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�. Introduction
Introducing small biomolecules, nucleic 
acids (DNA and RNA), proteins, syn-
thetic nanomaterials, and drugs into 
cells (coined as intracellular delivery) is a 
powerful means to monitor and decode 
the cellular behaviors as well as in�u-
ence the cellular fates and its biological 
functions.[�] E�cient intracellular delivery 
technologies play a crucial role in bio-
medical discoveries, biomanufacture, and 
therapeutic applications.[�] Direct delivery 
of exogenous cargoes requires to surpass 
the plasma membrane barrier, which pro-
tects the intracellular compositions from 
outside of the cell. However, the precise 
underlying mechanisms responsible for 
biomolecule uptake in certain methods 
are not fully realized.[�,�]

The existing delivery technologies o�er 
the ability to transport the cargo across 
the cell membrane, which can be broken 
down into two areas of macro- or micro- 
(containing both micro and nano) tech-
niques based on their impact resolution, 
as shown schematically in Figure��. Macro 
technologies mainly rely on conventional 

setups to deliver cargoes to the bulk populations of cells.[�] 
These approaches are primarily categorized into the carrier-
based techniques, which involve fusion and endocytic entry 
pathways, and membrane-disruption-mediated techniques, 
which include plasma membrane permeabilization and direct 
penetration mechanisms.[�,�] Carrier-mediated methods are 
mainly divided into two categories of biological and chemical 
approaches.[�] The biological approaches broadly rely on the 
intracellular delivery of genetically engineered viruses into cells 
called viral delivery or transduction.[�] The chemical approaches 
utilize carrier molecules that are mostly cationic lipids, calcium 
phosphate, or cationic polymers to neutralize or impart a posi-
tive charge to anionic proteoglycans on the cell membrane and 
induce endocytosis.[�]

On the contrary, membrane-disruption-mediated methods 
can proceed via nucleation and further expansion of tran-
sient discontinuities in the cell membrane either by chemical, 
mechanical, or �eld-assisted methods. Chemical disruption 
methods are initiated by triggering of phospholipid bilayer fol-
lowed by membrane deformation, which can occur through 
oxidation or peroxidation of constituent lipids and insertion 
of amphiphilic peptides or proteins.[��] Mechanical methods 

Intracellular delivery is considered an indispensable process for various 
studies, ranging from medical applications (cell-based therapy) to fun-
damental (genome-editing) and industrial (biomanufacture) approaches. 
Conventional macroscale delivery systems critically su�er from such issues 
as low cell viability, cytotoxicity, and inconsistent material delivery, which 
have opened up an interest in the development of more e�cient intracellular 
delivery systems. In line with the advances in micro�uidics and nanotech-
nology, intracellular delivery based on micro- and nanoengineered platforms 
has progressed rapidly and held great promises owing to their unique 
features. These approaches have been advanced to introduce a smorgas-
bord of diverse cargoes into various cell types with the maximum e�ciency 
and the highest precision. This review di�erentiates macro-, micro-, and 
nanoengineered approaches for intracellular delivery. The macroengineered 
delivery platforms are �rst summarized and then each method is categorized 
based on whether it employs a carrier- or membrane-disruption-mediated 
mechanism to load cargoes inside the cells. Second, particular emphasis is 
placed on the micro- and nanoengineered advances in the delivery of biomol-
ecules inside the cells. Furthermore, the applications and challenges of the 
established and emerging delivery approaches are summarized. The topic is 
concluded by evaluating the future perspective of intracellular delivery toward 
the micro- and nanoengineered approaches.

Adv. Mater. ����, �������

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202005363&domain=pdf&date_stamp=2021-02-16


' ���� Wiley-VCH GmbH�������  (� of ��)

www.advmat.dewww.advancedsciencenews.com

of membrane disruption are categorized as particle bombard-
ment,[��] �uid shear,[��] and osmotic pressure.[��] Furthermore, 
�eld-assisted delivery methods are those in which an external 
energy/source is necessary for defect formation in the cell 
membrane. Depending on the source, these methods are 
categorized as sonoporation,[��] optoporation,[��,��] thermopo-
ration,[��] magnetoporation,[��] and electroporation.[��] Once 
chemical modi�cations, extensive mechanical forces, or high-
intensity energies are introduced to the cells, the plasma mem-
brane will experience the perturbation state, which triggers an 
increase in membrane deformation and permeability of the 
exogenous cargo.[��] Upon intracellular cargo delivery, the cell 
would reseal the disruptions through the active membrane and 
cytoplasmic recovery processes, which largely depend on the 
cell type, pore size, temperature and the factors presented in 
the extracellular medium.[��] Studies have proposed up to six 
di�erent plasma membrane resealing mechanisms (e.g., exo-
cytosis) that are implicated in active membrane repair.[��] For 
instance, in the case of exocytosis, the lesions with the size of 
several hundred nanometers or less are extracted, leading to 
the withdrawal of the disruption into a disposable vesicle for 
releasing lysosomal signals and further membrane remodeling 
processes.[�����]

Despite several advantages of conventional macroscale 
technologies, they critically su�er from issues such as low 
cell viability, cytotoxicity, and inconsistent material delivery. 
Motivated by these shortcomings, micro- and nanoengineered 
delivery devices have emerged as a promising solution with 
improved delivery outcomes. The cargo delivery in these 
devices is mainly based on membrane-disruption-mediated 
mechanism. In these approaches, microfabrication and nano-
technology have enabled the precise control over the delivery 
procedure and make previously intractable modalities more 
feasible for intracellular loading of macromolecular cargoes 
and exogenous compounds.[��] Furthermore, these platforms 
gives the biologists the opportunity to perform intracel-
lular delivery even at the single cell level with a high level of  

e�ciency and throughput.[��] Early studies on microengineered  
approaches have led to the development of the relatively low-
throughput methods (e.g., microinjection in the ����s).[��] 
The advancements in the development of those intracel-
lular delivery systems are attributable to their limitations, 
including low-cell viability and low throughput. Recent e�orts 
have focused on reinvigorating the conventional macroscale 
approaches through nanotechnology, micro�uidics, and lab-
on-chip devices. Di�erent modalities and platforms have been 
designed to increase the delivery e�ciency and cell viability; 
e.g., employing micro/nano�uidic devices for localized elec-
troporation.[��] The miniaturization in this context is beyond 
the simple scale down the model. It adds additional function-
alities to the system, which are otherwise impossible.[��] For 
instance, micro- and nanoscale electroporation devices have 
been developed to eliminate the shortcomings of conven-
tional bulk electroporation such as changes in the local pH, 
Joule heating, distortion of the applied electric �eld, sample 
contamination through corrosion of electrodes, and the con-
sequent cell damage. While certain intracellular delivery tech-
niques such as electroporation can be implemented either at 
the macro or microscale, few established techniques such as 
microinjection are exclusive to the delivery at microscale.

