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Abstract

Extrinsic probes have outstanding properties for intracellular labeling to visualize dynamic
processes in/of living cells, both in vitro and in vivo. Since extrinsic probes are in many cases
cell-impermeable, different biochemical and physical approaches have been used to break the
cell membrane barrier for direct delivery into the cytoplasm. In this review we will discuss
these intracellular delivery strategies, briefly explaining their mechanisms and how they have
been used for live-cell labeling applications. Methods that will be discussed include two
biochemical agents that have been used for this purpose, which are cell penetrating peptides
(CPPs) and the pore-forming bacterial toxin streptolysin O (SLO). Most successful intracellular
label delivery methods are, however, based on physical principles to permeabilize the
membrane and include electroporation, laser-induced photoporation, micro-/nanoinjection,
nanoneedles or nanostraws, microfluidics and nanomachines. The strength and weakness of
each strategy are discussed with a systematic comparison provided in the end. Finally, we
summarize all the extrinsic probes that have been reported for intracellular labeling so-far,

together with the delivery strategies that were used and their performance. This combined
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information should provide for a useful guide for the reader to choose the most suitable delivery

method for the desired probes.
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1. Introduction

Cells are the basic building blocks of living organisms with sophisticated molecular processes
happening both between and within them. As these processes involve the spatiotemporal
dynamics of various biomolecules, including proteins, lipids, metabolites, nucleic acids and
more, it is of great value to be able to observe them within the native cellular context for a
deeper understanding of cell biology and diseases that are connected to these processes. Time-
resolved optical and fluorescence microscopy are at present still the most optimal technique to
observe such processes within living cells. Due to the crowded intracellular environment, the
relevant molecules and organelles need to be labeled in order to study them selectively. While
genetically encoded fluorescent proteins (FPs) have proven invaluable for this, the use of
extrinsic probes remains of great interest as they can be more easily engineered for a broad
spectral range, high brightness and photostability. Examples are illustrated in Figure 1 ordered
according to their sizes, such as organic dyes[1], inorganic nanoparticles like quantum dots

(QDs)[2] and carbon dots[3], and fluorescent polymeric nanoparticles.[4]

Apart from microscopy, labels are of importance for high-contrast in vivo cell tracking as well,
which is of relevance not only to study natural cell migration processes, but also for the
development of cell-based therapies where it is of interest to follow the fate of transplanted
therapeutic cells to better understand the treatment outcome.[5-7] While fluorescent probes can
be used for imaging in small animals, magnetic resonance imaging (MRI) contrast agents are
of greater interest for larger animals and humans.[8] Common MRI contrast agents are Gd**-

complexes and superparamagnetic iron oxides nanoparticles (SPIONs).[9, 10]

Regardless of the imaging technology, live-cell imaging applications generally require probes
to be delivered inside cells. As cell probes come in a wide range of types and sizes, as some

exemplary intracellular probes shown in Figure 1, getting them across the plasma membrane is,
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however, a great challenge. Borrowing from the gene therapy field, cell-impermeable contrast
agents can be internalized to some extent by endocytosis in a compound/cell-type dependent
manner. For instance, the intracellular delivery by means of non-viral nanoparticles has been
tried as well to stimulate the uptake of probes such as QDs[11] and labeled antibodies.[12]
Generally, this is of little avail since endocytosed materials are mostly routed towards
endolysosomes, meaning that the label-containing nanoparticles will be entrapped in endosomal
vesicles for degradation.[13] Combined with low efficiency of endosomal escape for the
currently available carrier systems[13-15], it means that probes are in any case not able to reach

their target structures which generally are outside of the endosomes.

Therefore, to improve the endosome escape or bypass the endocytosis process, different
biochemical and physical approaches have been used to enable extrinsic probes to get across
the cell membrane and directly enter the cytoplasm. Biochemical approaches include the use of
nanocarriers, CPPs and pore forming bacterial toxins, while physical methods include
electroporation, laser-induced photoporation, micro- and nanoinjection, micro- and
nanostructure mediated membrane disruption and the upcoming use of nanomachines or
nanomotors. In this review, we will give a systematic overview of these methods and how they
were used for delivering probes into live cells. For each strategy, the delivery mechanism will
be briefly discussed as well as its performance for intracellular label delivery with a critical
discussion on the advantages and disadvantages. Reported applications of the delivery methods
will be summarized as well. Finally, we will give a discussion on potential future developments

in this area.
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Figure 1. Extrinsic probes for intracellular labeling of live cells come in a wide variety of types
and sizes. Different types of probes are ordered from small to large. The smallest ones have a
size < 1 nm and include ions, organic dyes, organic dye conjugated ligands, inorganic
complexes and organic dye-labeled dextran. Probes between 1 and 10 nm include fluorescent
dye-labeled VHH (nanobodies), quantum dots (QDs), organic dye-labeled dextrans, fluorescent
proteins (FPs). Probes between 10 and 100 nm include fluorescent dye-labeled antibodies,
functionalized QDs, gold nanoparticles (AuNP), organic dye-labeled dextran. The largest
probes exceed even 100 nm and include carbon nanotubes (NTs), fluorescent dye-labeled beads,
and fluorescent dye-labeled RNA or DNA. Created with BioRender.

2. Biochemical strategies for delivering extrinsic probes into the cytoplasm

Borrowed from the drug delivery field, a first way to achieve intracellular translocation of labels
is by using nanocarriers, such as lipid-based nanoparticles, polymeric nanoparticles, ligands
conjugates, inorganic nanoparticles and virus like particles (VLPs) (Figure 2).[16] Most of
these nanocarriers enter cells by endocytosis, meaning that most of them will be entrapped
inside endosomes. To bypass endocytosis and deliver labels directly into the cytosol,
biochemical agents can be used that increase the permeability of cell membranes. The best-
known examples are cell penetrating peptides (CPPs) and the pore-forming bacterial toxin
streptolysin O (SLO). Below we give an introduction into these various biochemical delivery

strategies and how they have been used for intracellular label delivery.
2.1 Nanocarriers

Nanocarrier systems are widely used for gene and drug delivery due to a number of attractive

features, such as their small size, tailorable ligands and ability to be loaded with various types
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of cargo molecules. It comes as no surprise that they have been tried for the intracellular
delivery of cell-impermeable labels as well. Lipid-based nanocarriers are among the most
common drug delivery nanoparticles, being made from natural or synthesized lipids such as
fatty acids and phospholipids.[17] They have been used to encapsulate probes, such as quantum
dots (QDs). Al-Jamal et al. functionalized QDs with liposome to form cationic hybrid
nanoparticles for living-cell labeling.[18] High efficient labeling of tumor cells was achieved
this way in an ex vivo model, thus holding promise for long-term in vivo imaging of labeled
cells in the future. Feng et al. used fusogenic cationic lipids to coat fluorescent polymer
nanoparticles, demonstrating by fluorescence microscopy that they could be successfully

delivered to the cytoplasm of cells.[19]

As mentioned above, inorganic nanomaterials have been used as intracellular labels, such as
carbon-based materials and QDs.[20, 21] However, due to the endocytosis, it is difficult for
those labels to enter the cytosol for specific targeting. To overcome the endosomal barrier,
different ligands are conjugated to the surface to increase the endosomal escape, such as by
cationic polymer coating, which is comprehensively reviewed by Qin et al..[17] Fluorescent
QD is a good example for intracellular labeling by surface modification. Medintz et al. have
reported different surface-capping and bioconjugation strategies of QDs for intracellular
delivery, therefore achieving specific cellular labeling.[22] Besides labels, inorganic
nanomaterials, such as mesoporous silica nanoparticles and carbon-based nanomaterials are
also used as nanocarriers due to the large loading capacity and easy-to-modify surface for
intracellular delivery of labels.[23] As a two-dimension material, graphene-based material has
large and easy-to-adjust surface, making it an ideal nanocarrier for intracellular delivery.[24]
Zhou et al. loaded the graphene oxide (GO) with FesO4 to get the GO/FezO4 hybrids for
intracellular labeling, showing efficient cellular magnetic resonance imaging.[25] Zhang et al.

facially incorporated aggregation-induced emission (AIE) materials into mesoporous silica
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nanoparticles for cancel cell imaging, demonstrating excellent biocompatibility and strong

fluorescence of the labeling.[26]

Polymeric nanocarriers have been used for intracellular delivery of labels as well. For instance
Bayles et al. synthesized cationic core-shell acetalated dextran polymer colloids for delivery of
nanocrystals, like QDs, and used them for monitoring protein-protein interactions in live cells
by single particle tracking.[27] Nanogel nanoparticles, composed of cross-linked dextran
polymer networks, are widely used in the intracellular delivery field, such as drug and gene.[28,
29] Owing to the ability of conjugation with multiple moieties, nanogels are used for
intracellular delivery of different extrinsic labels. Toita et al. reported the intracellular delivery
of protein-conjugated QDs by cationic CHPNH2 nanogel into mesenchymal stem cells, showing
a long-term tracing by fluorescence microscopy.[30] Chiang et al. used the hollow hybrid
nanogels to load the citric acid-coated superparamagnetic iron oxide nanoparticles as well as
drug for intracellular delivery, demonstrating the guidable delivery of stimuli-mediated

diagnostic imaging and hyperthermia/chemotherapies.[31]

Inspired by the vaccines for human papilloma and hepatitis B viruses, VLP have been mostly
used for intracellular delivery of genes and proteins.[16] They have been explored for probe
delivery as well by attaching labels on the surface or loading them inside the VLP. For instance,
this way Savithri and coworkers have used VLPs with antibodies attached to the surface for
intracellular deliver into live cells for tubulin labeling.[32] Gag-GFP fusion protein could also

be incorporated into the cytosol by loaded in VLP, with an efficiency of almost 100%.[33]

Biochemical nanocarriers are attractive to consider for probe delivery as many can be readily
borrowed from the drug delivery field. In many cases biomedical nanocarriers are relatively
cheap and easy to use. However, often specific chemical modifications are necessary to load

them with probes, which are physiochemically different than, let’s say, nucleic acids. Most



WILEY-VCH

nanocarriers enter cells by endocytosis so that they reside inside endosomes, most of which are
eventually trafficked to acidic degradative endolysosomes.[34] While this may lead to
quenching and label degradation, this may not be an inherent problem if the aim is to label
whole cells for (in vivo) cell tracking.[14, 35] However, for microscopy this is more
problematic since here the purpose is to label specific subcellular structures. For that, the labels
need to be release from the carriers and endosomes, which is one of the most important
bottlenecks on the intracellular level for nanocarriers.[14, 36] As a consequence, even if a
fraction of the labels is released from the endosomes, it still results in a confounding staining
of labeled endosomes and the targeted structure. Therefore, other strategies that allow direct

access to the cytosol are generally preferred for label delivery for microscopy.

