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ABSTRACT 17 

Vapor nanobubble-mediated photoporation has evolved into a promising physical 18 

intracellular delivery technology. When irradiated with short but intense laser pulses, 19 

photothermal nanomaterials can generate vapor nanobubbles that, when they collapse, induce 20 

transient membrane pores through which exogenous effector molecules can be delivered into 21 

the cells. Interestingly, this technique offers high-throughput delivery in various cell types, 22 

including hard-to-transfect primary cells. A unique feature among cell transfection technologies 23 

is its ability to deliver compounds in spatially defined areas, even with single-cell resolution, 24 

through controlled scanning of the laser beam. This is especially useful for targeting specific 25 

cells in dense heterogenous samples. Although primarily used for permeabilizing the outer cell 26 

membrane, this strategy has been exploited to destabilize endosomal and nuclear membranes 27 

as well. 28 

 29 
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1 Introduction 34 

Intracellular delivery of foreign materials into living cells has become indispensable for 35 

fundamental biological research as well as a broad range of therapeutic applications, like 36 

genome editing and cell-based therapies [1]. For these purposes, most exogenous target 37 

molecules like nucleic acids and proteins exhibit unfavorable characteristics (size, charge, 38 

stability etc.) impeding spontaneous and efficient crossing of the cell membrane barrier. Over 39 

the years, a plethora of delivery strategies ranging from nanocarrier-mediated to membrane 40 

disruption-based methods have emerged with the aim of addressing this issue. Nanocarrier-41 

mediated delivery approaches employ bioinspired or synthetic nanomaterials for encapsulation 42 

and protection of membrane-impermeable cargo, mostly macromolecules. Nanocarriers can 43 

deliver such molecules in cells predominantly by endocytosis or in some cases by direct fusion 44 

with the plasma membrane. The most-used bioinspired nanocarriers are viral vectors, which 45 

usually offer a high delivery efficiency of nucleic acids by exploiting their viral infection 46 

pathways. However, viral vectors are only suited to deliver nucleic acids (of limited size) while 47 

their use typically comes with concerns regarding cytotoxicity and immunogenicity. Therefore, 48 

it is attractive to look into non-viral synthetic nanocarriers, which are mostly composed of 49 

lipids, polymers or inorganic materials [1,2]. Although synthetic nanocarriers are considered to 50 

be ‘safer’, they are often less efficient than their viral counterparts mainly due to poor 51 

endosomal escape hampering efficient cytosolic delivery. In addition, the nanocarrier’s 52 

composition requires optimization per cargo type, which impedes their broad and universal use 53 

[3]. 54 

Nanocarriers are especially meaningful for in vivo drug delivery applications, having 55 

the ability to overcome biological barriers and protecting their cargo along their way to target 56 

cells in the body. However, when it comes to delivering molecules into cells in an in vitro or ex 57 

vivo setting, a different set of broadly applicable delivery approaches can be used, which are 58 

based on the disruption of the cell membrane. Such membrane disruption methods are typically 59 

suited to deliver a variety of membrane-impermeable effector molecules into many different 60 

cell types [2]. Although some biochemical methods exist to permeabilize the cell membrane, 61 

most approaches are of a more physical nature, exploiting mechanical, electrical, thermal or 62 

optical stimuli [4]. In strong contrast to nanocarrier-mediated delivery methods, physical 63 

membrane disruption delivers exogenous effector molecules directly across the cell membrane 64 

and straight into the cell’s cytosol. Especially in the past decade, mostly owing to advances in 65 

nanotechnology, membrane disruption methods have been perfected for fast, efficient and safe 66 



4 
 

intracellular delivery in vitro or ex vivo. A detailed overview of such developments can be found 67 

in an extended recent review [1]. Of those emerging technologies, photoporation with 68 

nanosensitizers is one of the most flexible ones and will be the focus of this review [5]. 69 