Along with the advances in fabricating the miniaturized 
devices, a variety of nanomaterials (e.g., carbon nanotubes, 
nanoparticles, and magnetic nanospears) have been developed 
to overcome the challenges of conventional techniques.[��] It is 
envisioned that advances in micro- and nanoscale delivery sys-
tems can lead to minimally invasive and highly e�cient strate-
gies for e�ective transportation of biomolecules across the cell 
membrane. Nevertheless, each delivery modality has its own 
advantages and limitations, and thus there is a pressing need 
for further improvements.

Thus far, many studies and review papers have investigated 
the potential of di�erent delivery modalities. However, there 
are still some critical issues in this area which have not been 
tackled properly. Mainly, much less attention has been given 

Figure �.  Schematic overview of the scope of the current review paper. Existing intracellular delivery systems can be divided into: I) macroengineered 
or II) micro and nanoengineered approaches.
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to critically investigate the microengineered approaches for 
intracellular delivery. Accordingly, there is a lack of a review 
paper covering the entire established and recently emerging 
micro- and nanoengineered techniques. Moreover, applications 
of these delivery strategies are always a missing link in such 
review papers. This paper is an overview of the classi�cation 
and applications of various intracellular delivery systems. These 
approaches can be thought of as macro or microscale (con-
taining both micro and nano) delivery techniques. In particular, 
micro- and nanoengineered intracellular delivery methodologies 
are highlighted, and the future perspectives of next-generation  
intracellular delivery strategies are discussed.

�. Macroengineered Intracellular Delivery
Generally, macroengineered delivery systems can be catego-
rized into two major groups, namely carrier-mediated (divided 
into the biological and chemical methods) and membrane-
disruption-mediated systems (mainly referred to as physical 
techniques, including chemical, mechanical, and �eld-assisted 
delivery systems), as shown in Figure� �. In this section, a 
detailed description of these methods is provided.

�.�. Carrier-Mediated Delivery Systems

For almost half a century, biological and chemical vehicles have 
been exploited as carrier-mediated means of cargo delivery into 
target cells. These vehicles encapsulate the exogenous biomol-
ecules to facilitate the intracellular delivery. Once these vectors 
are attached to the cell membrane, the cargo will be loaded 
into the intracellular space through either fusion or endocytic 
entry pathway.[��] Further details on two common approaches 
of carrier-mediated delivery systems, which are biological and 
chemical methods, are discussed as follows.

�.�.�. Biological Method

In the biological method, a bioinspired carrier (e.g., viral vector, 
cell ghost, and extracellular vesicle) is used to introduce nucleic 
acids such as oligonucleotides of DNA or RNA, plasmid DNA, 
and mRNA into the intracellular space.[��] The available litera-
ture results indicated that viral-mediated gene delivery is the 
most common solution used in phase I/II clinical trials owing 
to their high delivery e�ciency and speci�city.[��] Retroviral, 
adenoviral, and adeno-associated viral vectors are the most 

Figure �.  Schematic illustration of commonly used intracellular delivery systems at macroscale. Carrier-mediated delivery systems are highlighted 
in yellow, and membrane-disruption-mediated ones are highlighted in light green. In carrier-mediated approaches, a mediating carrier is required to 
transfer the cargo into the cells. This carrier can be either biological- or chemical-based. Membrane-disruption-mediated approaches cause transient 
damage into the cell membrane through either chemical, mechanical, or �eld-assisted techniques. Chemical disruption of membrane barrier can 
take place as a result of modi�cations in constituent lipids of cell membrane via oxidation, insertion of pore-forming peptides or proteins, or expo-
sure to detergents or surfactants. Mechanical methods include gene gun, �uid shear, and osmotic/hydrostatic pressure. Field-assisted techniques 
utilize an external �eld to induce transient membrane rupture as exempli�ed by sonoporation, optoporation, magnetoporation, electroporation, and 
thermoporation.
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commonly used vectors for the intracellular cargo delivery 
into mammalian cells.[��] However, major drawbacks of this 
approach are immunogenicity, cytotoxicity, and the limited 
packaging capacity of the foreign DNA.[��] Accordingly, several 
e�orts have been devoted to the development of nonviral car-
riers such as extracellular vesicles. Exosomes are a subpopula-
tion of membrane-derived vesicles, which are released into the 
extracellular space.[��] These vesicles have been emerged as 
pivotal mediators of cell�cell communications and regulators 
of di�erent biological processes, such as tissue regeneration,[��] 
immune response modulation,[��] and stem cell maintenance 
over the past decade.[��] Furthermore, exosomes possess 
numerous advantageous features such as biocompatibility, 
nonimmunogenicity, and the inherent ability to traverse the 
blood�brain barrier (BBB).[��] Together these unique features 
made exosomes suitable carriers for intracellular delivery appli-
cations.[��] Early studies have shown the therapeutic potential 
of unmodi�ed and genetically engineered exosomes in delivery 
of small molecules, proteins, and nucleic acids.[��] Researchers 
subsequently used exosomes to deliver curcumin into macro
phages,[��] encapsulate paclitaxel and doxorubicin to bypass 
the BBB in zebra�sh embryos,[��] and load doxorubicin into a 
mouse tumor tissue model.[��]

Along with exosome-mediated delivery of small molecules, 
researchers began experimenting with exosomes encapsulating 
proteins. One study has indicated the ability of exosomes in 
transferring CC chemokine receptor � (CCR�) protein from 
CCR�� to CCR�� peripheral blood mononuclear cells.[��] Haney 
et� al. encapsulated antioxidant protein catalase in exosomes 
followed by intravenous injection to the C��BL/� mice. Neuro-
protective e�ects in mice with acute brain in�ammation was 
evidenced by the accumulation of this protein in neurons and 
microglial cells.[��] Besides the intercellular transferring of 
functional proteins, a growing body of evidence has described 
the exosome-mediated RNA delivery.[��] Further investiga-
tions using exosomes have successfully delivered small inter-
fering RNAs (siRNAs) into various cell types such as T cells,[��] 
endothelial cells,[��] HeLa cells, and �brosarcoma cell line.[��] In 
���� Montecalvo and co-workers showcased the �rst evidence 
for transferring microRNAs between dendritic cells using 
endogenously released exosomes.[��] Ohno et� al. conducted an 
investigation into the e�cient delivery of let-�a through intra-
venous injection of GE-��� exosomes to xenograft breast cancer 
cells in RAG��/� mice. This resulted in the speci�c binding 
of GE-��� exosomes containing let-�a to the EGFR-expressing 
tumor cells leading to in vivo inhibition of tumor develop-
ment and progression.[��] However, the exact mechanisms of 
exosome-mediated delivery are yet to be extensively explored. 
The future intracellular delivery applications via exosomes 
are anticipated to greatly improve the safety and e�ciency of 
drug delivery into di�erent cell types above what is currently 
achieved through other biological carriers.