Lipid-based Ligands Inorganic Polymeric Virus like
nanoparticle conjugate nanomaterials  nanocarrier  nanoparticle

Cytoplasm

P

Figure 2. Different types of nanocarriers used for intracellular delivery of labels through
different endocytosis processes. The listed nanocarriers are lipid-based nanoparticle, ligands
conjugates, inorganic nanomaterials, polymeric nanocarrier and virus like particles. The scheme
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illustration below shows different endocytosis processes, which are pinocytosis (first left one)
and phagocytosis (right three). Created with BioRender.

2.2 Cell penetrating peptides

Since the trans-Activator of Transcription (Tat) protein has been demonstrated to be able to
efficiently enter into cultured cells in the 80s, the family of CPPs rapidly expanded to other
peptides as well.[37, 38] In general, CPPs are short peptides, mostly with positively charged
sequences of amino acids, with the capacity to cross cellular membranes. Based on their origin,
one discriminates three classes of CPPs, including peptides derived from proteins, chimeric
proteins and synthetic peptides.[39, 40] A detailed account of the classification of CPPs with
their properties has been reviewed elsewhere.[41] By conjugating CPPs to the compound of
interest, they have been used for the intracellular delivery of various types of compounds, such
as nanoparticles (NPs), other peptides, proteins, nucleic acids (oligonucleotides, cDNA, RNA,

siRNA), contrast agents for magnetic resonance imaging, and therapeutic compounds.[42, 43]

The manner in which CPPs find their way into cells is still a matter of debate. In general terms
there are two mechanisms involved, being on the one hand direct translocation across the
plasma membrane into the cytoplasm, and on the other hand endocytic uptake (Figure 3a). The
involvement of each mechanism is influenced by the physicochemical properties of the peptides,
characteristics of the cargo molecules to which they are conjugated, cell conditions, temperature,
PH, and so on.[44, 45] For the direct translocation of the CPPs, several hypotheses were
reported to explain the underlying mechanism based on a strong electrostatic interaction of the
cationic CPPs with the negatively charged phospholipids in the cell membrane.[39] The first
hypothesis is the formation of inverted micelles causing the translocation of CPPs towards the
cytoplasm (Figure 3b). The second hypothesis is the formation of transient toroidal pores with
a size up to 2.5 nm through which the CPPs can migrate (Figure 3c).[46, 47] The third

hypothesis is the carpet model which suggests a direct translocation of the CPPs through the
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phospholipid bilayer driven by the membrane potential (Figure 3d).[44] Still, other mechanisms
have been proposed as well, for instance, the membrane-thinning model and electroporation-
like permeabilization.[44, 48, 49] The disturbance of the cell membrane by those transient pores
activates the membrane repair response because of the influx of extracellular calcium to reseal

the injured cell membrane.[50]
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Figure 3. Intracellular pathways of CPPs passing through the cell membrane. a. The two major
mechanisms of CPP entry into cells are endocytosis and direct translocation. b-d Schematic
representation of the three main mechanisms of direct translocation, including b. inverted
micelle formation, c. pore formation, d. carpet model. Figure modified from Koren et al. and
Bechara et al.[39, 40] and reproduced with permissions from Elsevier and John Wiley and Sons.

CPPs, conjugated to probes, have been used to label cells. For instance, fluorescein-labeled Tat-
peptide was shown to successfully stain the cytosol as well as the nucleus of Jurkat and KB 3-
1 tumor cells (Figure 4a).[51] In another report, amphiphilic CPPs could transport three types
of thermally activated delayed fluorescence (TADF) molecules into living cells for time-gated
imaging (Figure 4b).[52] Recently Ji et al. labeled the paclitaxel (PTX)-locked nucleic acid
(LNA)-Tat nanomicelle with FITC for both cell fluorescence imaging and drug delivery (Figure
4¢).[53] Also Tat peptide-conjugated quantum dots (Tat-QDs) could be actively transported
into cells and was used as a model system to examine the cellular uptake and intracellular
transport of nanoparticles in living cells (Figure 4d).[54] Lei et al. used Tat-QDs to efficiently
label mesenchymal stem cells for in vivo cell tracking.[55] Recently Yong et al. reported to

greatly enhance the delivery of such Tat-QDs into the cell's nucleus by adding a small

10
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percentage (e.g. 1%) of organic solvent.[56] For specific labeling and imaging of subcellular
structures, camelid-derived single-chain VHH antibody fragments, also termed nanobodies
(NDb), were conjugated with arginine-rich cyclic CPPs (cR10).[57] These GFP-targeting CPP-
nanobodies were taken up by ~ 95 % cells by a non-endocytic process within one-hour
incubation, consequently relocalizing the GFP into the nucleolus by the GFP-binding nanobody
with conjugated arginine-rich CPP which has an affinity for RNA within the nucleolus. Since
the arginine-rich CPPs have a high affinity for RNA, they were found to associate strongly with
the nucleolus (Figure 4e). Finally, Dendrimeric nanoparticles coated with activatable cell-
penetrating peptides (ACPPs), labeled with Cy5, gadolinium, or both, have been shown to be

useful for dual fluorescence and MRI imaging of tumors (Figure 3f).[58]
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Figure 4. Intracellular labeling with extrinsic probes conjugated to CPPs. a. Cellular
accumulation of a fluorescein-labeled Tat—peptide conjugate. Confocal images of human Jurkat
cells after incubation with Tat—peptide at 37 °C (left) and KB-3-1 tumor cells after incubation
with Tat—peptide at 37 °C (right). Reproduced from Polyakov et al..[51] and produced with
permission from American Chemical Society. b. Time resolved luminescent imaging of cells
labeled with TADF-CPPs. Illustration of TADF fluorophore-labeled Tat-peptide (left), steady-
state (middle) and time-gated (right) fluorescence images of HeLa cells after incubation with
CPP-functionalized 4CzIPN (one TADF fluorophore). Reproduced from Zhu et al..[52] and
produced with permission from American Chemical Society. c. Illustration of PTX-LNA-Tat
nanomicelle labeled with FITC (left). Confocal laser scanning microscopy images of CAL-27
cells after incubation with PTX-LNA-TAT. Scale bar is 10 um. Reproduced from Ji et al..[53]
and produced with permission from American Chemical Society. d. Illustration of QDs
conjugated with Tat (left) and time-dependent imaging of Tat-QD uptake and intracellular

11
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transport in cultured HelLa cells after 5 h (right). Reproduced from Ruan et al..[54] and
produced with permission from American Chemical Society. e. lllustration of an anti-GFP
nanobody (VHH) conjugated with arginine-rich cyclic CPPs (cR10) (left). Confocal images of
3T3 cells expressing GFP and incubated with 20 uM of VHH-cR10 for 1 h. Reproduced from
Herce et al..[57] and produced with permission from Springer Nature. f. Illustration of
dendrimeric nanoparticles coated with ACPPs (left). Representative fluorescence images 48 h
after injection with ACPP-Cy5 in tumors (middle and right). Reproduced from Olson et al..[58]
and produced with permission from PNAS. Created with BioRender.

Even though CPPs are regarded as a powerful tool to transport cell-impermeable labels into
living cells, they come with some limitations as well. CPPs can induce cytotoxicity to cells due
to their high cationic charge, especially at higher doses. For instance, leakage of the cell
membrane has been reported, as well as poor cell viability and cellular proliferation.[59][60]
In any case it needs to be carefully tested for each new construct as it was demonstrated that
the cytotoxicity of CPPs highly depends on peptide concentration, cargo molecule and coupling
strategy.[61] When aimed at selective imaging of specific intracellular targets, a second
limitation comes from the fact that endocytosis is a major uptake route of the CPP-label
conjugates.[14] Since at least a part of the internalized CCP-label is expected to remain trapped
in endosomes, it will lead to a confounding double staining pattern of endosomes on the one
hand and the actual target on the other hand.[45] A third more practical limitation is that
conjugates need to be specifically made and tested for each type of (targeted) label so that its

use likely will remain limited to specific cases.
2.3 Pore forming bacterial toxin streptolysin O (SLO)

Pore forming toxins (PFTs) form a broad class of proteins from bacteria, plants, fungi, and
animals that can form pores in the plasma membrane of mammalian cells. Due to practical and
safety reasons, the proteins from bacteria have attracted the most attention so far.[62] One
family of pore forming toxins are the cholesterol dependent cytolysins (CDCs), which includes
streptolysin O (SLO).[63] CDCs can bind to cholesterol complexes in cell membranes resulting

in the formation of large pores through which molecules can pass. The mechanisms of CDC

12
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pore formation have been reviewed by Hotze et al..[64] In brief, the soluble CDC monomers
bind to cholesterol in the membrane by initial monomer-monomer dimerization.*® The dimers
will then form homo-oligomeric doughnut-shaped pore complexes on the membrane, which is
the pre-pore complex.[65] The conformation of the pre-pore complex subsequently changes,
followed by the SLO dimers inserting into the membrane to form pores.[66] SLO can induce
fairly large pores in the cell membrane, allowing the delivery of compounds up to 150 kDa as

demonstrated with fluorescent dextrans of various molecular weights.[67, 68]

From a practical point of view, the diluted SLO solution is typically first mixed with the probes
and then incubated with the cells for ~ 10 min at 37 °C.[67, 69, 70] In some cases, the SLO
solution was added to the cells first (~10 min at 37 °C) before adding and incubating the probes
for another ~ 5 min on ice.[68] An important step after the SLO treatment is allowing the cells
to reseal by incubating with Ca2*-supplemented medium.[71] The pores generated by SLO have
been shown to be reversible with recovery time from 30 min to 2 h. A comprehensive discussion
on the membrane repair mechanisms is given by Andrews et al..[72] One important repair
process widely believed to be involved is patching by exocytic vesicles that are triggered by

Ca2* influx.[71, 73]

Different molecules and proteins have been successfully delivered into living cells after SLO
treatment for intracellular imaging. I. Walev et al. delivered different sizes of fluorescein-
labeled dextran and albumin into adherent and nonadherent cells.[67] A luminescent terbium
complex, TMP-Lumi4, was also delivered into living cells by SLO for studying protein-protein
interactions.[69] Recently, Teng et al. used SLO for the delivery of different sizes of fluorescent
labels for ASTORM super-resolution imaging, from small organic molecules, over fluorescently

labeled Nb, to ligand binding proteins and antibodies.[68, 74]

13
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While these examples show that probes can be successfully delivered by SLO treatment into
cells, it comes with some limitations as well. As the PFTs are produced by different organisms
that target different cells for different purposes, even within one family their performance is
very much cell-type dependent.[75] Therefore, for every cell type the optimal type of PFT, its
concentration and incubation time need to be screened in terms of delivery efficiency and
cytotoxicity. Another limitation is that the pore size is limited to the entry of molecules < 150
kDa,[68] so that larger probes, like functionalized QDs, cannot be easily delivered by this

method.
3. Electroporation

Stemming from the 1980s,[76] electroporation is arguably the best known physical
permeabilization technique for the intracellular delivery of a broad range of components,
including dyes, nanoparticles, proteins and multiple forms of DNA and RNA.[77] Cells are
usually brought into suspension and treated with intensive electric pulses to transiently
permeabilize the cell membrane. This is referred to as ‘bulk electroporation’ and will be
discussed first below. Recently, newer electroporation technologies have appeared that are
more suitable to treat adherent cells as well. These types of ‘adherent electroporation” will be

discussed afterwards.
3.1 Bulk electroporation

In conventional electroporation, cells are suspended in a conducting buffer and treated in
cuvette-style parallel plate setups. The cuvettes have two electrodes on either site that are
connected to a high voltage pulse generator. When an electric pulse is applied, a near-
homogeneous electric field is created across the cell suspension which induces pores in the cell
membrane. Details on the electric pulses and the process of pore formation are comprehensively

reviewed elsewhere.[78, 79] Conveniently, multiple commercial electroporation devices are

14
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currently available, such as the Neon™ Transfection System (Thermal Fisher Scientific) and

the 4D-Nucleofector™ System (Lonza).

