and J. B. Dressman, Pharm. Res., 1998, 15, 698-705.

L. Kalantzi, K. Goumas, V. Kalioras, B. Abrahamsson,
J. B. Dressman and C. Reppas, Pharm. Res., 2006, 23,
165-176.

A. Lindahl, A.-L. Ungell, L. Knutson and H. Lennernis,
Pharm. Res., 1997, 14, 497-502.

M. Perez de la Cruz Moreno, M. Oth, S. Deferme,
F. Lammert, J. Tack, J. Dressman and P. Augustijns,
J. Pharm. Pharmacol., 2006, 58, 1079-1089.

and

RSC Chem. Biol., 2021, 2, M5-1143 | 1139


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

W. H. Shen and R. J. Xu, Comp. Biochem. Physiol., Part A:
Mol. Integr. Physiol., 2000, 125, 389-401.

M. Foltz, E. E. Meynen, V. Bianco, C. van Platerink,
T. M. M. G. Koning and J. Kloek, J. Nutr., 2007, 137, 953-958.
J. Wang, V. Yadav, A. L. Smart, S. Tajiri and A. W. Basit,
Mol. Pharmaceutics, 2015, 12, 966-973.

M. M. Frigault, J. Lacoste, J. L. Swift and C. M. Brown,
J. Cell Sci., 2009, 122, 753-767.

A. Fjellestad-Paulsen, C. Séderberg-Ahlm and S. Lundin,
Peptides, 1995, 16, 1141-1147.

S. Strindberg, J. Plum, C. Bagger, C. Janfelt and A. Miillertz,
Mol. Pharmaceutics, 2021, 18, 2189-2197.

M. Tanaka, S. M. Hong, S. Akiyama, Q. Q. Hu and
T. Matsui, Mol. Nutr. Food Res., 2015, 59, 1541-1549.

S. M. Hong, M. Tanaka, S. Yoshii, Y. Mine and T. Matsui,
Anal. Chem., 2013, 85, 10033-10039.

J. Kovacs-Nolan, P. Rupa, T. Matsui, M. Tanaka, T. Konishi,
Y. Sauchi, K. Sato, S. Ono and Y. Mine, J. Agric. Food Chem.,
2014, 62, 9499-9506.

P. E. G. Thorén, D. Persson, M. Karlsson and B. Nordén,
FEBS Lett., 2000, 482, 265-268.

M. Z. Islam, H. Ariyama, J. M. Alam and M. Yamazaki,
Biochemistry, 2014, 53, 386-396.

B. Apellaniz, ]J. L. Nieva, P. Schwille and A. J. Garcia-Saez,
Biophys. J., 2010, 99, 3619-3628.

J. He, K. Hristova and W. C. Wimley, Angew. Chem., Int. Ed.,
2012, 51, 7150-7153.

S. A. Wheaten, F. D. O. Ablan, B. L. Spaller, J. M. Trieu and
P. F. Almeida, J. Am. Chem. Soc., 2013, 135, 16517-16525.
P. Meleard, L. A. Bagatolli and T. Pott, in Methods in
Enzymology Liposomes, ed. N. Duzgunes and G. Pt, 2009,
vol. 465, pp. 161-176.

G. van Meer, D. R. Voelker and G. W. Feigenson, Nat. Rev.
Mol. Cell Biol., 2008, 9, 112-124.

Y. Tamba, H. Ariyama, V. Levadny and M. Yamazaki,
J. Phys. Chem. B, 2010, 114, 12018-12026.

B. Alberts, Molecular Biology of the Cell, Garland Science,
2002.

P. Saalik, A. Niinep, J. Pae, M. Hansen, D. Lubenets,
U. Langel and M. Pooga, J. Controlled Release, 2011, 153,
117-125.

K. R. Levental and I. Levental, in Lipid Domains, ed.
A. K. Kenworthy, 2015, vol. 75, pp. 25-57.

E. Sezgin, H. J. Kaiser, T. Baumgart, P. Schwille, K. Simons
and I. Levental, Nat. Protoc., 2012, 7, 1042-1051.

B. Bauer, M. Davidson and O. Orwar, Angew. Chem., Int.
Ed., 2009, 48, 1656-1659.

K. R. Levental and I. Levental, in Current Topics in Mem-
branes, ed. A. K. Kenworthy, Academic Press, 2015, vol. 75,
pp. 25-57.