�.�.�. Chemical Methods

In chemical delivery strategies, calcium phosphate (Ca��P), 
polycations (cationic polymers), or lipid-based carriers (cationic 
lipids and liposome) are used as a reagent for carrier-mediated 

delivery approaches.[��] These positively charged chemical com-
pounds readily complex with nucleic acids to enable their con-
tact with negatively charged phospholipid bilayer of the cell 
membrane.[��] The e�ciency of this delivery method is deter-
mined by various factors, such as the ratio of foreign DNA to the 
chemical compound and the properties of the target cell (type, 
density) and the chemical complex (size, charge, and pH).[�����]  
Among these methods, calcium phosphate coprecipitation 
is one of the most cost-e�ective yet simple chemical delivery 
methods.[��] This method is suitable for accommodating a 
high concentration of foreign DNA using calcium chloride and 
HEPES-bu�ered saline solution containing sodium phosphate. 
This method was �rst used by Graham and van der Eb in ���� 
and became a prevalent method since then.[��] Although this 
method is safe, low-cost, and easy-to-perform, it su�ers from 
Ca��P nanoparticle aggregation that may signi�cantly reduce 
the delivery e�ciency.[��]

Polycations (cationic polymers) are positively charged polar 
groups with tunable physicochemical properties, constituting 
complexes through binding to the negatively charged phos-
phate groups of DNA molecules.[��,��]

The DNA�polycation complexes with an overall positive 
net charge are introduced to the cells via nonspeci�c endocy-
tosis, which leads the cytoplasmic delivery of these complexes 
followed by transferring DNA into the nucleus.[��] Based on 
the physicochemical properties of cationic polymers, they are 
synthesized in di�erent sizes, shapes, and surface charges 
that form three general structures including linear structure 
such as spermine, histone (natural DNA binding proteins), 
and poly-�-lysine (PLL),[��,��] branched structure such as poly-
ethylenimine (PEI) and diethylaminoethyl dextran (DEAE�
dextran),[��,��] and spherical structure such as polyamidoamine 
dendrimers (PAMAM).[��,��]

The lipid-based intracellular delivery takes advantage of 
highly biocompatible cationic lipids to deliver exogenous DNA 
or RNA into the cell.[��] This widely used delivery system is 
mainly based on cationic lipids consisted of one or two hydro-
carbon chains and a head group with a net positive charge 
interacting with the negatively charged phosphate group of 
the DNA or RNA molecules forming liposomal transfection 
structure (lipoplex).[��] This complex structure later interacts 
with the cell membrane through its surface positive charge 
followed by taking up into the target cell.[��] Taking the ben-
e�ts of liposomes (phospholipid spherules), this kind of 
delivery strategy was �rst reported in the ����s.[��,��] Lipo-
fection (lipid/liposome-based transfection) introduces DNA 
molecules with a �- to ���-fold increase in delivery e�ciency 
compared to the other chemical delivery methods.[��] Delivery 
e�ciency in this strategy mainly depends on a variety of fac-
tors, namely pH and type of cell line. In this regard, for each 
cell line, the optimized operating conditions must be identi-
�ed, as well.[��]

Commercially available synthetic cationic lipids include 
Lipofectamine (Life Technologies), [��] Nanojuice (Merck Milli-
pore),[��] and FuGene � (Promega), which can condense nucleic 
acids into compact nanoparticles.[��] Although cationic lipids 
provide e�cient delivery of certain cargoes, the core weak-
ness is cytotoxicity of this setup that directly a�ect the cell 
viability. Thus, maltose-based cationic liposomes with di�erent 
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hydrophobic chain lengths have been developed recently to 
reduce cytotoxicity and improve delivery outcomes.[��]

�.�. Membrane-Disruption-Mediated Systems

Membrane-disruption-mediated modalities refer to the intro-
duction of an intended cargo to the target cell through transient 
discontinuities created in the phospholipid bilayer of the cell 
membrane. Unlike carrier-mediated delivery strategies that are 
limited to the restricted combination of cargoes and cell type, 
membrane-disruption-mediated approaches enable temporal 
control and instantaneous delivery as they are less dependent 
on cargo properties.[��] Here, we categorized membrane- 
disruption-mediated systems based on chemical, mechanical 
(particle bombardment, scrape/bead loading, �uid shear, or 
osmotic/hydrostatic pressure) and �eld-assisted (acoustic, 
optical, thermal, magnetic, or electrical) methods.

�.�.�. Chemical Methods

There are some permeabilization approaches depending on 
biochemical agents to permeabilize cell membranes. Generally, 
chemical disruption of lipid barriers is achieved via �- exposure 
to certain non-ionic detergents (e.g., Triton X-���, Tween-��, 
sodium dodecyl sulfate (SDS), lauryl maltoside, octyl gluco-
side, saponin or digitonin), or organic solvents (such as DMSO, 
ethanol, or other alcohols), �-insertion of pore-forming pep-
tides, and �-oxidation or peroxidation of constituent lipids.[��,��] 
Saponin and digitonin (a prototype member of the saponin 
family) are steroid and triterpinoid glycosides that permeabilize 
cell membrane by preferentially interacting and complexing 
with cholesterol- and hydroxysterol-rich membranes.[��] In one 
study, it is demonstrated that delivery of targeted optical contrast 
agents in the range of ������kDa into the live cells can take place 
by controlling the mole ratio of Triton X-��� to the number of 
treated cells.[��] Also, the concentration e�ect of this material 
on the permeability of HeLa cell plasma membrane was inves-
tigated by monitoring the ferrocyanide (��.�� kDa) via electro-
chemical microscopy.[��] Nevertheless, in permeabilization by 
detergents, critical curvature stress causes membrane perfora-
tion, and the consequent concentration gradient enables cargo 
molecules to di�use into the target cells while some cytoplasmic 
contents and intracellular organelles are lost. Hence, the e�ect 
of the detergents on permeabilization of live cells is challenging 
and hard to control due to their heterogeneous nature.

Dimethyl sulfoxide (DMSO) is an example of a nontoxic, 
low molecular weight organic solvent which is applied to 
improve the solubility of small molecular cargoes or drugs and 
increase their penetration across the plasma membrane.[��] It 
has been revealed that this organic solvent increases the occur-
rence of nanoscale membrane damages while it improves the 
solubility of small cargoes.[��] Yu and Quinn investigated the 
e�ect of DMSO concentration on phospholipid bilayer using 
X-ray di�raction (XRD) technique. They showed that DMSO 
could increase the distance between polar lipid head groups 
of phospholipid molecules and decrease the membrane thick-
ness.[��] Ethanol as another example of organic solvents is a 

short-chain alcohol, which makes it less hydrophobic compared 
with DMSO. O�Dea et� al. used ethanol as a permeabilizing 
agent for intracellular delivery purposes and demonstrated that 
the ��% v/v concentration of this alcohol provides the optimal 
permeabilization condition.[��] Studies have shown that ethanol 
remains at the water�lipid interface to induce disordering e�ect 
on phospholipid acyl chains leading to partially destroy the 
plasma membrane bilayer structure.[��,��]

Amphiphilic peptides (pore-forming agents) with the hydro-
phobic tail and hydrophilic head structure are able to integrate 
into the membrane barrier while buckling the phospholipid 
bilayer. Followed by the insertion of pore-forming peptides 
into the membrane, the conformational stress is induced to 
the target cell leading the trigger for membrane disruption and 
consequently transient formation of pores across the cell mem-
brane.[��] Localized membrane deformation and permeability 
can occur through oxidation or peroxidation of constituent 
phospholipids. Oxidized lipids with distorted hydrophobic tails 
can trigger bilayer thinning, which is associated with a decline 
in bending rigidity and loss of bilayer integrity.[��,��]

�.�.�. Mechanical Methods

The central principle of the mechanical disruption methods 
is that the cell membrane is a�ected by �-using a vehicle or 
conduit, �-�uid pressure gradient, �-prompt changes in hydro-
static/osmotic pressure, or �-migration through the narrow 
constrictions.[��] Here, mechanical methods are divided into 
particle bombardment, scrape and bead loading, �uid shear 
forces, and osmotic/hydrostatic pressure. In the following, 
these methods are described in detail.