Despite being one of the most popular physical cell transfection technologies to date, bulk
electroporation has been seldom used for the intracellular delivery of labels. Derfus et al. used
electroporation to deliver negatively charged QDs into living cells but found that they formed
aggregates up to 0.5 um in the cytoplasm.[2] In one other report, organic fluorophore-labeled
DNA fragments and proteins were delivered into bacteria (Escherichia coli) by electroporation
for investigating the structural integrity and functionality of these molecules at the single-

molecule level.[80]

The fact that bulk electroporation hasn’t been used that often for labeling applications is likely
connected to two important limitations. First of all, it is commonly observed that electroporated
cells suffer from high acute toxicity, often resulting in fairly low numbers of cells that survive
the treatment.[81] Secondly, since most commercial bulk electroporation devices only work
with cells in suspension, this is rather cumbersome for imaging applications where cells are
often adherent. Newer forms of electroporation may, therefore, be more promising for labeling

applications, as discussed next.
3.2 Adherent electroporation

More recently, by combining nanotechnology with novel materials, new electroporation
platforms have been developed that are better suited for the treatment of adherent cells. A
nanoelectroporation platform with alumina nanostraws was developed by X. Xie el al for the
delivery of organic dyes and plasmids.[82] Fluorescent probes are delivered from an underlying
microfluidic channel through the nanostraws into cells that are cultured on top of them (Figure
5a) and which become permeabilized at the tips of the nanostraws upon application of electric

pulses. Highly efficient intracellular delivery is achieved by a combination of diffusion through

15
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the nanostraws and active electrophoresis during electric pulsing. More recently, Huang et al.
developed a similar electroporation platform but used separate electrodes for electroporation
and for electrophoresis of gold nanorods which could be detected by surface-enhanced Raman
scattering (SERS) (Figure 5b).[83] The cell membrane is porated by the electroporation
electrodes, while the gold nanorods are actively transported by a DC potential through the
hollow nanoelectrodes. Based on a similar principle, a multifunctional branched nanostraw
(BNS)-electroporation platform was developed by He et al. to perform analysis of circulating
tumor cells (CTC) (Figure 5c).[84] After CTC capture by antibodies on the nanostraws, small
fluorescent molecules were delivered, showing safe, efficient, and spatially controlled labeling.
Kang et al. built a ‘nanofountain probe electroporation’ (NFP-E) device to precisely deliver
molecules into single cells (Figure 5d).[85] Here the cell membrane is permeablized by a
localized electric field generated at the NFP cantilever tip. With this device fluorescently
labeled dextran could be delivered into single cells with > 95 % efficiency and high viability
(92 %). Very recently, Moon et al. also achieved excellent spatially and temporally controlled
intracellular delivery with a graphene-based electroporation device (Figure 5e).[86] With a
mono-layer coating of graphene and voltage pulses, the platform was shown to be suitable for
the intracellular delivery of fluorescent probes for in situ super-resolution microscopy on the

same device.

16
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Figure 5. New generations of electroporation devices for delivery into adherent cells. a. A
nanoelectroporation platform with alumina nanostraws for fluorescent dye delivery.
Reproduced from Xie et al. and produced with permission from the American Chemical
Society.[82] b. Schematic representation of the 3D hollow nanoelectrode device for single-
particle intracellular delivery. The cell is tightly wrapped around the gold-coated hollow
nanoelectrode and is first electroporated by applying voltage pulses. Then, the nanorods
originally in the cis chamber are delivered into the cell through the hollow nanoelectrode by a
DC potential between the two Pt wire electrodes. Inset: a laser beam excites the Raman signals
of the delivered nanorods for counting the number of delivered nanorods. SEM images of 3D
hollow nanoelectrode array on SisNs. Reproduced from Huang et al. and produced with
permission from the American Chemical Society.[83] c. Schematic illustration of the
multifunctional BNS-electroporation system for capture of cancer cells, followed by in situ
intracellular drug delivery and intracellular contents extraction. The BNSs were modified with
specific biomolecules, anti-EpCAM, to specifically capture cancer cells, followed by
integration with a microfluidic nanoelectroporation system for nondestructive cell poration.
Reproduced from G. He et al. and produced with permission from American Chemical
Society.[84] d. Schematic illustration of a NFP-E device (left) and representative microscopy
images of cells labeled with dextran Alexa Fluor 488. Reproduced from W. Kang et al. and
produced with permission from American Chemical Society.[85] e. Schematic of the
experimental setup of electroporation of adherent cells on a graphene-covered glass coverslip.
Reproduced from S. Moon et al.[86] and produced with permission from the authors.

While being more readily compatible with adherent cells, these novel electroporation platforms
are still in the research phase and not yet readily available. Still, it shows that thanks to the

17
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development of nanotechnology and material sciences, more precise and convenient
electroporation platforms can be fabricated which holds great promise for the future. Since
usually a lower voltage can be used, the adherent electroporation techniques come with better
cell viability compared to bulk electroporation. On the other hand, adherent electroporation
offers lower cell throughput than bulk electroporation and not all devices are readily compatible

with microscopy after label delivery.
4. Laser-induced photoporation

Optical energy can be used as well to induce cell membrane permeabilization for the
intracellular delivery of probes. We will discriminate three different approaches, the first being
direct photoporation where individual pores are created in cell membranes with a tightly
focused laser beam. In the second approach, the required laser intensity is reduced by using
photosensitizing nanoparticles that efficiently absorb laser light and create pores in cell
membranes by photothermal effects. In the third approach, cells are instead grown on
photosensitive microfabricated substrates which can permeabilize the cell membrane upon laser
irradiation through photothermal effects. These three approaches will be discussed sequentially

below.
4.1 Direct laser-induced photoporation

In direct laser-induced photoporation a high-intensity pulsed laser beam is focused onto the cell
membrane (Figure 6a) to create holes by a combination of thermal, mechanical, and chemical
effects.[87] Direct photoporation, also termed optoporation, optoinjection or laserfection, was
first reported in 1984 at which time an Nd:YAG UV laser with nanosecond (ns) pulses was
used for plasmid DNA intracellular delivery.[88] In later years, a UV ns pulsed laser and a third
harmonic (355 nm) of an yttrium-aluminum garnet laser were used as laser transfection

technique for DNA delivery into different types of cells.[89, 90] In 2002, a breakthrough was
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made by Tirlapur et al. in that they used an ultra-short 800-nm femtosecond (fs) pulsed laser
for localized perforation of the cell membrane.[91] Plasmid DNA was delivered into cells
through the membrane pores to achieve invariably 100% transfection efficiency and cell

viability.

Direct photoporation was used for the delivery of different kinds of intracellular labels. A
Nd:YAG pulsed laser with 532-nm output wavelength was used for the delivery of organic dyes
and tetramethylrhodamine-dextran 3 kDa into different types of cells.[92] By controlling the
laser scanning area, these compounds could be delivered in a spatially controlled manner. It
was found that the cell membrane returned to its normal state in a very short time with limited
cell damage at sublethal laser doses.[93] A Nd:YAG picosecond (ps) laser (1064 nm, pulse
duration 17 ps) was used as well to perforate a single plant cell, demonstrating successful
delivery of P1.”> Once the fs laser became available, it was preferred over ns pulsed lasers as it
could induce multiphoton effects to increase the perforation efficiency while reducing collateral
damage to neighboring cells. Uchugonova et al. used a < 20 fs 792-nm pulsed laser to deliver
ethidium bromide into living cells with very low laser power.[94] A similar approach (800 nm,
pulse duration of 12 fs) was also used by Lei et al. in the same year to deliver propidium iodide
(P) into two different neuron cells. With NIR fs laser pulses (120 fs, 800 nm), direct
photoporation was even successful in delivering fluorescent labels into living vertebrate
embryos.[95] FITC labeled morpholinos (1810 Da) and dextran (10 kDa) were delivered into
single cells in zebrafish embryos or chick embryos, showing 71% delivery efficiency. The cell
impermeable label rhodamine phalloidin (1306 kDa), which stains actin filaments, was
delivered into cells by fs (800-850 nm, 100 fs) laser-induced photoporation as well.[96]
Nanomolar concentrations of rhodamine phalloidin was enough to label mammalian cells for

further dynamic studies.
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Although direct photoporation of the cell membrane with pulsed lasers enables efficient and
non-toxic delivery of many types of molecules, the throughput is inherently low. Indeed, holes
are created one by one by careful focusing of the beam precisely onto the cell membrane. To
enhance throughput, a ‘non-diffracting’ Bessel beam has been proposed, which combines a
small beam size with a near infinite depth of focus (Figure 6b). Combined with a microfluidic
chip, the Bessel beam (800-nm, 140 fs) could achieve 26.6 % PI positive cells with a throughput
of 10 cells-s.[97] In any case, since fast and ultrashort fs lasers are very costly and require
dedicated optical expertise, direct laser-induced photoporation has become replaced by newer
approaches where the optical requirements are relaxed by the use of sensitizing nanoparticles
or microfabricated substrates. These newer approaches offer similar benefits but at vastly higher

throughput rates, as will be discussed next.

Focused laser beam Bessel beam

Figure 6. Direct laser-induced photoporation. a. Pores can be created in the cell membrane with
a focused ns or fs pulsed laser beam. b. By replacing the focused laser beam with a Bessel beam,
which has a near-infinite depth of focus, there is no need anymore to precisely focus the laser
beam onto the cell membrane, thus offering higher throughput.