E. Sezgin, I. Levental, S. Mayor and C. Eggeling, Nat. Rev.
Mol. Gell Biol., 2017, 18, 361-374.

D. A. Costello, C.-Y. Hsia, J. K. Millet, T. Porri and
S. Daniel, Langmuir, 2013, 29, 6409-6419.

A. Moutal, L. Francois-Moutal, J. M. Brittain, M. Khanna
and R. Khanna, Front. Cell. Neurosci., 2015, 8, 471.

140 | RSC Chem. Biol.,, 2021, 2, 1M5-1143

202

203

204

205

206

207
208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

View Article Online

RSC Chemical Biology

C. Lepinoux-Chambaud and ]. Eyer, Int. J. Pharm., 2013,
454, 738-747.

J. Pae, P. Saalik, L. Liivamagi, D. Lubenets, P. Arukuusk,
U. Langel and M. Pooga, J. Controlled Release, 2014, 192,
103-113.

J. Pae, L. Liivamagi, D. Lubenets, P. Arukuusk, U. Langel
and M. Pooga, Biochim. Biophys. Acta, Biomembr., 2016,
1858, 1860-1867.

M. M. Manni, J. Sot and F. M. Goni, Biochim. Biophys. Acta,
Biomembr., 2015, 1848, 797-804.

B. N. G. Giepmans, S. R. Adams, M. H. Ellisman and
R. Y. Tsien, Science, 2006, 312, 217-224.

C. Bechara and S. Sagan, FEBS Lett., 2013, 587, 1693-1702.
N. J. Yang and M. J. Hinner, Methods Mol. Biol., 2015, 1266,
29-53.

H. D. Herce, A. E. Garcia and M. C. Cardoso, J. Am. Chem.
Soc., 2014, 136, 17459-17467.

N. Nischan, H. D. Herce, F. Natale, N. Bohlke, N. Budisa,
M. C. Cardoso and C. P. R. Hackenberger, Angew. Chem.,
Int. Ed., 2015, 54, 1950-1953.

A. Méndez-Ardoy, 1. Lostalé-Seijo and J. Montenegro,
ChemBioChem, 2019, 20, 488-498.

P. Watson, A. T. Jones and D. J. Stephens, Adv. Drug
Delivery Rev., 2005, 57, 43-61.

F. Illien, N. Rodriguez, M. Amoura, A. Joliot, M. Pallerla,
S. Cribier, F. Burlina and S. Sagan, Sci. Rep., 2016, 6, 1-13.
J-M. Swiecicki, F. Thiebaut, M. Di Pisa, S. Gourdin-Bertin,
J. Tailhades, C. Mansuy, F. Burlina, S. Chwetzoff, G. Trugnan,
G. Chassaing and S. Lavielle, Sci. Rep., 2016, 6, 20237.

S. C. De Smedt, K. Remaut, B. Lucas, K. Braeckmans,
N. N. Sanders and ]. Demeester, Adv. Drug Delivery Rev.,
2005, 57, 191-210.

H. Deschout, K. Raemdonck, J. Demeester, S. C. De Smedt
and K. Braeckmans, Pharm. Res., 2014, 31, 255-270.

S. G. Patel, E. J. Sayers, L. He, R. Narayan, T. L. Williams,
E. M. Mills, R. K. Allemann, L. Y. P. Luk, A. T. Jones and
Y. H. Tsai, Sci. Rep., 2019, 9, 6298.

C. A. Thaiss, M. Levy, I. Grosheva, D. Zheng, E. Soffer,
E. Blacher, S. Braverman, A. C. Tengeler, O. Barak,
M. Elazar, R. Ben-Zeev, D. Lehavi-Regev, M. N. Katz,
M. Pevsner-Fischer, A. Gertler, Z. Halpern, A. Harmelin,
S. Aamar, P. Serradas, A. Grosfeld, H. Shapiro, B. Geiger
and E. Elinav, Science, 2018, 359, 1376-1383.