Particle Bombardment (Biolistic Particles or Gene Gun): A gene 
gun or a biolistic particle is a physical delivery strategy that 
was �rst employed to deliver genes into plant cells by Sanford 
and co-workers. In this method, an acceleration system pro-
pels DNA-coated heavy metal particles (e.g., gold, silver, and 
tungsten in the size range �.�����m) at a su�cient speed into 
the target cell.[��] Acceleration in this delivery system could be 
achieved using a helium discharge or a high-voltage electric 
spark.[��,��] Delivery timing, particle size (�one tenth of the size 
of the target cells), and the loading of DNA on the particles are 
the key parameters that determine the delivery e�ciency.[��] 
The e�ciency of this method is controlled by certain factors, 
including the size of the particles employed as DNA-carriers, 
the gas pressure used to accelerate the particle velocity, and 
the dosage of the cargo molecules.[��] Commercially available 
gene gun devices are Helios gene gun (BioRad Laboratories, 
Hercules, CA, USA) and Accell gene gun (Agracetus, Inc.,  
Middleton, WI, USA).[��]

The signi�cant advantages of gene gun delivery method 
include fast obtaining of high-level gene expression,[��] long-
lasting gene expression,[��] and allowing to reach numerous 
organs without injury to the surrounding tissues (liver,[��] 
heart,[���] brain,[���] and muscle).[���] However, this method 
proves to have a de�ciency in transferring genes into the deep 
tissue. Since the penetration distance of metal particle is lim-
ited, the surgery is required to reach any nonsuper�cial tissue. 
Furthermore, as some interactions may take place between the 
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particle and target cell membrane, irreversible cell membrane 
break-down and pore formation can happen probably due to 
the high-velocity particles.

Scrape and Bead Loading: Solid contact between cells and 
either a rubber spatula or glass beads have been used to form 
transient openings in the cell membrane. Scrape loading and 
bead loading are two mechanical permeabilization strategies 
that pierce and transiently permeabilize the plasma mem-
brane of adherent cells.[���] In scrape loading, a rubber spatula 
is passed over a surface of adherent cells (cell-laden) leading 
dislodge of these cells and bring them into the medium con-
taining impermeable cargo molecules.[���] Then, cargoes 
existing in the surrounding medium di�use into the cells 
with optimal amounts of membrane pores of su�cient size. 
This method has been used to deliver high molecular weight 
dextrans,[���] antibodies,[���,���] dyes,[���] and plasmids.[���] In a 
study led by Fechheimer, scrape loading was compared with 
the ultrasound-mediated permeabilization method. The results 
show that scrape loading yielded higher delivery of dextran con-
jugated dyes and DNA plasmids into hepatic tissue cultures, 
HeLa cells, and mammalian �broblasts.[���]

In the bead loading method, glass beads are used in a �ask 
with adherent cells and the cargoes to be delivered where 
shaking the �ask causes direct contact between beads and cells; 
consequently, the impact of cell�bead collision makes the cells 
dislodged into the medium. This contact leads to the creation 
of su�cient strains to generate stochastic disruptions in the 
plasma membrane.[���] Bead loading has been used for anti-
body loading into �broblasts and macrophages,[���] intracellular 
delivery of quantum dots (up to ���nm),[���] proteins, and anti-
bodies.[���] For instance, to image single mRNA translation in 
living cells, bead loading was used to transfer antibody fab frag-
ments to the cell interior. Brie�y, glass beads with a diameter 
of ������� �m are incubated in a solution containing the pro-
tein cargo. Then, adherent cells are incubated with the beads 
under mild agitation. This leads to the transient pore formation 
with the dimensions that are large enough for proteins to pass 
through the membrane but not too large to allow entering the 
glass beads.[���]

Low cost and accessibility are the bene�ts of scrape and bead 
loading methods. In addition, these methods can be performed 
using common laboratory equipment. Nonetheless, the genera-
tion of cellular and biological debris is a challenging aspect of 
these methods. Besides, the amount of damage to each cell is 
stochastic, causing inconsistent delivery outcomes.[��]

Fluid Shear Forces: Existing in vivo (e.g., viral) and in vitro 
(e.g., lipid-based carriers) delivery systems exhibit shortcom-
ings in the delivery of large and structurally complex target 
molecules. To address the concerns over the delivery of proteins 
and the growing diversity of alternative synthetic nanomate-
rials, mechanical shear-based approaches have been emerged. 
Fluid shear leads to disruption of lipid bilayers, followed 
by intracellular delivery of the target cargo. The shear force 
induced by �uid �ow is less invasive compared to the disrup-
tion of the membrane via solid contact (such as the gene gun).  
The disruption by �uid shear forces is generated in certain 
ways. If water with enough amount of rapid velocity �ows par-
allel to the lipid-based membrane, the heads of lipids may be 
tilted leading to disruption of the bilayer. Similarly, a stream of 

water perpendicular to the membrane can result in membrane 
disruption.[��]

Syringe loading is one of the most straightforward 
approaches for generating zones with high �uid shear force to 
drive cell suspensions through tight constrictions around the 
entrance and exit zones of the syringe needle. In this delivery 
strategy, cell suspensions are mixed with a high concentration 
of cargo and repeatedly passed back and forth through �ne-
gauge syringe needles or similar narrow ori�ces to transiently 
permeabilize cells. The loading e�ciency and the velocity of the 
cells aspirated and expelled through these constriction zones 
is determined by the �ow rate.[���] In ����, Clarke and McNeil 
used a syringe for creating zones of high �uid shear force to 
drive a liquid through tight constrictions and further delivery 
of cargoes with the sizes up to ����kDa (i.e., �uorescein isothio-
cyanate (FITC)-labeled dextran) in several mammalian cells. 
Furthermore, it was shown that pluronic F-�� (poloxamer ���) 
increased cell survival and loading e�ciency during syringe 
loading, compared to both scrape and bead loading methods.[���] 
In addition to the delivery of DNA plasmids into mammalian 
cells,[���] this method was widely applied for di�erent applica-
tions in various cell lines (e.g., mouse Ltk(-), CHO, immune, 
endothelial and neural cells)[�������] and di�erent cargoes (e.g., 
antibodies, proteins, guanosine diphosphate (GDP), and guano-
sine triphosphate (GTP)).[���,���] In order to investigate the 
e�ect of viral and bacterial proteins inside the cells, human 
skin �broblasts were syringe-loaded with human immunode�-
ciency virus type � protease (HIV-� PR), and it was revealed that 
it a�ects intracellular architecture and nuclear organization.[���]

In addition to generating �uid shear forces by driving cell 
suspension through the narrow constrictions, later, Blackman 
and co-workers utilized cone and plate viscometers to produce 
and control hydrodynamically applied shear stress over endothe-
lial cell monolayer.[��] In their work, a controlled cell shearing 
device integrated with a �uorescence microscopy apparatus was 
developed to enable real-time monitoring of cellular responses 
to mechanical stimuli. Since in this method the �ow is con-
trolled manually, improved precision and reproducibility could 
be achieved by combining this strategy with acoustic sonopora-
tion or optoporation, both of which are described in the hybrid 
methods, Section �.