4.2 Nanoparticle mediated laser-induced photoporation

Direct photoporation requires tight focusing of the laser beam to obtain a sufficiently high
photon density for creating a hole in the cell membrane. In combination with light sensitizing
nanoparticles, however, a broad laser beam with low photon density can be used instead, thus
offering much higher throughput. As illustrated in Figure 7a, in this approach cells are first
incubated with sensitizing nanoparticles, e.g. gold nanoparticles, properly functionalized to

bind to the cell membrane. Next, laser irradiation is applied to generate photothermal effects by
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the nanoparticles that locally enhance membrane permeability. The most common photothermal
effects are either heating of the formation of vapor nanobubbles (VNBs) by the rapid
evaporation of water surrounding the particles.[87] Especially the latter effect has attracted
quite some attention in the past years, as it can be efficiently generated with (less expensive) ns
pulsed lasers.[87, 98, 99] Upon absorption of a laser pulse, the induced vapor layer around the
sensitizing NPs rapidly expands (10-1000 ns) and collapses, releasing a localized mechanical

force that disrupts the cell membrane.[100]

Gold nanospheres (NSP) and nanoshells (NS) were used as sensitizing nanoparticles for
forming VNB by 70 ps pulsed laser light to deliver FITC-dextran (FD) into the CD3-positive
Jurkat cells by the Lapotko group.[101] Later on, also Xiong et al. delivered different sizes of
labeled dextrans in different cell lines using 70 nm gold NSPs with 7 ns pulsed laser light,
reaching efficiencies of more than 90%.[102] The same was done for functionalized quantum
dots (QDs), for which it was shown that asymmetric division of QDs over daughter cells can
be avoided by direct cytoplasmic delivery. Xiong et al. also demonstrated fast spatial-selective
delivery of fluorescent probes, creating intricate labeled patterns in cell cultures and even
single-cell transfections.[103] The same group next used this possibility to deliver labels in
individual neurons allowing to study their morphology in great detail.[104] Instead of gold
nanoparticles, which easily fragment upon laser irradiation, graphene quantum dots (GQDs)
were used as more stable sensitizers in more recent work.[105] The GQD being more resistant
to pulsed laser irradiation allowed repeated photoporation of cells and careful control of the
amount of labels delivered into the cells. It was demonstrated that a broad range of labels could
be delivered into cells this way, including phalloidin, SNAP-tag ligands, and fluorescently

labeled NPs.

Nanoparticle enhanced photoporation offers several convenient features, including high

delivery efficiency over a broad range of molecular sizes, high cell viability, high-throughput
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(up to ~100000 cells per second), and compatibility with both adherent and suspension cells.
Importantly, being a laser-based technology, it is readily compatible with light microscopy and
the typical cell recipients used for that, which is ideal for intracellular labeling. However, there
are still plenty of challenges remaining. First, while molecules up to 500 kDa have been shown
to be successfully delivered in cells, the efficiency goes down for larger molecule sizes. This is
due to a combination of slower diffusion and a steric hindrance at the pores. In addition, metallic
NPs, such as AuNPs, tend to fragment upon pulsed laser irradiation. This creates some concern
for in vivo applications of cells labeled this way since it has been shown that very small gold
nanoparticles can interact with the DNA in cells, thus increasing the chance for
genotoxicity.[106, 107] While particle fragmentation has been shown to be avoided by using a
femtosecond pulsed laser at an off-resonance wavelength,[108, 109] a more practical approach
is likely the use of other photothermal materials that are more photostable, like graphene-based
materials, or provide better biocompatibility.[105] A final practical limitation is that
nanoparticle enhanced photoporation is not yet commercially available, so that its use remains

limited to specialized groups at the moment.

4 a NPs assisted photoporation A
Cells seeded in CCM Add photothermal NPs Add probes and apply pulse laser Cells after washing step
4 . . N
b Nanostructure substrate assisted photoporation
y. . ’ . iy v,/.\ - /
Y- » Y \ » e A » \
| I
Fabricate substrate Cells seeded on the substrate Add probes and apply laser pulses Cells after washing step

Figure 7. Schematic illustration of laser-induced photoporation with photothermal
nanoparticles or substrates. a. In nanoparticle assisted laser-induced photoporation, cells are
first seeded in a normal cell culture substrate followed by incubation with photothermal NPs.
After laser irradiation, fluorescent probes in the cell medium can enter the cytoplasm through
transient membrane pores that are created by the nanoparticle’s photothermal effects. After
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washing labeled cells are obtained. b. In nanostructure assisted photoporation, substrates are
created with localized photothermal features. Cells are seeded on the substrate, followed by
pulsed laser treatment with probes already present in the cell medium. Pores are created in the
cell membrane by photothermal effects, allowing probes to enter the cytoplasm. After washing
labeled cells are obtained.

4.3 Nanostructure substrate mediated laser-induced photoporation

Instead of adding sensitizing nanoparticles to cells, it is also possible to integrate photothermal
features in specially designed substrates onto which cells can be grown or at least collected for
treatment (Figure 7b). Upon laser irradiation pores can again be formed in the cell membrane
where it is in contact with those photothermal features, allowing the influx of labels that are
present in the surrounding cell medium. For instance, Wu et al. developed a biophotonic laser-
assisted surgery tool (BLAST), being a substrate with an array of micrometer-wide SiO holes
coated with crescent-shaped titanium (Ti) thin films (Figure 8a).[110] Membrane pores are
generated by microcavitation bubbles from the Ti coating after nanosecond laser irradiation and
cargos are delivered into cells by pressure-driven flow through the vertical channels in the silica
chip. FITC-dextran (40 kDa) was efficiently delivered into HeLa cells and two other primary
mammalian cells with more than 90% cell viability. A similar substrate was fabricated by
Madrid et al. who achieved 78 % calcein green positive cells with 87% cell viability (Figure
8b).[111] Lyu et al. developed a flat substrate with an immobilized gold nanoparticle layer
suitable for irradiation by an 808-nm CW laser (Figure 8c).[112] Tetramethylrhodamine
isothiocyanate (TRITC)-labeled dextran (4.4 kDa) was delivered into cells with high viability.
A similar platform was built by the same group replacing gold nanoparticles with magnetic iron
oxide nanoparticles (Figure 8d), showing successful intracellular delivery of TRITC-
dextran.[113] Saklayen et al. fabricated pyramidal nanoheaters with a gold coating (Figure
8e).[114] After irradiation by nanosecond pulsed laser light, a wide range of FITC-dextrans
were deliver into cells with high cell viability. Combined with microfluidics and

nanofabrication, Messina et al. fabricated a gold nanotube array platform for spatially,
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temporally, and quantitatively controlled delivery.[115] The cell membrane is porated by the
hot electrons after 8-ps 1064-nm laser irradiation, followed by injection of Pl through the

microfluidic channel underneath the nanotube (Figure 8e).
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Figure 8. Nanostructure assisted laser-induced photoporation substrates. a. The BLAST
platform consists of an array of trans-membrane holes patterned on a 1.5-um-thick SiO; film.
Crescent-shaped titanium films are asymmetrically coated on the side walls of these holes to
absorb the laser energy. Pulsed laser irradiation triggers cavitation bubbles that disrupt the
contacting cell membranes. After membrane disruption, an external pressure source is applied
to deform the bottom flexible poly(dimethylsiloxane) storage chamber to push cargo into the
cytosol of cells via these transient membrane pores. Reproduced from Wu et al.[110] and
produced with permission from Springer Nature. b. Fabrication and characterization of self-
assembled thermoplasmonic nanocavity substrates. A tilted scanning electron microscopy
(SEM) image of nanocavities show the continuous porous Ti film on top of the nanocavities
and disconnected Ti discs at the bottom. Reproduced from Madrid et al.[111] produced with
permission from the American Chemical Society. ¢. Schematic illustration of macromolecular
delivery into living cells grown on gold nanoparticle layer surfaces upon laser irradiation.
Reproduced from Lyu et al.[112] produced with permission from John Wiley and Sons. d.
Schematic illustration of using porous magnetic iron oxide nanoparticles as a photoporation
nanoplatform for macromolecular delivery. Reproduced from Wang et al.[113] produced with
permission from Royal Society of Chemistry. e. Cells are seeded on the pyramidal nanoheater
platform covered with a gold coating. The SEM image shows HeLa CCL-2 cells on the thermo
plasmonic substrate. Reproduced from Saklayen et al.[114] produced with permission from the
American Chemical Society. f. Schematic illustration of golden plasmonic nanotubes that are
connected to a microfluidic channel underneath. Cells are cultured on top of the array of
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plasmonic nanotubes. To deliver compounds into the cells a) a laser pulse is exploited to excite
the nanotube, b) pressure waves from a vapor nanobubble are able to locally form pores in the
cell membrane, ¢) molecules are delivered from the microfluidic channel to the intracellular
compartment through the nanopore, d) after which the membrane spontaneously closes in few
minutes. Reproduced from Messina et al.[115] produced with permission from John Wiley and
Sons.

Compared to nanoparticle sensitized photoporation the nanostructure substrates have the
advantage that they — at least in some cases — avoid direct exposure of cells to nanoparticles.
This is an aspect that is especially attractive when labeled cells would need to be imaged in
humans, such as for the follow-up of cell-based therapies. Another advantage is that in some
embodiments continuous wave (CW) irradiation was already efficient in forming pores, which
is of practical and economical interest as they are typically less expensive than pulsed lasers.
The downsides are evidently that it requires the fabrication of specialized substrates, often by
cleanroom microfabrication technologies which are not readily accessible or may be difficult
to scale up. Another difficulty is that cell cultures will need to be optimized for these atypical
substrates and that many of them are not transparent, and therefore not easily compatible with

light microscopy applications.
5. Micro- and nanoinjection

Microinjection can be considered to be the first physical intracellular delivery method as it uses
a fine capillary to puncture the cell membrane. Since its invention in 1911,[116] it has been
widely used to bring materials inside cells, primarily for gene delivery,[117-119] but to some
extent as well for the intracellular delivery of probes. By microinjection it is possible to deliver
almost any kind of probe, irrespective of its size in well-controlled quantities. For instance,
PEG-coated QDs were delivered into cells by microinjection, showing bright and homogenous
labeling, outperforming the quality obtained with electroporation or biochemical transfection
methods[2] Single wall carbon nanotubes (SWCNTSs) were also injected into a well-established

embryogenesis 3D model as an intracellular label to explore their effects on
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embryogenesis.[120] However, microinjection remains a challenging procedure, especially
when working with very small cells or suspension cells. Combined with very low throughput,

its use will remain limited to dedicated single cell experiments.