M. Aguilar-Aragon, A. Elbediwy, V. Foglizzo, G. C. Fletcher,
V. S. W. Li and B. J. Thompson, Cell Rep., 2018, 22, 1639-1646.
X. Liu, S. Zheng, Y. Qin, W. Ding, Y. Tu, X. Chen, Y. Wu,
L. Yanhua and X. Cai, Front. Pharmacol., 2017, 8, 781.

A. R. Hilgers, R. A. Conradi and P. S. Burton, AAPS J., 1990,
7, 902-910.

N. Navabi, M. A. McGuckin and S. K. Lindén, PLoS One,
2013, 8, e68761.

F. Antunes, F. Andrade, F. Aratjo, D. Ferreira and
B. Sarmento, Eur. J. Pharm. Biopharm., 2013, 83, 427-435.
C. M. Costello, J. Hongpeng, S. Shaffiey, J. Yu, N. K. Jain,
D. Hackam and J. C. March, Biotechnol. Bioeng., 2014, 111,
1222-1232.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

J. Yu, S. Peng, D. Luo and J. C. March, Biotechnol. Bioeng.,
2012, 109, 2173-2178.

Y. Wang, D. B. Gunasekara, M. I. Reed, M. DiSalvo,
S. J. Bultman, C. E. Sims, S. T. Magness and
N. L. Allbritton, Biomaterials, 2017, 128, 44-55.

Y. Chen, Y. Lin, K. M. Davis, Q. Wang, J. Rnjak-Kovacina,
C. Li, R. R. Isberg, C. A. Kumamoto, J. Mecsas and
D. L. Kaplan, Sci. Rep., 2015, 5, 13708.

R. A. Conradi, A. R. Hilgers, N. F. H. Ho and P. S. Burton,
Pharm. Res., 1991, 8, 1453-1460.

J. H. Hamman, G. M. Enslin and A. F. Kotze, BioDrugs,
2005, 19, 165-177.

W. Hua, D. Sheff, D. Toomre and I. Mellman, J. Cell Biol.,
2006, 172, 1035.

K. A. Toops, L. X. Tan and A. Lakkaraju, Exp. Eye Res., 2014,
124, 74-85.

S. J. Trietsch, E. Naumovska, D. Kurek, M. C. Setyawati,
M. K. Vormann, K. J. Wilschut, H. L. Lanz, A. Nicolas,
C. P. Ng, J. Joore, S. Kustermann, A. Roth, T. Hankemeier,
A. Moisan and P. Vulto, Nat. Commun., 2017, 8, 262.

V. Rozehnal, D. Nakai, U. Hoepner, T. Fischer,
E. Kamiyama, M. Takahashi, S. Yasuda and ]J. Mueller,
Eur. J. Pharm. Sci., 2012, 46, 367-373.

J. Westerhout, E. Van De Steeg, D. Grossouw,
E. E. Zeijdner, C. A. M. Krul, M. Verwei and
H. M. Wortelboer, Eur. J. Pharm. Sci., 2014, 63, 167-177.
S. Ayehunie, T. Landry, Z. Stevens, A. Armento, P. Hayden
and M. Klausner, Pharm. Res., 2018, 35, 72.

I. Maschmeyer, A. K. Lorenz, K. Schimek, T. Hasenberg,
A. P. Ramme, J. Hubner, M. Lindner, C. Drewell, S. Bauer,
A. Thomas, N. S. Sambo, F. Sonntag, R. Lauster and
U. Marx, Lab Chip, 2015, 15, 2688-2699.

M. A. Miller and R. Weissleder, Nat. Rev. Cancer, 2017, 17,
399-414.

J. M. Girkin and M. T. Carvalho, J. Opt., 2018, 20, 053002.
K. G. Chen, B. S. Mallon, K. Park, P. G. Robey,
R. D. G. McKay, M. M. Gottesman and W. Zheng, Trends
Mol. Med., 2018, 24, 805-820.