Osmotic/Hydrostatic Pressure Gradients: In the pressure 
change-mediated system, a hypo-osmotic shock is induced by 
rapid changes in osmotic and hydrostatic pressure across the 
cell membrane, resulting in osmolality-dependent permeabi-
lization.[���,���] Hence, cells experience signi�cant stress since 
their membranes face the di�erences in osmotic potential 
between the intra- and extracellular environment (gradients 
of osmotic pressure), leading to the membrane perturbation, 
and consequently, delivery of cargoes.[���] The geometry of 
these gradients may vary between the intracellular contents of 
target cells and the extracellular environment, facilitating the 
entrance of osmolytes or impermeable electrolytes through the 
membrane or aquaporin channels.[���] When a cell is exposed 
to a low osmolarity environment, hypotonic swelling will soon 
change the cell volume, which unravels the unfolding of mem-
brane reservoirs and consequently results in lipid bilayer rup-
ture.[���] This technique was �rst used in conjunction with 
other methods to access the intracellular organelles and prepare 
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membrane ghosts (e.g., red-blood-cell ghosts) with minimal 
membrane damages.[���,���]

In ����, Andersen et� al. used this method to induce intra-
cellular delivery of siRNA and gene silencing in human vein 
endothelium.[���] Okada and Rechsteiner proposed a method 
named osmotic lysis of pinosomes to exploit a brief hypertonic 
treatment followed by a hypotonic shock for the successful 
delivery of target proteins. In this method, �rst, endosomes are 
preloaded with the target proteins to be delivered, and then, 
internalized endosomes are ruptured by osmotic pressure gra-
dients.[��] However, compared to other delivery systems, this 
low-cost strategy has not gained much reputation due to its lim-
ited delivery capacity by the extent of endocytosis and lack of 
su�cient reports on delivery of plasmid DNA and mRNA.[���]

�.�.�. Field-Assisted Methods

Ultrasound-Assisted Delivery System (Sonoporation): Ultrasound-
assisted delivery method, called �sonoporation� in the context 
of delivery, is a technique based on the cavitation and micro-
bubble formation, mostly implementing a low-frequency ultra-
sound wave (��� kHz) to shock the target cell and achieve the 
enhanced level of cell permeability.[���,���] Vapor-�lled micro-
bubbles or cavities in the delivery solution are formed as a 
result of applying acoustic pressure waves.[���,���] A signi�cant 
amount of energy after the collapse of these microbubbles is 
released, which further causes the temporary disruption of the 
cell membrane, facilitating the entrapment of surrounding 
macromolecular cargoes (e.g., plasmid DNA) inside the target 
cell.[���,���] Several studies have shown that increase in the cell 
permeability mediated by ultrasound shares some similarities 
to those achieved via electroporation.[���,���]

Sonoporation has been applied for the intracellular loading of 
a variety of small and large cargoes since the mid-����s.[���,�������] 
However, due to the gene therapy motivations, this noninvasive 
method is mostly used for the introduction of DNA into the 
target cells. Wyber et� al. demonstrated the ultrasonic delivery 
of plasmid DNA into the yeast cell suspension (as a model 
system) by applying ��� kHz ultrasound waves and introduced 
cavitation as the primary underlying mechanism of membrane 
disruption.[��] As an example of other cargoes rather than DNA, 
Fechheimer and Taylor demonstrated the intracellular delivery 
of proteins and �uorescently labeled dextrans (MW: �� ����Da) 
into the cytoplasm of amoebae.[���] For more than a decade, there 
existed only one commercially available sonoporation device 
(Sonidel SP���). Nevertheless, it seems that further in vitro use 
of this method was not fully explored so far due to the cavita-
tion-related side e�ects including free radical formation, reactive 
oxygen species (ROS) production, consequent DNA damages, 
high local temperatures and reduced cell viability.[���,���]

Laser-Assisted Delivery System (Optoporation): Optoporation, 
also known as optical transfection, optoinjection, photopora-
tion, and laserfection, is a term de�ned as directly in�uencing 
the high-intensity light on the cell membrane.[���] In optopora-
tion, combinations of thermal (applying heat in a focal spot), 
chemical, and mechanical e�ects are used to assist the delivery 
of cargoes inside the target cell.[���] This method has gained 
a signi�cant level of attention speci�cally for transfection 

purposes, in which a tightly focused laser beam (��� �m spot 
size) is applied to the cell membrane, and consequently, 
smaller sized pores (���� �m) are created.[���] DNA delivery by 
optoporation was �rst reported in ���� by Tsukakoshi et�al. The 
nanosecond laser pulses (Nd:YAG UV laser) with a wavelength 
of ���� nm, spot size of ��.�� �m, and energy of �� mJ were 
focused on the surface of kidney epithelial cells, generating 
hole of several microns in the cell membrane for the plasmid 
DNA delivery.[���] This method alleviates the throughput limita-
tions by transfecting thousands of cells with a single laser pulse 
while maintaining subcellular organelles intact. Since both 
diameters of the pores formed at the surface of the target cells 
and duration of the pore opening could be adjusted through 
laser intensity modulation, this strategy is considered as the 
most suitable and accurate way of delivering small amounts of 
mRNA into the discrete subcellular regions.[���]

To date, di�erent types of lasers have been used for the cell 
membrane poration, including nanosecond-, femtosecond-, and 
microsecond-pulsed lasers as well as continuous-wave laser.[���] 
It is noteworthy that the mechanism of laser�cell interaction 
depends on the type of laser, which shows di�erent perfo-
rating mechanism. The femtosecond-pulsed lasers have a high-
intensity near-infrared light (wavelength ���� nm). The longer 
laser wavelength allows deeper penetration into the target cells 
with inducing minimal photodamages as single pulses of these 
lasers have lower energy compared to the UV and blue lights. 
This delivery method has been used for several mammalian cell 
lines, especially hard-to-transfect cells such as stem cells[���] and 
neurons[���] and for in vivo gene delivery purposes.[���] However, 
optoporation is not without its drawbacks. The lasers and optical 
equipment used in optoporation are expensive and rely heavily 
on precise positioning and alignment of the laser focal spot with 
the target plasma membrane. Furthermore, local ablation and 
heating of cell membrane have limited the in vitro applications of 
this technique.[���,���] In one study, Zeira and co-workers demon-
strated the delivery of plasmid DNA into tibial muscle of BALB/c 
mice using femtosecond lasers.[���] Their results suggested low 
penetration-depth of focused laser beams (�� mm), which is a 
major obstacle for cargo delivery into deeper tissues limiting the 
translation of this technology for non-invasive in vivo applica-
tions.[���] More recently, the femtosecond laser-assisted delivery 
system have been used in combination with laser tweezers to 
precisely internalize delivery materials (microbeads or nanopar-
ticles) from the extracellular space into subcellular regions.[���,���] 
These hybrid systems are described in detail in the Section �.