To achieve a more gentle contact with the cell membrane, microinjection was recently
combined with laser-induced photoporation. The micropipette tip was coated with a light-
absorbing titanium thin-film so as to form VNB by irradiation with a nanosecond pulsed laser
(Figure 9a).[121, 122] In this way, the micropipette tip no longer had to puncture the cell
membrane, but only needed to be brought in close proximity of the cell membrane so that the
laser-induced VNB could locally form a pore. Next, the compounds of interest are ejected from
the capillary in close proximity to the cell, from where they can diffuse into the cell. Thanks to
the relatively large glass capillary pipet, QDs functionalized with tubulin could be delivered
into living cells to label tubulin structures. More gentle treatment was achieved by Hennig et
al. as well who used a nanopipette-assisted electrophoretic delivery method, called
nanoinjection (Figure 9b).[123] Compared to a traditional micropipette, the nanoscale size of
the pipette is much less harmful to the cells. Integrated with both laser-induced photoporation
and electroporation, an ultrashort laser pulse was irradiated on the 100-nm gold-coated
nanopipette to disrupt the cell membrane, followed by the delivery of charged fluorescent
probes by electrophoretic forces. A number of functionalized fluorescent probes were able to
be delivered into different types of living cells for superresolution imaging. When comparing a
100-nm pipette with one of 500-nm diameter, it was found that the smaller-sized pipette induced
higher cell survival rate and better cell proliferation after nanoinjection (Figure 9c).[124]
Integrated with microfluidics and electroporation, the cells were first trapped in the
microchannel. With the assistance of an electric field to form pores in the membrane, the red
fluorescent protein (RFP) was manually injected into the trapped cell with a nanochannel

(Figure 9d).[125] RFP was controllably delivered this way into several different cell types.
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Figure 9. Schematically illustration of different nanoinjection examples. a. Photohthermal
nanoblade to deliver tubulin—QD conjugates into living cells. The thin titanium coated on the
tip of a glass capillary pipet was irradiated by a pulsed laser to make pores in the cell membrane.
Reproduced from Xu et al.[121] and produced with permission from American Chemical
Society. b. Principle of nanoinjection to deliver QDs. Using a nanopipette with a diameter of
~100 nm filled with functionalized fluorescent probes, single living cells can be specifically
labeled. The ionic current between two electrodes, one placed inside the pipet and the other one
placed in the bath, could be used to release the loaded probes. Reproduced from Hennig et
al.[123] and produced with permission from the American Chemical Society. c. Schematic
illustration of the nanoinjection platform (left) and cell viability/proliferation results 24 hours
after the injection of dextran-Alex Fluor 647 with a 100 nm and 500 nm pipette into the nucleus
and cytoplasm. Reproduced from Simonis et al..[124] d. A schematic illustration of the
microfluidic nanoinjection system. From left to right: loading cells into the cell loading channel,
trapping a single cell in the nanoinjection structure, electroporation for protein delivery, and
release of the injected cell via the cell-harvesting channel. Reproduced from Yun et al.[125]
and produced with permission from the Royal Society of Chemistry.

Even though nanoinjection offers better cell viability than traditional microinjection, it still
inherently is a fairly slow single cell manipulation technique. At present, it seems unlikely that
it will become a general usable technology for delivering probes to a substantial amount of cells.
But for proof of concept studies with new types of probes or for dedicated single cell studies

micro- and nanoinjection will remain excellent tools to work with.

6. Micro- and nanostructure induced cell membrane disruption

The application of shear forces is another approach to induce membrane permeability. Since
the cell membrane is composed of a phospholipid bilayer which is only ~4 nm thick, it is fairly

easily mechanically distorted. Shear forces can be applied to cells by specially engineered
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micro- or nanostructures on substrates or in microfluidic devices (Figure 10), as discussed

below.
6.1 Nanoneedles and nanostraws

The application of shear forces is another approach to induce membrane permeability. Since
the cell membrane is composed of a phospholipid bilayer which is only ~4 nm thick, it is fairly
easily mechanically distorted. Shear forces can be applied to cells by specially engineered

micro- or nanostructures on substrates or in microfluidic devices, as discussed below.

a

Nanoneedle o ‘Ndandost'r;iwd
Figure 10. Schematic illustration of cells interacting with an a. Nanoneedle and b. Nanostraw
array platform. Probes that need to be delivered into the cells are indicated by the yellow dots.
In the Nanoneedle array, the probes are added to the cell culture medium and will diffuse
passively through the pores that are created at the needle tips by shear forces. In the case of the

Nanostraw array, the probes are present in a chamber below the substrate and will diffuse into
the cells through the hollow nanostraws. Created with BioRender.

Different intracellular probes or labels were successfully delivered into cells using nanoneedle
or nanostraw substrates. Chen et al. delivered luminescent iridium (111) polypyridine complexes
into the cytosol and even into the nucleus by a diamond nanoneedle array with high cell viability
(Figure 11a).[126] Wang et al. used centrifugation to push a nanoneedle array on top of cultured
cells in order to poke the cell membrane (Figure 11b), thus delivering different probes like
EthD-1, FITC-dextran, QDs, labeled antibody, and polystyrene nanoparticles, into different
types of living cells, including fibroblast cells and hippocampal neurons.[127] The nanostraw
platform was used to efficiently introduce the cell-impermeable bioorthogonal probes for
cellular studies (Figure 11c).[128] The same group delivered Co?* through the nanostraws to

quench the expression of green fluorescent protein (GFP), allowing them to quantify the
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percentage of cell membrane penetration.[129] Others developed a biodegradable nanoneedle
array for delivery of 6 nm hydrophilic QDs into cells for further in vivo studies (Figure

11d).[130, 131]
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Figure 11. Nanoneedle, nanostraw and nanotube intracellular delivery platforms. a. SEM
image of diamond nanoneedles for intracellular delivery. Reproduced from Chen et al.[126]
and produced with permission from John Wiley and Sons. b. Schematic illustration of the basic
design and working principle of a nanoneedle array-based intracellular delivery system (left).
The work flow of the delivery procedures using nanoneedle arrays (right). Briefly, the cell
culture medium was first replaced with the basal medium containing the materials to be
delivered. The nanoneedle patch was then placed on the cells and centrifuged at various speeds.
After centrifugation, extra basal medium containing the delivery material was immediately
added to the culture well to lift off the nanoneedle patch. After 5-30 min incubation at 37 °C,
the basal medium was washed away and replaced with fresh cell culture medium. Reproduced
from Wang et al.[127] and produced with permission from Springer Nature. c. Nanostraw
device used for azidosugar delivery. The device consists of four parts: the cell-culture well, an
adhesive layer, the nanostraw membrane, and a delivery chamber (left). The cargo passes
directly into cells through penetrating nanostraws. Upon successful entry into the cell, an
azidosugar such as ManNAz is enzymatically converted into sialic acid groups and incorporated
onto cell-surface glycoproteins (right). These groups retain the azide moiety, which can be
specifically labeled with DBCO fluorophore. Reproduced from Xu et al.[128] and produced
with permission from John Wiley and Sons. d. SEM image of a uniform array of conical porous
Si nanoneedles, with a <100 nm tip diameter, 600 nm base diameter, 5 um length, and 2 um
pitch. Reproduced from Chiappini et al.[130] and produced with permission from the American
Chemical Society.

Although nanoneedles or nanostraws have been used successfully to deliver different probes

into cells, the exact mechanism of how the nanoneedles disrupt the cell membrane is still
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unknown. A two-step mechanism has been proposed. First “impaling” happens as cells land
onto the bed of nanoneedles, after which “adhesion-mediated” penetration occurs when the cells
spread and adhere to the substrate.[132] However, others have claimed that the cell membrane
remains intact without penetration by the nanoneedles.[133, 134] According to this view the
cell membrane engulfs the nanoneedles without contacting the cell interior. Due to the high
membrane curvature at the tips, clathrin-mediated endocytosis was found to be stimulated.[135,
136] Therefore, stimulated endocytosis rather than direct cytoplasmic delivery could explain
the low delivery efficiencies observed with such nanoneedle substrates.[137, 138] This is
supported by the finding that only ~7% of hollow-tube nanowires were actually penetrating the
cell membrane.[129] To improve the delivery efficiency, an external force could be added to
deform the cell membrane further, such as by centrifugation-induced supergravity or by
piezoelectric-driven oscillation.[127, 139] Interestingly, when penetration is achieved, hollow

needles can be used to actively deliver compounds to the cytoplasm.[115, 128]

The nanoneedle or nanostraw array offers an advanced physical penetration method for
intracellular delivery. It was proven that the delivery efficiency, however, was fairly low, unless
extra external forces are applied, such as by centrifugation. On the upside, the nanoneedle or
the nanostraw array is mostly fabricated on a biocompatible substrate, which is transparent for
microscopy. Or in another case, the nanoneedle is integrated into a patch that penetrates the
cells from the top side, such as the case in Figure 10b, which is even more flexible for cell
labeling applications. Widespread use of such needle-like arrays will depend on whether these
nanofabricated substrates will become broadly available or not, and if biologists are willing to

replace their tried and tested cell culture substrates for these needle-like platforms.

6.2 Microfluidics
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Microfluidics is a technology for manipulating fluids at the micrometer scale, which is often
referred to as lab-on-a-chip devices.[140] It has been actively explored for applications in
biology and medical research, offering many unique advantages, such as reduced sample
consumption, high throughput, and integration of multiple processes.[140, 141] It comes as no
surprise that the minute control offered by microfluidics devices has been leveraged for fast and
reproducible permeabilization of the cell membrane as well, including for the delivery of probes.
Even though different approaches have been developed (Figure 12), they all rely on the
controlled deformation of cells so as to apply shear forces to the cell membrane that make it
temporarily more permeable, such as squeezing cells through narrow constrictions, letting cells

collide with a sharp tip, or using shear forces induced from the fluid flows themselves.
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Figure 12. Three different approaches based on microfluidics to permeabilize cells by shear
forces. a. The cell squeezing approach relies on letting cells flow through one or more narrow
constrictions which can have different geometries. b. Sharp features can be incorporated in
various ways into microfluidic channels onto which cells can collide to locally puncture the cell
membrane. ¢. Microfluidic flows can be designed to have regions where high shear forces are
exerted to cells which can lead to their permeabilization. In this example two opposing flows
come together in a junction of channels, resulting in a flow profile as indicated by the blue
arrows. Cells moving into this junction will become stretched and permeabilized by the fluid
shear forces, after which they will move towards an outlet through the upper or bottom channel.
Created with BioRender.
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The most common way is by flowing cells through microchannels that one or more narrow
constrictions with a dimension smaller than the cell size. Due to friction with the channel walls
at the constriction site transient pores in the cell membrane are created, a process that has
become known as cell squeezing (Figure 12a and 13a). Sharei et al. fabricated multiple parallel

microfluidic channels on one chip with constrictions being 4 to 8 um wide and from 10 to 40
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pm long. With this system, 3 and 70 kDa dextran were successfully delivered into multiple cell
types at a throughput rate of 20,000 cells/s.[142] In addition, they showed successful delivery
of 15-nm AuNP, QDs and antibodies. Lee et al. fabricated similar microfluidic channels with a
constriction width of 6 um to deliver QDs (hydrodynamic size ~13 nm) into living HeLa cells,
reaching 35% efficiency with > 80% cell viability.[143] This approach was later used by
Kollmannsperger et al. for the delivery of small fluorescent molecules into living cells for
protein visualization with superresolution microscopy.[144] In another study, Klein et al. used
cell squeezing to deliver nanobodies into living cells for microscopy imaging.[145] To further
increase the efficiency of probe delivery, two sequential constriction sites have been used as
well for double membrane permeabilization (Figure 13b).[146] In this way, 80 % of cells were
successfully labeled with TRITC 2000 kDa. Along the same line, a design with two sequential
deformation sites with different geometries was fabricated by Modaresi et al. to create pores at
different locations in the cell membrane (Figure 13c), thus increasing the number of positive
cells.[147] Additionally, they also designed a dispersion zone prior to the squeezing channels
to efficiently prevent the formation of cell agglomerates, a strategy which was also used in
another study.[148] With FD3 and FD70 it was demonstrated that the delivery efficiency of the

double constriction design was superior to a single deformation modality.