A. Fatehullah, S. H. Tan and N. Barker, Nat. Cell Biol., 2016,
18, 246-254.

X. Yin, B. E. Mead, H. Safaee, R. Langer, J. M. Karp and
O. Levy, Cell Stem Cell, 2016, 18, 25-38.

H. Clevers, Cell, 2016, 165, 1586-1597.

K. G. Chen, B. S. Mallon, K. Park, P. G. Robey,
R. D. G. McKay, M. M. Gottesman and W. Zheng, Trends
Mol. Med., 2018, 24, 805-820.

M. Nikolaev, O. Mitrofanova, N. Broguiere, S. Geraldo,
D. Dutta, Y. Tabata, B. Elci, N. Brandenberg, 1. Kolotuev,
N. Gjorevski, H. Clevers and M. P. Lutolf, Nature, 2020,
585, 574-578.

D. Dutta and H. Clevers, Curr. Opin. Immunol., 2017, 48,
15-22.

S. Bartfeld and H. Clevers, J. Visualized Exp., 2015,
105, 53359.

D. R. Hill, S. Huang, Y. H. Tsai, J. R. Spence and
V. B. Young, J. Visualized Exp., 2017, 130, 56960.

© 2021 The Author(s). Published by the Royal Society of Chemistry

248

249

250

251

252

253

254

255

256

257
258

259

260

261

262

263
264

265
266

267

268

269

View Article Online

Review

K. Kozuka, Y. He, S. Koo-McCoy, P. Kumaraswamy, B. Nie,
K. Shaw, P. Chan, M. Leadbetter, L. He, J. G. Lewis,
Z. Zhong, D. Charmot, M. Balaa, A. J. King, J. S. Caldwell
and M. Siegel, Stem Cell Rep., 2017, 9, 1976-1990.

G. Altay, E. Larrafiaga, S. Tosi, F. M. Barriga, E. Batlle,
V. Fernandez-Majada and E. Martinez, Sci. Rep., 2019,
9, 10140.

M. Kasendra, A. Tovaglieri, A. Sontheimer-Phelps, S. Jalili-
Firoozinezhad, A. Bein, A. Chalkiadaki, W. Scholl, C. Zhang,
H. Rickner, C. A. Richmond, H. Li, D. T. Breault and
D. E. Ingber, Sci. Rep., 2018, 8, 2871.

E. Naumovska, G. Aalderink, C. Wong Valencia, K. Kosim,
A. Nicolas, S. Brown, P. Vulto, K. S. Erdmann and D. Kurek,
Int. J. Mol. Sci., 2020, 21, 4964.

J. Y. Co, M. Margalef-Catala, X. Li, A. T. Mah, C. ]J. Kuo,
D. M. Monack and M. R. Amieva, Cell Rep., 2019, 26,
2509-2520.

E. W. Esch, A. Bahinski and D. Huh, Nat. Rev. Drug
Discovery, 2015, 14, 248-260.

B. Zhang, A. Korolj, B. F. L. Lai and M. Radisic, Nat. Rev.
Mater., 2018, 3, 257-278.

D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala,
H. Y. Hsin and D. E. Ingber, Science, 2010, 328, 1662-1668.
H. J. Kim, D. Huh, G. Hamilton and D. E. Ingber, Lab Chip,
2012, 12, 2165-2174.

H. ]. Kim and D. E. Ingber, Integr. Biol., 2013, 5, 1130-1140.
A. Carraro, W.-M. Hsu, K. M. Kulig, W. S. Cheung,
M. L. Miller, E. J. Weinberg, E. F. Swart, M. Kaazempur-
Mofrad, J. T. Borenstein, J. P. Vacanti and C. Neville,
Biomed. Microdevices, 2008, 10, 795-805.

P.]. Lee, P. ]J. Hung and L. P. Lee, Biotechnol. Bioeng., 2007,
97, 1340-1346.

A. Agarwal, J. A. Goss, A. Cho, M. L. McCain and
K. K. Parker, Lab Chip, 2013, 13, 3599-3608.

A. Grosberg, P. W. Alford, M. L. McCain and K. K. Parker,
Lab Chip, 2011, 11, 4165-4173.

R. Mroue and M. ]. Bissell, in Epithelial Cell Culture
Protocols, ed. S. H. Randell and M. L. Fulcher, Humana
Press, Totowa, NJ, 2nd edn, 2013, pp. 221-250.