Photoporation, also sometimes called optoporation, in its initial form employs a tightly 70 

focused high-intensity laser beam to create transient pores in the cell membrane, thereby 71 

allowing cytosolic entry of exogenous effector molecules. Although proven useful for single-72 

cell transfections, this approach is inherently slow and labor intensive as only one pore at a time 73 

is formed, one cell at a time. Throughput can be tremendously enhanced, however, when 74 

combined with photothermal nanomaterials. Such compounds efficiently absorb laser light and 75 

convert this energy into photothermal effects that, when in close proximity to the cell 76 

membrane, cause transient membrane permeabilization. Because local permeabilization is 77 

caused by the photothermal nanomaterials, a tightly focused laser beam is no longer needed and 78 

instead a broad (unfocused) laser beam can be used, which can be quickly scanned across the 79 

cells, resulting in high-throughput photoporation [5]. 80 

A particularly interesting and effective photothermal phenomenon is the generation of 81 

water vapor nanobubbles (VNBs), which can emerge from laser-irradiated photothermal 82 

nanomaterials in a hydrated environment. In its most straightforward form, VNB-mediated 83 

photoporation is performed through the use of photothermal nanoparticles (NPs) that are 84 

supplemented to cells in culture. As illustrated in Figure 1, once added to the cells, these NPs 85 

will interact with the cell membrane, usually either through electrostatic interaction or high-86 

affinity ligand-receptor coupling. Typically, after a certain incubation time, unbound NPs are 87 

removed through a washing step and cells are subjected to laser treatment. VNB generation is 88 

usually achieved with intense laser pulses with a duration of less than 10 ns. By delivering the 89 

laser energy on such a short time scale, heat has no time to diffuse out, which causes the 90 

particle’s temperature to increase quickly by several hundreds of degrees. Water in contact with 91 

the NP will quickly evaporate, resulting in a fast expanding VNB that emerges around the NP’s 92 

surface. When the thermal energy of the NP is consumed, the VNB collapses. Emitted pressure 93 

waves combined with shear stress from fluid streams can subsequently impose significant 94 

mechanical stress to a nearby cell membrane, thus eventually causing very localized pore 95 

formation in a spatiotemporally controlled manner with negligible heating of the environment 96 

[6–8]. Apart from passive diffusion through the created pores, Lukianova-Hleb et al. also 97 

suggested that fluid jets provoked upon bubble collapse can boost intracellular delivery by 98 

active hydrodynamic injection of effector molecules through the pores [9]. Additionally, it has 99 
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been shown that VNBs, under certain conditions, can be generated by a non-thermal plasma-100 

mediated mechanism, as will be discussed later on (Section 2.2) [10,11]. 101 

 102 

Figure 1. Schematic overview of the most commonly used photoporation protocol. Once added 103 

to the cells, photothermal NPs will adsorb to the cell membrane. After washing away free NPs, 104 

cells are irradiated with pulsed laser light. This results in the formation of a VNB, emerging 105 

from the particle’s surface through evaporation of the surrounding water. Upon VNB collapse, 106 

nearby cell membranes are disrupted through mechanical effects, such as pressure waves and 107 

fluid shear forces. Finally, exogenous effector molecules are able to diffuse into the cell’s 108 

cytosol through the transient pores. NP, nanoparticle; VNB, vapor nanobubble. 109 

Cell membranes can be permeabilized to some extent by mere heating of the NPs as 110 

well, which is what happens predominantly when continuous wave (CW) laser irradiation or 111 

low-intensity laser pulses are applied. However, for the typically used 60-70 nm gold NPs 112 

(AuNPs), this effect was shown to be less efficient than permeabilization by VNBs, especially 113 

for larger macromolecules [7]. Being a universal physical membrane disruption technique, 114 

VNB-mediated photoporation has been demonstrated to promote highly efficient intracellular 115 

delivery in both adherent and suspension cells [8,9,12–14]. Furthermore, by tuning the laser 116 

diameter to match the size of the cells, highly selective single-cell delivery is possible as well 117 

[15]. 118 

This review will focus on VNB-mediated photoporation for the intracellular delivery of 119 

membrane-impermeable effector molecules thereby highlighting recent advances in the field. 120 

First, a more in-depth explanation will be given of the principles behind laser-induced VNBs, 121 

followed by types of photothermal nanomaterials that have been used for this purpose. Both 122 

photothermal NPs in solution and photothermal substrates will be discussed. Next, we will 123 
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elaborate on pore-forming mechanisms and how cells respond to and repair membrane damage. 124 