Thermally Assisted Delivery System (Thermoporation): The per-
meability of the plasma membrane can be triggered by tem-
perature. In the thermally assisted delivery method, cells either 
experience multiple cooling-heating cycles or a bulk supraphysi-
ological heating situation (above ��� �C) resulted in membrane 
disruption and phospholipid bilayer dissociation.[���] Since early 
����s, thermal shock has been commonly used for bacterial 
transformation to introduce plasmid DNA into �competent� bac-
teria. During this mechanism, competent bacteria are exposed to 
consecutive thermal shocks by incubating at � �C, followed by a 
brief heat pulse at �� �C and chilling on ice. [���] These cooling�
heating cycles rapidly reduce the membrane potential and 
induce formation of transient ruptures in the membrane, which 
increase its permeability to the exogenous DNA. Upon heat 
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shock, transformed bacteria are screened from the nontrans-
formed ones through culture in growth media containing a spe-
ci�c antibiotic. After cell division, the selected bacterial colonies 
replicate the exogenous DNA using their replication enzymes 
to a su�cient copy number.[���] Accordingly, this method has 
been used for ampli�cation and isolation of DNA plasmids from 
log phase bacteria as a key step for gene editing and cloning 
applications.[���]

Another approach of thermally assisted delivery is heating 
the cell membrane to reach a temperature above the physiolog-
ical range. As a result, kinetic energy of the constituent mole-
cules becomes greater than forces maintaining the membrane 
integrity and thus, spontaneous disruptions happen in plasma 
membrane.[���] The formation of these stochastic thermally 
driven defects directly depends on factors such as tempera-
ture changes, pH, hydrostatic pressure, and ion concentration. 
Despite the relative simplicity of this delivery system, it has not 
been widely used for delivery purposes in animal cells due to 
concerns like unspeci�city, o�-target damages, and di�culties 
in spatiotemporal control of temperature exposure.[���,���]

Magnetically Assisted Delivery System (Magnetoporation): Mag-
netoporation is a well-established magnetically guided delivery 
combining either chemotherapeutics or nucleic acids (e.g., ani-
onic DNA molecules) with the cationic magnetic nanoparticles 
(MNPs) (commonly superparamagnetic iron oxide nanopar-
ticles (SPIONs)) via noncovalent bonds.[�������] By this means, 
�rst cargoes are mixed with MNPs, which are coated and 
tightly bonded with polyelectrolytes (i.e., polyethyleneimine). 
Afterward, the �eld-induced transport of magnetically labeled 
complexes takes place through the membrane to concentrate 
the cargo�MNP complexes in the target cells within a few 
minutes.[���] Polymer nanoparticles with iron oxide cores used 
in this approach are preferable as they enable real-time non-
invasive monitoring of DNA delivery via magnetic resonance 
imaging (MRI). Accordingly, Kievit and co-workers illustrated 
that SPION core coated with a novel copolymer (CP-PEI) trans-
fection agent is a suitable contrast enhancing agent for MRI to 
provide earlier detection of lesions and enhanced spatial reso-
lution.[���] Ferucarbotran (Resovist, particle size � ��� nm) and 
Fridex (ferumoxides, particle size ��������nm) are examples of 
clinically approved SPIONs used as contrast enhanced agents 
in MRI of the liver.[���,���] The technique of magnetofection 
was �rst used for in vivo selective targeting and concentrating 
drug bearing MNPs. Widder et�al. indicated ��% of the Yoshida 
sarcoma-bearing rats exhibited complete tumor remission after 
a single subcutaneous treatment with magnetic microspheres 
carrying low-dose doxorubicin.[���,���] Thereafter, several studies 
demonstrated that this delivery method is an appropriate 
approach for both in vivo and in vitro gene- and nucleic acid-
based therapies. Accordingly, Scherer et�al. exploited paramag-
netic iron oxide nanoparticles in complex with viral or nonviral 
vectors as drug carriers to achieve an improved level of gene 
delivery in vitro and in vivo.[���] Compared to the other tech-
niques, magnetofection requires a low number of vectors, 
shorter incubation time, and a higher chance of local gene 
delivery to non-permissive cells and surgically accessible tissues 
(i.e., stomach). Together these unique characteristics facilitate 
the severe overcoming obstacles such as low throughput gene 
screening in vitro, low concentration of the vector in target cells 

or tissues, and low delivery e�cacy in vivo. On the other hand, 
safety concerns regarding the rapid systemic clearance and 
cytotoxic e�ects of concentrated MNPs on target cells are cur-
rent challenges for in vivo applications of magnetofection. [���]

Electrically Assisted Delivery System (Electroporation): The 
electric-assisted delivery system, otherwise known as electropo-
ration, employs a homogenous electric �eld to make a series 
of high-intensity electrical pulses, which are applied to the mil-
lions of cells mostly in suspension.[���] This phenomenon leads 
to reversible destabilization when the external electric �eld and 
therefore potential di�erence across the membrane exceeds a 
threshold voltage.[�������] It leads to the temporary formation of 
electric �eld-induced nanopores (with minimum ��nm radius) 
and thus increases the cell membrane permeability.[���] Hence, 
the cell membrane becomes highly permeable to a variety of 
cargo molecules presented in the surrounding medium.[���,���] 
The e�ciency of electroporation mostly depends on several 
physical (e.g., strength of electric �eld, duration, and number 
of pulses) and biological (e.g., cell size and concentration of 
cargo) factors. Since di�erent pulse durations are required for 
molecules with di�erent sizes, it is believed that longer pulse 
durations will lead to the formation of larger pores staying open 
in a more extended period of time.[���] A pulse generator and an 
applicator (e.g., an electrode) are the required instruments for 
electroporation.[���] As the electroporation technique provides 
the bene�ts of simplicity, cost-e�ectiveness and potential of 
permeabilizing millions of cells, simultaneously, it has become 
a valuable method for both in vitro and in vivo delivery applica-
tions.[���] In ���� Neumann et�al. reported an e�cient plasmid 
DNA transfer into the mouse lyoma cells de�cient in TK gene 
(LTK�) in vitro by applying high electric �elds.[��] Electropora-
tion has subsequently shown utility for gene delivery e�ec-
tively into mouse skin,[��] early chicken embryos,[���] rat liver,[���] 
murine melanoma,[���] and mouse muscles.[���] Di�erent types 
of electrodes are developed for various applications, including 
surface electrodes, needle electrodes, and electroporation cath-
eters.[���] The main drawback of the procedure, however, is the 
cell death post treatment due to the Joule heating that induces 
excessive thermal damage to cells.[���]