While the principle of cell squeezing has been amply demonstrated to offer efficient cell
delivery of all kinds of extrinsic molecules, it is clear from its concept that it needs careful
optimization of the constriction dimensions per cell type. While this limitation has been cleverly
used to demonstrate size-selective intracellular delivery from a heterogeneous mixture of
cells,[149] for general use as a delivery platform it is a critical drawback, which is further
complicated by frequent clogging of the system.[149] To overcome these limitations, Deng et
al. created an alternative design, termed the inertial microfluidic cell hydroporator (iMCH), in

which shear forces are applied to cells by letting them collide with a sharp tip at a T-junction
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(Figure 11b and 12d).[150] Aided by local enhanced fluid-shear this induced membrane
disruption allowing macromolecules to enter the cells. More than 80 % of positive cells were
successfully labeled with FD3 with cell viability > 90 %. Following a similar concept, cell
membrane disruption was also achieved by Dixit et al. on a microfluidic platform that first
aspirates cells onto a sharp tip, after which the flow direction is reversed to release the punctured
cell (Figure 13e).[151] Although they did not apply this platform for intracellular label delivery,
successful plasmid DNA delivery indicated that it could be used for that purpose as well, even
with large-sized labels. In another approach, cells were permeabilized by the fluid streams
themselves, such as the hydroporator that was developed by Kizer et al. (Figure 11c and
12f).[152] It demonstrated high delivery efficiency with 3-5 kDa FD and high cell viability,

with the possibility to deliver large molecules up to 2000 kDa into cells.
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Figure 13. Microfluidics platforms for intracellular delivery of probes. a. Delivery mechanism
and system design of multiple parallel microfluidic channels. The inset shows a magnified view
of a constriction site through which cells are flown. Reproduced from Sharei et al.[142] and
produced with permission from PNAS. b. The cross-sectional view of a cell undergoing
compression under two sequential ridges. Reproduced from Liu et al.[146] and produced with
permission from Elsevier. c. Schematic illustration and microscopy image comparing cell
squeezing with two different deformation modalities. In the double deformation method cells
are permeabilized two times rather than one time in the single deformation method (scale bar =
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10 um). Reproduced from Modaresi et al.[147] and produced with permission from John Wiley
and Sons. d. Schematic illustrating the design and operating principles of the inertial
microfluidic cell hydroporator (iMCH) for the intracellular delivery of nanomaterials. Cell-wall
collision and fluid-shear stress create nanopores in the cell membrane, allowing external
molecules to diffuse through. Reproduced from Deng et al.[150] and produced with permission
from the American Chemical Society. e. Cells are flown towards a sharp tip by which they
become punctured, after which they are released again by reversing the flow. Reproduced from
Dixit et al.[151] and produced with permission from the American Chemical Society. f.
Schematic illustration of the design and operating principles of the hydroporator device that
permeabilizes cells by fluid shear forces at a cross-sectional junction with opposing flows.
Reproduced from Kizer et al.[152] and produced with permission from the royal society of
chemistry.

The major advantage of these microfluidic devices is that they combine high delivery efficiency
with extremely high throughput. It is an added advantage that the sample volumes are inherently
small, which is especially attractive when working with expensive labels, such as quantum dots
or labeled nanobodies. A practical limitation, on the other hand, is that cells need to be in
suspension during the labeling process, limiting its practical use at least for microscopy imaging
which is often performed on adherent cells. Other drawbacks, as mentioned above, are that new
optimized designs are generally needed for each cell type and that devices may suffer from
clogging. For labeling cells for in vivo cell tracking, this is, however, an attractive option to

look into.
7. Nanomachines

Nanomachines or nanomotors, also termed nanorobots or nanovehicles, are miniature devices
that convert diverse sources of energy into movement or force, in such a way that allows them
to displace in conditions of low Reynolds numbers and at the same time to have a preferential
directionality overcoming the Brownian motion.[153] Recently they have been explored for
intracellular biosensing and targeted delivery.[154, 155] The energy needed to induce actuation
may come from chemical reactions at their surface which due to asymmetry in the composition
generates local concentration gradients, an electrical potential or gas bubbles that drive them

forward.[153] Alternatively, asymmetry in the morphology of the nanomachines allow them to
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use external stimuli as the energy source to initiate the motion, including magnetic, ultrasound
(US), optical, thermal and electrical energy.[156-158] To achieve intracellular label delivery,
labels are either loaded on the nanomachines or co-delivered to the cell medium for diffusion

into cells after membrane poration.

In order to enter the cell interior, the powerful physical external energies like ultrasound (US)
and magnetic fields are preferable to propel nanomachines more vigorously. Gold nanowire
nanomotors (AuNW) are the most used nanomotors that are propelled by the external US or
magnectic field to penetrate into cells. Conjugated with dye-labeled single-stranded DNA
(ssDNA)/graphene-oxide (GO), the AuNW nanomotors achieved intracellular “OFF-ON”
fluorescence switching for intracellular biosensing (Figure 14a).[159, 160] Propelled by US,
the nanomotor was able to penetrate into cells to let the sSDNA hybridize with miRNA-21, thus
dequenching the fluorescent dye and labeling the miRNA-21 molecules. This approach was
used for the rapid monitoring of miRNA-21 expression in individual intact cancer cells. With
the same delivery system, the Cas9/sgRNA complex loaded nanomotor was delivered into cells
by US for GFP knockout.[161] The synthetic nanoswimmer, as one type of the nanomachines,
has attracted a lot of attention for gene and drug delivery.[162, 163] Based on different
propulsion energy, there are normally US and magnetic field propelled nanoswimmers.[164-
166] As a carrier for intracellular delivery, nanospears coated with gold, loaded with plasmid
DNA, were developed by Xu et al. that could be propelled to the cells by a magnetic field
(Figure 14b).[163] Although it was only applied for gene delivery, one can imagine that it could
be used for intracellular probe delivery as well. Although the US or magnetic field is used to
propel the nanomachine to enter the cells, however, the intracellular entry is difficult to be
realized by mechanical opening the cell membrane. This is because the maximum applied stress
of these nanoswimmers is still smaller than the critical ruptured stress of the cell

membranes.[163] Therefore, combined strategies are being explored to actively porate the cell
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membrane, by the combination of nanoswimmer with powerful cell-membrane
permeabilization method. An example of this is the use of laser-induced heating for cell
membrane poration integrated with the nanoswimmer for intracellular delivery. In this approach,
Wang et al. used an ultrasound-driven tubular gold-nanoshell (AuNS) nanoswimmer
functionalized with a polymeric multilayer for the photomechanical opening of the cell
membrane by NIR laser irradiation (Figure 14c).[167] The acoustical power allows the
nanoswimmer to move to the cell membrane, while the AuNS converts the NIR laser energy
into heat to locally disrupt the cell membrane. Membrane disruption was successful in this way
as evidenced by an influx of PI present in the cell medium. Instead of inorganic nanomaterials,
also protein-based molecular motors are considered as one type of nanomachine that can open
the cell membrane by changing their conformation in a controlled manner in response to
external stimuli, like laser light. Organic molecules could change their conformation upon
external stimuli to pass through the lipid bilayer, while also to be the fluorophore to label the
cells. Garcia-Lopez et al. designed and synthesized molecular motors that could penetrate the
membrane bilayer upon activation by UV laser irradiation (Figure 14d).[168] Fluorescent
molecules could then enter the cytosol and label intracellular structures. Cell viability was as

high as 90% after the treatment.
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Figure 14. Different nanomachines for intracellular labeling. a. Intracellular detection of
miRNAs by US-propelled ssDNA@GO-functionalized gold nanomotors. Schematic
illustration of (i) the “OFF-ON” fluorescent switching system for specific detection of miRNA -
21 in intact cancer cells, and (ii) the sequential steps involved: immobilization of the dye-
ssSDNA on the GO-functionalized AuNWs and quenching of the dye fluorescence, and
fluorescence recovery due to release of the dye-ssDNA from the motor’s GO-quenching surface
upon hybridization with the target miRNA. Fluorescence images of a MCF-7 cell (iii) before
and (iv) after 20 min incubation with the sSSDNA@GO-modified AuNWSs while being exposed
to US stimulation. Scale bar, 10 um. Reproduced from Avila et al. and produced with
permission from the American Chemical Society. b. Schematic cell poration of polymer AuNS-
functionalized nanoswimmers upon exposure to NIR light. Reproduced from Wang et al.[163]
and produced with permission from the American Chemical Society. c. Schematic illustration
of Si/Ni/Au nanospears that become inserted into a target cell by magnetic propulsion to deliver
a GFP-plasmid. Reproduced from X. Xu et al[167] and produced with permission from the
American Chemical Society. d. Schematic illustration of a molecular machine interacting with
a cell membrane (left). The membrane is then opened by UV-activated nanomechanical action.
Reproduced from Garcia-Lopez et al.[168] and produced with permission from Springer Nature.