T. Sato and H. Clevers, Science, 2013, 340, 1190-1194.

K. H. Benam, R. Villenave, C. Lucchesi, A. Varone, C. Hubeau,
H.-H. Lee, S. E. Alves, M. Salmon, T. C. Ferrante and
J. C. Weaver, Nat. Methods, 2016, 13, 151.

D. E. Ingber, FASEB J., 2006, 20, 811-827.

D. Huh, D. C. Leslie, B. D. Matthews, J. P. Fraser, S. Jurek,
G. A. Hamilton, K. S. Thorneloe, M. A. McAlexander and
D. E. Ingber, Sci. Transl. Med., 2012, 4, 147-159.

D. Huh, H. J. Kim, ]J. P. Fraser, D. E. Shea, M. Khan,
A. Bahinski, G. A. Hamilton and D. E. Ingber, Nat. Protoc.,
2013, 8, 2135.

H. J. Kim, H. Li, J. J. Collins and D. E. Ingber, Proc. Natl.
Acad. Sci. U. S. A., 2016, 113, 7-15.

R. Villenave, S. Q. Wales, T. Hamkins-Indik,
E. Papafragkou, J. C. Weaver, T. C. Ferrante, A. Bahinski,
C. A. Elkins, M. Kulka and D. E. Ingber, PLoS One, 2017,
12, €0169412.

RSC Chem. Biol., 2021, 2, M5-1143 | 1141


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

S. Trkov, G. Eng, R. Di Liddo, P. P. Parnigotto and
G. Vunjak-Novakovic, J. Tissue Eng. Regener. Med., 2010,
4, 205-215.

N. W. Choi, M. Cabodi, B. Held, J. P. Gleghorn,
L. J. Bonassar and A. D. Stroock, Nat. Mater., 2007, 6, 908.
Y. Zheng, J. Chen, M. Craven, N. W. Choi, S. Totorica,
A. Diaz-Santana, P. Kermani, B. Hempstead, C. Fischbach-
Teschl, J. A. Lopez and A. D. Stroock, Proc. Natl. Acad. Sci.
U. S. A, 2012, 109, 9342-9347.

J. B. Leach and C. E. Schmidt, Biomaterials, 2005, 26,
125-135.

G. Ligresti, R. J. Nagao, ]J. Xue, Y. J. Choi, J. Xu, S. Ren,
T. Aburatani, S. K. Anderson, ]J. W. MacDonald and
T. K. Bammler, J. Am. Soc. Nephrol., 2016, 27, 2370-2381.
R. J. Zhang and N. B. Larsen, Lab Chip, 2017, 17,
4273-4282.

N. LiaJeon, Lab Chip, 2015, 15, 3984-3988.

I. K. Zervantonakis, S. K. Hughes-Alford, J. L. Charest,
J. S. Condeelis, F. B. Gertler and R. D. Kamm, Proc. Natl
Acad. Sci. U. S. A., 2012, 109, 13515-13520.

A. Sobrino, D. T. Phan, R. Datta, X. Wang, S. ]J. Hachey,
M. Romero-LépeZ, E. Gratton, A. P. Lee, S. C. George and
C. C. Hughes, Sci. Rep., 2016, 6, 31589.

C.-C. Hsieh, S.-B. Huang, P.-C. Wu, D.-B. Shieh and G.-B.
J. B. M. Lee, Biomed. Microdevices, 2009, 11, 903-913.

V. Vickerman, J. Blundo, S. Chung and R. Kamm, Lab Chip,
2008, 8, 1468-1477.

J. Tam, G. A. Cordier, S. Balint, A. Sandoval Alvarez,
J. S. Borbely and M. Lakadamyali, PLoS One, 2015,
9, e115512.

E. K. Sackmann, A. L. Fulton and D. J. Beebe, Nature, 2014,
507, 181-189.

L. K. Chin, C.-H. Lee and B.-C. Chen, Lab Chip, 2016, 16,
2014-2024.

R. Yokokawa, Y. Kitazawa, K. Terao, A. Okonogi, I. Kanno
and H. Kotera, Biomed. Microdevices, 2012, 14, 791-797.
B. Prabhakarpandian, M.-C. Shen, J. B. Nichols, I. R. Mills,
M. Sidoryk-Wegrzynowicz, M. Aschner and K. Pant, Lab
Chip, 2013, 13, 1093-1101.