Nucleofection, also called nucleofector technology, was intro-
duced in the early ����s and quickly gained traction as a type 
of advanced electroporation-based delivery system.[���] Nucleofec-
tion uses speci�c electrical parameters and a combination of spe-
cialized solutions to achieve direct delivery of plasmid DNA into 
the cell nucleus, resulting in enhanced gene expression. This 
situation becomes more pronounced when primary neurons, as 
an example of postmitotic cells, are available for the purpose of 
gene transfer.[���] Nucleofection was applied for transfecting the 
primary cells (stem cells), which are resistant to the gene transfer 
via conventional delivery systems.[���] In Amaxa Nucleofector 
technology (invented by Amaxa company), direct delivery of DNA 
into the nucleus of target cell takes place, which dramatically rev-
olutionizes further investigations about gene expression in pri-
mary cells.[���] Although the signs of progress in electroporation 
are signi�cant, there is an unmet demand for further studies on 
the precise mechanism of electropermeabilization and the subse-
quent procedure of pore formation.

In this section, we limit our approach to bulk or conven-
tional electroporation. Other types of this delivery strategy such 
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as microcapillary-based electroporation (MCEP), microchannel-
based electroporation (MEP) and nano-localized single cell 
electroporation (NLSCEP) are classi�ed in micro-engineered 
approaches and explained in the Section��.�.

�. Micro- and Nanoengineered Intracellular 
Delivery
Recent advances in micromachining and nanotechnologies led 
to the emergence of micro- and nanoscale delivery approaches. 
These methods have enabled single-cell manipulation as well 
as universal delivery of any cargo biomolecules into di�erent 
cell types with better delivery outcomes, greater precision and 
higher throughput. It is imperative to note that micro- and 
nanoengineered approaches mainly deploy a membrane- 
disruption mechanism to create transient pores and transport 
the cargo of interest across the cell membrane. Here, we focus 
on micro- and nanoengineered intracellular delivery approaches 
and present state-of-the-art advances in this �eld. Figure� � 
summarizes the most widely used micro- and nanoscale tech-
niques which are brie�y introduced in the following section.

�.�. Microinjection

Microinjection is one of the major direct penetration strate-
gies for intracellular delivery. This technique employs either 
a miniaturized pipette-like vehicle or conduit with sharp ends 
to break down the cell membrane and inject �uid containing 
delivery cargo inside the cell of interest.[���] The equipment 

required for the microinjection procedure includes an inverted 
microscope for cell visualization, a glass injection micropipette 
�lled with the nucleic acid solution, and a micromanipulator 
controlling the movement of injection micropipette and the 
pressure injector.[���] In some cases, for automated injection, 
the glass micropipette is coated with a carbon �lm, called 
�carbon nanopipette�, used for electrical measurements and 
detection of cellular and nuclear penetration.[���] Though not 
suitable for a bulk population of cells, this method is bene�cial 
for single-cell intracellular delivery.

Microinjection was �rst proposed by Barber for the injection 
of a single bacteria into the cytoplasm of a plant cell.[���] Since 
then, this method has been mainly employed for intracellular 
delivery of large cargoes (e.g., mitochondria and sperm), nucleic 
acids, and proteins.[���,���] Microinjection was also utilized for 
initial experiments of nuclear transplants. During these experi-
ments, the nucleus was departed from blastula cells and directly 
injected into the enucleated eggs of frogs giving rise to produce 
a normal frog.[���,���] The generation of transgenic animals by the 
pronuclear microinjection is one of the most critical applications 
of this approach that led to the birth of Dolly as the �rst cloning 
instance of the mammalian species.[���] Furthermore, trans-
genic mice were produced using the pronuclear microinjection 
of transgenic DNA construct to the nucleus of fertilized oocytes 
followed by transferring the injected embryos to the oviducts 
of pseudo pregnant surrogate mothers.[���] Microinjection was 
also deployed to replace the mitochondrial genome and transfer 
spindle�chromosomal complex in mature nonhuman primate 
oocytes (metaphase II/MII) and abnormally fertilized human 
zygotes to correct mutations in mitochondrial DNA.[���,���] Arti-
�cial delivery of sperms into oocyte cells (in vitro fertilization or 

Figure �.  Schematic illustration of the most widely used intracellular delivery systems at the micro- and nanoscale. Some of these techniques such as 
�uid shear, thermoporation, and electroporation can be applied at both macro and micro (containing both micro and nano) scale. Other techniques, 
such as microinjection, nanostructure arrays, and cell squeezing are exclusive to micro- and nanoengineered platforms.
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IVF)[���,���] and transferring arti�cial chromosomes for trans-
genic studies are other applications of this approach.[���,���] A 
novel quantitatively managed microinjection technique for single 
cell transfection utilizes micro�uidic chips to form suspended 
cells in an array for easy injection and precise measurement 
of the delivered materials. This technology, which allows the 
microinjection of multiple components into a single cell, can be 
applied for investigating the e�ect of various dosages of the deliv-
ered cargo on the delivery e�ciency and cell responses.[��] Fixed 
cells, low-throughput analysis, and slow process are considered 
as the major drawbacks of this approach.

�.�. Micro�uidic-Induced Shear Stress

Inducing a sudden velocity gradient in the �ow of cells can 
generate shear stress and temporarily permeabilize the cell 
membrane, thereby facilitating the intracellular loading of cargo 
macromolecules.[���] Manual pipetting through hypodermic 
needles is the simplest possible form to induce shear stress for 
intracellular delivery.[���] However, the method is highly subjec-
tive and nonrepeatable, and due to lack of any control over the 
�ow rate and the size of the needle, it requires individual skills. 
Hence, micro�uidic devices can be utilized to precisely control 
the shear stress by controlling the device dimension and �uid 
�ow of cell suspension. Surprisingly, this topic has received 
less attention from the micro�uidic community, and to the 
best of our knowledge, except only one micro�uidic study in 
this �eld, which was conducted more than �� years ago, there 
are no other similar studies. The authors used laser microma-
chining to produce either a single cylindrical channel (with 
a diameter of ��� �m), a single conical channel or an array of 
conical microchannels with �����m inner diameter and ����m 
outer diameter. They showed that di�erent-sized macromol-
ecules (�.�-�����kDa) were loaded into more than one-third of 
the DU��� cells (prostate cancer cell line) with ��% cell viability 
at the optimized values of shear stress (e.g., ������dynes cm��) 
and exposure duration.[���]