Propelled by external energy, the nanomachines could achieve active intracellular delivery. As
they are still in a very early explorative phase, it remains uncertain what their future role will
be to deliver labels into cells for actual applications. Nevertheless, the nanomachines are a
fantastic demonstration of what is currently possible with nanotechnology and certainly deserve

further exploration, including for cellular labeling purposes.
Discussion

Most of the intracellular delivery approaches that we have reviewed here were originally
developed for drug and gene delivery, but have been proven to be useful for the intracellular
delivery of other types of compounds as well, including probes which are crucial for
investigating (intra)cellular dynamics. It is of interest to consider the various methods in terms
of their strengths and weaknesses according to several aspects, including throughput,
compatibility with microscopy, suitability for adherent or suspension cells, compatibility with
different cell types and different types of probes, limitations inherent to the method and
practical limitations. Our assessment of the probe delivery technologies according to these
aspects is listed in Table 1. As mentioned before, it is attractive to consider the repurposing of

drug delivery nanocarriers for the intracellular delivery of probes since many types are already
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available and they are relatively inexpensive and easy to use. However, as it is well-known in
the drug delivery field, they suffer from very limited endosomal escape after endocytic uptake.
Even though endosomal sequestration of labels can cause quenching and label degradation, this
may not be a limiting factor for labeling of whole cells, as is for instance needed in (in vivo)
cell tracking applications. However, when the aim is to visualize subcellular structures by
microscopy, sequestration of labels in endosomes will result in a confounding staining pattern.
As such we consider them less ideal for microscopic investigations of subcellular processes.
The same is true for CPPs as well, which are often believed to directly penetrate the cell
membrane, but in practice are frequently taken up by endocytosis, especially after conjugation
to (large) cargo molecules. As such it seems preferable for labeling applications to look for
delivery methods that avoid endocytic uptake and instead provide direct access to the cytosol.
SLO, is such a biochemical approach that creates pores in the plasma membrane through which
compounds up to ~150 kDa can diffuse into cells. As a biochemical compound it can be easily
applied to cells, but the dose and duration of SLO treatment need to be strictly controlled in a

cell-type dependent manner to avoid too much toxicity.

Physical delivery methods offer an alternative route to increase the permeability of the cell
membrane. Compared to biochemical strategies they tend to be more universally applicable to
different cell types and types of probes. Electroporation is likely the most well-known physical
delivery method. While bulk electroporation can only be applied to cells in suspension and is
often associated with high acute cytotoxicity, newer forms are emerging that offer the
possibility to treat adherent cells as well. General access to these new and enhanced forms of
electroporation is, however, limited at present since they rely on micro/nanofabrication, which
is not readily accessible to the general biomedical researcher. In addition, the reported
electroporation substrates are not easily compatible with light microscopy as not all of them are

transparent. Instead of electricity it is possible to use light as well as a physical trigger to
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enhance cell membrane permeability. With direct photoporation, a high energy pulsed laser is
used to create holes in the cell membrane, one at a time. While very efficient for the delivery
of even very large compounds, it has a low throughput and is being replaced by newer forms
that rely on nanotechnology to enhance photothermal effects. A straightforward approach is the
use of photothermal sensitizing nanoparticles which can be easily added to cells. They can
induce local cell membrane disruption by laser-induced heating effects or mechanical forces
resulting from water vapor bubbles that quickly expand and shrink around the surface of the
particle. Plenty of evidence has been provided that this methodology is suitable for the delivery
of probes in both adherent and suspension cells, combining high efficiencies with excellent cell
viability and extremely high throughput. It has the added advantage that, as an optical technique,
it is readily compatible with cell recipients that are traditionally used for optical imaging. One
can even imagine that the process could be easily integrated on laser-based microscopy systems.
At present, however, since it requires pulsed lasers and dedicated optomechanics to scan large
substrates, its widespread use remains limited to specialized groups. As an alternative to
sensitizing nanoparticles also substrates have been engineered with photothermal
nanostructures onto which cells can be cultured. Compared with NP sensitizer, the specifically
designed substrate could achieve active delivery, such as the BLAST. Even though such
advanced approaches are even less easily accessible, they may become of future interest for the
labeling of cells for in vivo tracking applications where one preferably avoids contact between

cells and nanoparticles.

Microinjection is another classic intracellular delivery method that uses a micropipette to
penetrate the cell membrane and inject the probes actively into the cells. It offers the most
precise control but is slow and not easy to handle. Nanoinjection is a more recent variant on the
same principle, but with the advantage of being less damaging to cells due to the smaller needle

diameter. However, both micro- and nanoinjection have a low throughput due to single-cell
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based treatment. Micro- or nanoinjection is expected to remain of interest for smaller proof-of-

concept studies of new types of probes or for dedicated single-cell experiments.

Shear stress can be used as well to permeabilize cell membranes, as is the case for nanoneedle
substrates and its variants such as, nanostraws or nanotubes. However, unless assisted by an
extra external force, like centrifugation, their delivery efficiency as well as throughput remain
quite limited to date. In addition, such nanoneedle substrates are not readily available outside
specialized groups at the moment. More advanced at present are microfluidics devices that
apply shear stress to cells by energetic contact with physical objects or fluid streams. Many
promising results have been published over the years with high reported delivery efficiencies
and excellent cell viability. This methodology is extremely fast and, once the chip is designed,
easy to use. Its limitations are that cells need to be brought in suspension first and the chip
design may need to be optimized for different cell types. Likely it has the most promise for

labeling specific types of (patient) cells for in vivo cell tracking applications.

The final and most experimental strategy for the intracellular delivery of probes is the use of
nanomachines or nanomotors that can actively target the cells and penetrate the cytoplasm. It
is a relatively new concept for intracellular delivery, and especially for intracellular labeling.
While the technology doesn’t seem very usable yet compared to the other delivery technologies,
itis a striking example of what is currently possible with nanotechnology. One can only imagine

what their capabilities will be in the not too distant future.
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Table 1.1 Comparison of the intracellular delivery strategies discussed in this review

. . Microscopy Adherent/ Active/passive Universality (cell L . L
Delivery strategies Throughput® . . . Method limitation Practical limitation
compatibility suspension cells  delivery type/probe)
. ) ) . Sophisticated
Nanocarrier High Yes Both Passive No Endocytosis ) . . o
conjugation/functionalization
CPPs High Yes Both Mixed No Endocytosis Sophisticated conjugation
) ) Size limit up to 150
PFT SLO High Yes Both Passive Probe WD Recover process needed
a
Bulk electroporation High No Suspension Passive Yes Potential toxicity Probes aggregation
Adherent electroporation High Yes Adherent Active Yes No flexible substrate Micro/nanofabrication needed
Direct laser-induced . Focused pulsed laser . . .
) Low Yes Both Passive Yes Time consuming/expensive laser
photoporation needed
NP-mediated laser-induced ) .
) High Yes Both Passive No NPs dependent Hard to access
photoporation
Nanostructure substrate
mediated laser-induced High Yes Both Both No No flexible substrate Micro/nanofabrication needed
photoporation
Micro- and nanoinjection Low Yes Adherent Active Probe Inefficient Hard to manipulate
) Exact mechanisms ) o
Nanoneedles and nanostaws Low Yes Both Passive Yes Micro/nanofabrication needed
unknown
Microfluidics High No Suspension Passive Probe Cell size dependent Clogging potential
Nanomachines Low Yes Adherent Active No Inefficient Hard to manipulate

3 High is defined as > 10000 cells/s, while low is < 1000 cells/s.
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Clearly each methodology has its advantages and disadvantages with regard to delivering
probes into live cells. The delivery efficiency, the cell viability, the probe size limit, the
compatibility for microscopy, throughput and user-friendliness are all aspects to be considered.
To help direct the reader to the most suitable technology, Table 1.2 summarizes all these
aspects per probe (ordered according to increasing size) as reported in the literature and

mentioned in this review.
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Table 1. Summary of different intracellular labels from small to large delivered by different strategies in this review

Probes

lons (Ca?*, Zn?)

Sytox Green and Sytox Blue
lons (Co?")

Ethidium bromide

Propidium iondide

Mito Tracker

Sytox Green

Paclitaxel

Calcein green

SNAP-tag ligand
tris-N-nitrilotriacetic acid

Azidosugar

size

<1 kDa

Delivery methods

Direct photoporation (Nd:YAG pulsed laser)

Nanostraw

Direct photoporation (fs pulsed laser)

Direct photoporation (Nd:YAG ps laser)

Direct photoporation (Bessel beam fs laser)
Adherent electroporation (nanostraw)
Adherent electroporation (nanotube)
Branched Nanostraw-Electroporation Platform

nanoswimmer nanomachine

Nanoinjection

Photothermal plasmonic substrates (Ti) with 1064
nm ns laser

Plasmonic substrates (Au) with 1064 nm ns laser

CB photoporation (1064 nm ns pulse laser)

Inverted and upright TiN micropyramids platform
(1064 nm, 11 ns pulse)

NPs mediated laser-induced photoporation
Microfluidic sgeezing

Nanostraw
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Efficiency

85-100 %

20 %
70-80 %
~100 %
25%
26.6 %

> 95 %

~80 %

78 %
90 %

>80 %

>83 %

>50 %

High

Throughput

500 cells/ s

10 cells/s

100000/h

Viability

80 %

high
high
high

>95 %

87 %
>90 %

>90 %

>80 %

High

Application
Intracellular study
Cell labeling

GFP quenching
Intracellular labeling
Intracellular labeling
Intracellular staining
Intracellular staining
Cell labeling

Cell labeling

Cell labeling

Intracellular staining

Microscopy imaging

Cell labeling
Cell labeling

Cell labeling

Cell labeling

Microscopy imaging
Microscopy imaging

Introcellular study

Adherent/
suspension

Adherent
Adherent
Adherent
Adherent

Adherent

Suspenstion
(Plant cells)

Adherent
Adherent
Adherent
Adherent
Adherent

Adherent

Adherent
Adherent

Adherent
Adherent

Suspension

Adherent

Adherent
Suspension

Adherent

Reference
[92]
[92]
[129]
(94]
(93]
[169]
[96]
(82]
[115]
[84]

[163]

[123]

[111]
[114]

[170]

[171]

[105]
[144]