L. Griep, F. Wolbers, B. De Wagenaar, P. M. ter Braak,
B. Weksler, 1. A. Romero, P. Couraud, I. Vermes, A. D. van
der Meer and A. van den Berg, Biomed. Microdevices, 2013,
15, 145-150.

A. K. H. Achyuta, A. J. Conway, R. B. Crouse,
E. C. Bannister, R. N. Lee, C. P. Katnik, A. A. Behensky,
J. Cuevas and S. S. Sundaram, Lab Chip, 2013, 13, 542-553.
R. Booth and H. Kim, Lab Chip, 2012, 12, 1784-1792.
T.-E. Park, N. Mustafaoglu, A. Herland, R. Hasselkus,
R. Mannix, E. A. FitzGerald, R. Prantil-Baun, A. Watters,
O. Henry, M. Benz, H. Sanchez, H. J. McCrea,
L. C. Goumnerova, H. W. Song, S. P. Palecek, E. Shusta
and D. E. Ingber, Nat. Commun., 2019, 10, 2621.

E. Berthier, E. W. Young and D. Beebe, Lab Chip, 2012, 12,
1224-1237.

A. D. van der Meer and A. van den Berg, Integr. Biol., 2012,
4, 461-470.

142 | RSC Chem. Biol.,, 2021, 2, M5-1143

292

293

294

295
296

297

298
299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

View Article Online

RSC Chemical Biology

B. M. Maoz, A. Herland, O. Y. Henry, W. D. Leineweber,
M. Yadid, J. Doyle, R. Mannix, V. J. Kujala, E. A. FitzGerald
and K. K. Parker, Lab Chip, 2017, 17, 2294-2302.

O. Y. Henry, R. Villenave, M. J. Cronce, W. D. Leineweber,
M. A. Benz and D. E. Ingber, Lab Chip, 2017, 17, 2264-2271.
A. D. Avan der Meer, H. Junga-Kim, M. W. Avan der Helm
and A. den Berg, Lab Chip, 2015, 15, 745-752.

M. ]. Pittet and R. Weissleder, Cell, 2011, 147, 983-991.

I. M. Schiessl and H. Castrop, Pfliigers Arch., 2016, 468,
1505-1516.

M. Kolesnikov, J. Farache and G. Shakhar, J. Immunol
Methods, 2015, 421, 73-80.

P. R. Contag, Drug Discovery Today, 2002, 7, 555-562.

M. A. Miller and R. Weissleder, Adv. Drug Delivery Rev.,
2017, 113, 61-86.

L. Ritsma, S. I J. Ellenbroek, A. Zomer, H. J. Snippert,
F. J. de Sauvage, B. D. Simons, H. Clevers and J. van
Rheenen, Nature, 2014, 507, 362-365.

A. M. Marchiando, L. Shen, W. V. Graham, C. R. Weber,
B. T. Schwarz, J. R. Austin, D. R. Raleigh, Y. Guan,
A. J. M. Watson, M. H. Montrose and J. R. Turner, J. Cell
Biol., 2010, 189, 111-126.

J. R. McDole, L. W. Wheeler, K. G. McDonald, B. Wang,
V. Konjufca, K. A. Knoop, R. D. Newberry and M. J. Miller,
Nature, 2012, 483, 345-349.

S. E. Howe, D. J. Lickteig, K. N. Plunkett, ]J. S. Ryerse and
V. Konjufca, PLoS One, 2014, 9, €86656.

W. W. Fan, D. N. Xia, Q. L. Zhu, X. Y. Li, S. F. He, C. L. Zhu,
S. Y. Guo, L. Hovgaard, M. S. Yang and Y. Gan, Biomater-
ials, 2018, 151, 13-23.

J. R. W. Conway, N. O. Carragher and P. Timpson, Nat. Rev.
Cancer, 2014, 14, 314-328.

L. Ritsma, E. J. A. Steller, S. I. J. Ellenbroek, O. Kranenburg,
I. Rinkes and ]. van Rheenen, Nat. Protoc., 2013, 8,
583-594.