In ����, Kizer et�al. developed a new vector-free platform for 
intracellular delivery at the throughput of more than � million 
cells min�� based on rapid hydrodynamic cell deformation and 
inertial micro�uidics. Hydroporator with the new design also 
utilized the inertial-based e�ects to mix the cell suspensions 
with delivery material and focus randomly distributed cells into 
the center of the cross-junction microchannel, wherein the cells 
undergo stretching as a result of shear stress. With this method, 
they demonstrated the clogging-free delivery of di�erent dex-
tran sizes (������� kDa) and vanilla DNA origami nanostruc-
tures (nanotube and donut-shaped), which revealed to maintain 
their integrity for nearly � h after loading into the K��� cells 
(Figure� �A). While this system is highly e�cient for cytosolic 
loading of nanomaterials (up to ���nm), a notable weakness is 
the limited delivery of larger cargoes.[���] To address this open 
challenge, in a follow-up study, Kang et�al. introduced a novel 
spiral hydroporation platform designed with a cross-junction 
and two opposing T-junction microchannels to induce cell 
deformation sequentially. In this PDMS micro�uidic device, 
as the mixture of cell suspension and delivery nanomaterial 
passed the cross junction and T-junction microchannel, they 

experienced inertial focusing, spiral vortex (see Figure��B), and 
cell-wall collision, respectively that resulted in rapid membrane 
poration. Considerable delivery e�ciency of loading di�erent 
FITC-dextran sizes (������� kDa), gold nanoparticles, doxoru-
bicin-loaded mesoporous nanoparticles, and EGFP mRNA have 
been achieved using spiral hydroporation.[���]

In ����, Indee labs introduced a micro�uidic vortex shed-
ding (μVS) device that takes advantage of hydrodynamic condi-
tions at Reynold�s number of ��� to induce and sustain vortex 
shedding (Figure��C). The �D chip consisted of a �ow chamber 
(�����m width, ����m depth) with arrays of circular microposts 
spacing greater than the target cell diameter. In this platform, 
a mixture of human CD�� T cells and EGFP mRNA constructs 
was driven through the chip to pass the ion-etched microposts, 
which interrupt and split the �ow suspension to generate vor-
tices around. These hydrodynamic vortices facilitate the rota-
tion of the cells as well as membrane disruption giving rise to 
the μVS-based cytosolic loading of constructs encoding EGFP 
mRNA into the CD�� T cells. This highly e�cient intracellular 
delivery device with minimal e�ects on cell viability, recovery, 
and growth after delivery procedure holds promise for com-
mercial manufacturing of engineered primary human cells and 
gene-modi�ed cell therapy at clinically relevant scales.[���] Con-
sidering the advances in microfabrication and sample delivery, 
it is expected to develop more micro�uidic platforms for shear-
induced loading of target cells with controlled �ow through 
microchannels.

�.�. Microthermoporation

Microthermoporation makes the use of thermal energy to 
induce local heat shock and destabilize phospholipid mem-
branes. This strategy was reported by Li and co-workers, where 
an on-chip local heat shock micro�uidic device (consisting of 
a ��� �m microchamber along with channels and a double-
spiral platinum microheater) was used for transformation of 
plasmid DNA into Escherichia coli bacteria. They employed 
thermal stimulation (from � to �� �C within � s and maintain at 
�� �C for �� s) to deliver plasmid DNA into competent bacterial 
cells. This study reported a signi�cant decrease in the required 
volume of bacterial cells (one-thousandth) as well as an increase 
in delivery e�ciency compared to the conventional heat shock 
procedure.[���] However, in most of biochemical applications, 
bacterial transformation using macroscale thermoporation is 
preferred over the microthermoporation due to its simplicity 
and relatively high throughput.[���]

In another work, Kavaldzhiev and co-workers fabricated 
microthermoporation system, in which cell membrane was 
permeabilized by induced localized heating of arrays of highly 
biocompatible gold microneedles with diameter of �.� and 
�� �m height.[���] Remotely activating and wirelessly induced 
heating of microneedles was generated by an alternating mag-
netic �eld of ��� Oe and ��� kHz (Figure� �A). In this study, 
the HCT��� colon cancer cells were used to grow on top of 
microneedles (Figure��B) and wrap around them to form focal 
adhesion points on the micropillars. Next, the magnetic �eld 
was applied for co-localization of calcein AM and ethidium 
homodimer-� (EthD-�) �uorescent dyes into the HCT��� cells 
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and �uorescence imaging was performed at three di�erent 
times of �, �, and �� min. For speci�c treatment times of � 
and � min, the delivery e�ciency of calcein and EthD-� dyes 
was reported ��% and ��%, respectively. However, the dura-
tion of �eld application is an essential factor determining the 
cell viability as a longer magnetic �eld application (i.e., for 
a time of �� min) overexposed the cells on the top of heated 
microneedles and caused cell death of the entire population. 
The advantages of microthermoporation to its counterpart 
include smaller sample volume, higher throughput, fast and 

uniform heating pro�le, and increased precision by control-
ling the in�ux of molecules into desired cells. It is noteworthy 
to mention that this method is still under development and 
available in specialized labs only.

�.�. Microsonoporation

As discussed in the Section��.�.�, sonoporation is a technique 
to gain the bene�t of ultrasound waves to permeabilize cell 

Figure �.  Schematic representation of micro�uidic-induced shear stress platforms used for intracellular cargo delivery. A) Hydrodynamic cell shearing 
device. I,II) This plan represents the schematic design of hydroporator, which hydrodynamically induces shear stress resulted in creating several 
disruptions in the cell membrane. III) Delivery approach in this design consists of sequential steps including: inertial focusing of target cells, hydro-
dynamically induced stretching and deformation of plasma membrane at the cross junction point of the microchannel, cargo uptake through both 
di�usive and convective transport mechanisms, and membrane resealing within a few minutes. IV) Time-lapse images of the cell stretching process 
at the extensional �ow point taken every � �s via high-speed camera. A) Reproduced with permission.[���] Copyright ����, Royal Society of Chemistry.  
B) The spiral hydroporation device takes advantage of spiral vortex and vortex break down to induce sequential membrane deformations in cells passing 
through the cross- and T-junction channels of the micro�uidic chip at moderate Reynolds numbers. Reproduced with permission.[���] Copyright ����, 
American Chemical Society. C) The mechanism of the micro�uidic vortex shedding delivery. I�V) First, target cells and exogenous cargoes are mixed 
and forced to pass through the �ow chamber. Upon impacting circular miscroposts, the �ow of cells and cargoes was interrupted creating vortices that 
temporarily permeabilize the cell membrane. Later, during the membrane recovery process, target cargoes were loaded into the cell cytosol by passive 
di�usion. VI) The driving hardware unit uses compressed nitrogen (����psi) to drive the cell suspensions and delivery cargoes through the micro�uidic 
chip and induce membrane permeabilization followed by cargo uptake. VII) Image of the fabricated pneumatic pressure-driven micro�uidic device. 
VIII) The close-up architecture of the �ow cell chamber with regularly-spaced microposts. Adapted under the terms of the CC-BY Creative Commons 
Attribution �.� International license (https://creativecommons.org/licenses/by/�.�).[���] Copyright ����, The Authors, published by Springer Nature.
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