[128]
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AuNP photoporation (561 nm ns pulse laser) 25% - high Selective delivery Adherent [172]
Palloidin, Alex Fluor Graphene-based electroporation >80 % - - Microscopy imaging Adherent [86]
GQD photoporation (561 nm ns pulse laser) ~50 % - >80 % Microscopy imaging Adherent [105]
Phalloidin, rhodamine Direct photoporation (NIR fs pulsed laser) - - - ;Ei‘mg intracellular Adherent [96]
Phalloidin, ATTO 655 Nanoinjection - - - Microscopy imaging Adherent [123]
Gd CPPs - - - MRI Adherent [58]
FD 0.6 kDa L';irrma'p'asmon'c substrates (Ti) with 1064 nm ns g o, ; 87 % Cell labeling Adherent [111]
Tetramethylrhodamine-dextran 3 kDa Direct photoporation (Nd:YAG pulsed laser) 85-100 % 500 cells/ s 80 % Cell labeling Adherent [92]
Microfluidic squeezing <50 % 20000 cells/s < 25% Cell labeling Suspension [142]
FITC-dextran 3 kDa Inertial microfluidic cell hydroporator (iMCH) 80 % Z;I(I)sf;?n?go >90 % Cell labeling Suspension [150]
Microfluidic squeezing (double deformation) 85 % high >80 % Cell labeling Suspension [147]
Microfluidics (Hydroporator) >90 % Z;ﬁg?nolgo > 90% Cell labeling Suspension [152]
FITC-dextran 3-5 kDa
Nanoneedle array+ centrifugation >80 % high ~95% Cell labeling Adherent [127]
Porous magnetic iron oxide NPs platform . .
) photoporation (808 nm irradiation) ) ) High Cell labeling Adherent [113]
Tritc dextran 4.4 kDa 4.4 kDa Immobilized gold nanoparticle layer for
a9 P 4 - - ~100 % Cell labeling Adherent [112]
photoporation
Molecular motors ~1nm Molecular motor with UV light - - - Cell labeling Adherent [168]
Plasmonic substrates (Au) with 1064 nm ns laser 79 % - >90 % Cell labeling Adherent [114]
CB photoporation (1064 nm ns pulse laser) >80 % - >90 % Cell labeling Suspension [170]
FITC-dextran 10 kDa
Direct photoporation (NIR fs pulsed laser) 70 % - - Cell labeling Embryos cells  [95]
GQD photoporation (561 nm ns pulse laser) ~50 % - >80 % Microscopy imaging Adherent [105]
Iridium (lIl) polypyridine complex <2nm Diamond Nanoneedle Array - - - Cell labeling Adherent [126]
Dextran, Alexa Fluor 647 10 kDa Electrophoretic nanoinjection - - >90 % Cell labeling Suspension [124]
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Streptolysin O >85 % - - Microscopy imaging Adherent [68]
Nanobody ~15kDa  GQD photoporation (561 nm ns pulse laser) ~50 % - >80 % Microscopy imaging Adherent [105]
Microfluidic sgeezing High High High Microscopy imaging Suspension [173]
QDs 3-4 nm CPP 95 % - - Cell tracking Adherent [55]
Red fluorescent protein (RFP) 26 kDa Nanoinjection (on microfluidic chip) <50 % high >95 % Cell labeling Suspension [125]
Enzymes 29 kDa Biophotonic laser-assisted surgery tool (BLAST) >90 % géﬁgﬂ?.g > 90 % Cell labeling Adherent [174]
FITC-dextran 40 kDa Biophotonic laser-assisted surgery tool (BLAST) >90 % ;él(ljs(;%olg > 90 % Cell labeling Adherent [174]
CB photoporation (1064 nm ns pulse laser) ~60 % - > 90 % Cell labeling Suspesnion [170]
Plasmonic substrates (Au) with 1064 nm ns laser 72 % - > 90 % Cell labeling Adherent [114]
E;zrrmalplasmonic substrates (Ti) with 1064 nm ns <78 % ) 87 % Cell labeling Adherent [111]
FITC-dextran 70kbDa  \icrofluidics (Hydroporator) ~73% :;ﬁ;solgggo >90 % Cell labeling Suspension [152]
Microfluidic squeezing <50 % 20000 cells/s <25% Cell labeling Suspension [142]
Microfluidic squeezing (double deformation) 54 % high >80 % Cell labeling Suspension [147]
Inertial microfluidic cell hydroporator (iIMCH) 65 % Z;ﬁsol‘r)noigo >90 % Cell labeling Suspension  [150]
QDs 10 nm CPPs Low - - Intracellular tracking Adherent [54]
FD 100 100 kDa  Streptolysin O - - - Cell labeling Adherent [67]
Plasmonic substrates (Au) with 1064 nm ns laser 68 % - > 90 % Cell labeling Adherent [114]
FITC-dextran 150 150 kDa ;;r;il;malplasmonic substrates (Ti) with 1064 nm ns <78 % ) 87 % Cell labeling Adherent [111]
Microfluidics (Hydroporator) 69 % :éﬁg/gggo >90 % Cell labeling Suspension [152]
Biophotonic laser-assisted surgery tool (BLASTST) < 50% ;(:ellcl)sol(r)n?g >90 % Cell labeling Adherent [175]
Antibody (1258#2? Nanoneedle with centrifuge 35.5+4.4%  high >90 % Cell labeling Adherent [127]
Graphene-based electroporation >80 % - Microscopy imaging Adherent [86]

45



WILEY-VCH

Streptolysin O <88 % - Microscopy imaging Adherent [68]
: > 100 - . . .
Tubulin-QDs KDa Nanoblade nanoinjection - - Microscopy imaging Adherent [121]
CB photoporation (1064 nm ns pulse laser) 30 % - >90 % Cell labeling Suspesnion [170]
Plasmonic substrates (Au) with 1064 nm ns laser 24 % - > 90 % Cell labeling Adherent [114]
FITC-dextran 500 kDa _ o
;I;;(;rrmalplasmonlc substrates (Ti) with 1064 nmns 78 % ) 87 % Cell labeling Adherent [111]
Microfluidics (Hydroporator) ~ 60 % Zél?sc;g?lgo > 90 % Cell labeling Suspension [152]
AuNP photoporation (561 nm ns pulse laser) >80 % - >80 % Long-term labeling Adherent [102]
functionalized QDs ~13 nm
Microfluidic squeezing ~40 % ~10000 cells/s >80 % Cell labeling Suspension [143]
AuNPs 15 nm Microfluidic squeezing <50 % 20000 cells/s  >75% Cell labeling Suspension [142]
Green fluorescent polystyrene 20 nm Biophotonic laser-assisted surgery tool (BLASTST) 93 % ~1OOOQO > 90 % Cell labeling Adherent [175]
beads cells/min
Microfluidic squeezing 60% 20000 cells/s  >75% Cell labeling Suspension [142]
QDs 20 nm
Nanoneedle array+ centrifugation >80 % high <10% Cell labeling Adherent [127]
Microinjection - - - Adherent
QD-PEG ~28 nm Microscopy imaging [2]
Electroporation - - - Suspension
Gold nanorod ﬁ;xgo Adherent elecroporation - - - NP detection Adherent [83]
. 147 nm L o
Single wall carbon nanotubes length Microinjection - - - Subcellular localization Embryo model  [120]
Polystyrene NPs 200 nm Nanoneedle with centrifuge 14.842.9 % high >90 % Cell labeling Adherent [127]
0.1-0.5 . . . . . .
Cy5-labeled DNA um Bulk electroporation high - - Single particle tracking  Suspension [176]
FITC-dextran 2000 kDa Plasmonic substrates (Au) with 1064 nm ns laser 16 % - >90 % Cell labeling Adherent [114]
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Dextran, Alexa Fluor 488

Green fluorescent polystyrene
beads

dye-labeled single-stranded
DNA/graphene oxcide/AuNW

b) unknown data.

2000 kDa

3000 kDa

2 um

>1 ym

Microfluidics (Hydroporator)

Thermalplasmonic substrates (Ti) with 1064 nm ns

laser

Microfluidic squeezing (two compression ridges )

Nanofountain Probe Electroporation

Biophotonic laser-assisted surgery tool (BLASTST)

nanomachine

47

~58 %

<78 %

80 %

> 95 %

62 %

>1600000
cells/min

High
Low

~100000
cells/min

~75%

87 %

~ 100 %

>92%

> 90 %
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Cell labeling Suspension
Cell labeling Adherent
Cell labeling Suspension
Cell labeling Adherent
Cell labeling Adherent

Cell real-time sensing  Adherent

[152]

[111]

[146]

(85]

[175]

[159]
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Future perspective

As most of these intracellular delivery strategies are based on passively diffusion, which could
induce limitation for delivery of large probes as well as waste of expensive labeling probes. In
this end, the active delivery is also important to promote the large probes to enter the cytoplasm,
like the biophotonic laser-assisted surgery tool (BLASTST) that uses the pressure flow to drive
the cargos into the cells, which can even deliver 2-um fluorescent polystyrene beads into the
cells.(reference) In the case of nanostraw, active delivery could also be achieved by pressure
flow from the hollow channel. Based on the fabricated substrates, the compatibility with the
high-resolution microscopy after intracellular delivery depends on the transparency and
thickness of the substrate. The micro- or nanoinjection could also achieve active delivery, but
the low throughput and high complexity of manipulation restrict its widely application. The
new arising nanomachines are promising tools for active delivery, but it is still at the starting

stage.

As all the delivery strategies in this review are used for cell-impermeable probes, it is also
important to choose the suitable probes. As illustrated in Figure 1, different types of
intracellular probes are listed in the order of size. For the most common specific labels, organic
dyes are the smallest ones, while Abs are the relative larger ones. Both Ab and Nb are cell
impermeable, while the protein-tags are intrinsically expressed in genetically modified cells.
Still, in case of the tag systems not all fluorescent ligands are cell impermeable, a remark that
applies to the organic dyes as well. Considering the size, ease-to-use and costs aspects, for high
specific labeling, probably the labeled Nb and organic dyes are the better choices for live cell

labeling, but currently there are only limited types of Nbs and organic dyes on the market.

Other than the fluorescent labels, this delivery technique could also help the chemists to deliver

the probes into cells as nanosensor, which is useful to explore the intracellular micro- and nano-
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environment. With the direct delivery by laser-induced photoporation, the NPs will be avoid
being trapped in the endosome. The plasmonic nanomaterials, such as AuNPs, could be
delivered into the cytoplasm for surface-enhanced Raman spectroscopy (SERS) to detect the
intracellular PH, generation of reactive oxygen species, and gases. With an optimized delivery
range, it will be very interesting to deliver the newly developed intracellular laser particles for

intracellular tagging and tracking. [177]
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Conclusion

Multiple strategies to deliver extrinsic probes into living cells are described in this review. Both
biomedical agents and physical forces induced intracellular delivery strategies are presented in
this review, including the delivery mechanisms, applications of labeling and advantages as well
as disadvantages. Biomedical strategies provide the opportunity to deliver cell-impermeable
probes by endocytosis or membrane poreration, which are easy-to-access and affordable for
general recipients. Compared with biomedical methods, physical methods are at present the
more versatile, offering direct intracellular delivery without endocytic uptake. Particularly,
nanoparticle sensitized laser-induced photoporation and microfluidic cell squeezing seem to be
the most promising as they combine fast treatment with ease of use, high delivery efficiency
and cell viability. A general downside of physical membrane permeabilization methods is that
they mostly rely on passive diffusion from the cell medium into the cytoplasm. Not only does
this require a fairly high concentration of probes to be present in the cell medium, it greatly
restricts the delivery efficiency of larger probes which diffuse more slowly. Therefore, one
could compare those strategies and choose the most suitable method for intracellular delivery
of extrinsic probes, depending on the specific requirement. More advanced intracellular
delivery techniques are developed in recent years, like BLAST, which offers active transport
of even very large cargo’s into cells by combining photonics with microfluidics and
nanofabrication. It is a striking example that the integration of several technologies may offer

a valuable route for further development in the future.
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Brief summary

This review provides a new horizon for intracellular delivery of extrinsic probes (cell-impermeable),
including both biomedical and physical strategies. Borrowed from gene delivery methods, different
biomedical agents are used in this case for intracellular delivery of probes mostly through endocytosis.
While different physical forces are applied for direct intracellular delivery by cell-membrane disruption,
inducing much higher efficiency than biomedical methods.
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