C. Prunier, N. Chen, L. Ritsma and N. Vrisekoop, Methods,
2017, 128, 52-64.

S. M. Paul, D. S. Mytelka, C. T. Dunwiddie, C. C. Persinger,
B. H. Munos, S. R. Lindborg and A. L. Schacht, Nat. Rev.
Drug Discovery, 2010, 9, 203.

P. Lang, K. Yeow, A. Nichols and A. Scheer, Nat. Rev. Drug
Discovery, 2006, 5, 343-356.

L. P. H. Estrada and J. A. Champion, Biomater. Sci., 2015, 3,
787-799.

M. J. Cheng, R. Kumar, S. Sridhar, T. J. Webster and
E. E. Ebong, Int. J. Nanomed., 2016, 11, 3305-3315.

P. Foroozandeh and A. A. Aziz, Nanoscale Res. Lett., 2018,
13, 339.

G. Y. Liu, Y. Zhou and L. Y. Chen, Acta Pharm. Sin. B, 2019,
9, 87-96.

N. Desai, V. Trieu, Z. W. Yao, L. Louie, S. Ci, A. Yang,
C. L. Tao, T. De, B. Beals, D. Dykes, P. Noker, R. Yao,
E. Labao, M. Hawkins and P. Soon-Shiong, Clin. Cancer
Res., 2006, 12, 1317-1324.

U. Unzueta, M. V. Cespedes, N. Ferrer-Miralles,
I. Casanova, J. Cedano, J. L. Corchero, J. Domingo-Espin,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a

Open Access Article. Published on 15 June 2021. Downloaded on 7/19/2025 7:55:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

316

A. Villaverde, R. Mangues and E. Vazquez, Int. . Nanomed.,
2012, 7, 4533-4544.

L. H. Estrada, S. Chu and J. A. Champion, J. Pharm. Sci.,
2014, 103, 1863-1871.

317 J. K. Rhee, M. Hovlid, J. D. Fiedler, S. D. Brown,

318
319

F. Manzenrieder, H. Kitagishi, C. Nycholat, J. C. Paulson
and M. G. Finn, Biomacromolecules, 2011, 12, 3977-3981.
N. Oh and J. H. Park, Int. J. Nanomed., 2014, 9, 51-63.

M. Bramini, D. Ye, A. Hallerbach, M. Nic Raghnaill,
A. Salvati, C. Aberg and K. A. Dawson, ACS Nano, 2014, 8,
4304-4312.

320 ]. S. Crater and R. L. Carrier, Macromol. Biosci., 2010, 10,

321

1473-1483.
Y. Yun, Y. W. Cho and K. Park, Adv. Drug Delivery Rev.,
2013, 65, 822-832.

© 2021 The Author(s). Published by the Royal Society of Chemistry

322

323

324

325

326

327

View Article Online

Review

M. Haham, S. Ish-Shalom, M. Nodelman, I. Duek, E. Segal,
M. Kustanovich and Y. D. Livney, Food Funct., 2012, 3,
737-744.

M. Bar-Zeev, Y. G. Assaraf and Y. D. Livney, Oncotarget,
2016, 7, 23322-23334.

A. Shapira, Y. G. Assaraf and Y. D. Livney, J. Nanomed.
Nanotechnol., 2010, 6, 119-126.

T. T. Lin, P. F. Zhao, Y. F. Jiang, Y. S. Tang, H. Y. Jin,
Z.Z.Pan, H. N. He, V. C. Yang and Y. Z. Huang, ACS Nano,
2016, 10, 9999-10012.

E. Y. Chuang, K. J. Lin, F. Y. Su, F. L. Mi, B. Maiti,
C. T. Chen, S. P. Wey, T. C. Yen, J. H. Juang and
H. W. Sung, J. Controlled Release, 2013, 172, 513-522.

J. W. Scannell, A. Blanckley, H. Boldon and B. Warrington,
Nat. Rev. Drug Discovery, 2012, 11, 191.

RSC Chem. Biol., 2021, 2, M5-1143 | 1143


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00024a