Furthermore, the cell-selective targeting potential of VNB-mediated photoporation will be 125 

highlighted. Finally, an overview of recent advances in intracellular delivery by VNB-mediated 126 

photoporation will be given, with special attention to the types of effector molecules that have 127 

been delivered and the different types of cells to which it was successfully applied. Although 128 

primarily used for permeabilizing the outer cell membrane, this section will also cover 129 

applications involving destabilization of endosomal and nuclear membranes. 130 

2 Laser-induced vapor nanobubble formation: fundamentals, mechanisms and 131 

characteristics 132 

Throughout the last decade, the use of photothermal NPs for photoporation has become 133 

increasingly important as they allow to improve the precision and throughput of the 134 

photoporation procedure tremendously. Considering their unique optical features, plasmonic 135 

NPs, mostly AuNPs, have up until now extensively been used for this purpose. Other 136 

photothermal nanomaterials like carbon-based (carbon black, graphene, etc.) NPs and metallic 137 

titanium nanostructures have been used as well. VNBs incited by pulsed laser irradiation of 138 

such nanomaterials are mostly formed through thermal mechanisms, although a non-thermal 139 

plasma-mediated process has been described as well. Both mechanisms, correlated with their 140 

optical parameters, will be discussed in this section. Note that the description here will focus 141 

on NPs in solution, but mechanisms are also applicable when nanomaterials are integrated in 142 

photothermal substrates or other kinds of devices. 143 

2.1 Thermal-induced vapor nanobubbles 144 

2.1.1 Thermalization of nanoparticles 145 

When irradiated with laser light, photothermal NPs have the unique ability to absorb the 146 

laser energy and convert it to heat, a process that is referred to as NP thermalization. Of course, 147 

an important requirement is that the spectrum of the incident light matches the NP’s absorption 148 

spectrum. For plasmonic NPs, like AuNPs, light absorption is significantly enhanced by their 149 

localized surface plasmon resonance (LSPR), as illustrated in Figure 2A. Upon irradiation of 150 

such NPs, their free electrons are forced to move in reaction to the oscillating electrical 151 

component of the incident electro-magnetic wave. The net movement of free electrons to one 152 

side of the NP causes its opposite side to attain a net positive charge stemming from the 153 

remaining lattice ions. This results in an induced electrical dipole, wanting to drive the electrons 154 
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back to equilibrium. The combination of the driving force from the oscillating electric field and 155 

the restorative force from the induced dipole results in an oscillatory movement of the free 156 

electrons, which are called localized surface plasmons, with a certain amplitude. Depending on 157 

the NP’s composition, size, shape and local environment, the amplitude of the localized surface 158 

plasmons will be maximal for certain wavelengths, a property that is referred to as resonance. 159 

Therefore, the absorption spectrum of plasmonic NPs is very much dominated by an absorption 160 

peak over a narrow range of wavelengths at which light energy is maximally transferred to the 161 

NPs, linked with the phenomenon of LSPR [5,16,17]. Solid gold nanospheres, for instance, 162 

have an LSPR peak in the visible range [17,18], whereas gold nanorods [19,20], core-shell NPs 163 

[21] and gold nanostars [22] show a distinct plasmon peak in the near-infrared (NIR) region. 164 

 165 

Figure 2. LSPR and corresponding energy transfers upon interaction of a plasmonic NP with 166 

an electric field. A. The incident laser light causes charge separation in the plasmonic NP, which 167 

subsequently induces an electrical dipole driving the electrons back to equilibrium. The 168 

combination of both forces results in oscillation of the localized surface plasmons (free electron 169 

cloud) with a certain amplitude. Upon irradiation at the NP’s resonant wavelength, the light 170 

energy is maximally transferred to the NP whose plasmons will oscillate with maximal 171 

amplitude. B. Schematic overview of the energy cascade within a NP upon plasmon oscillation. 172 

E-e, electron-electron; e-ph, electron-phonon; NP, nanoparticle. 173 
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As illustrated in Figure 2B, LSPR is followed by a cascade of energy transfers within the 174 

plasmonic NP. Oscillating electrons first become thermalized through electron-electron 175 

scattering after which they will transfer their energy to the lattice, which in turn becomes 176 

thermalized via electron-phonon scattering. In general, thermal equilibration in an NP typically 177 

occurs within 100 ps upon laser irradiation, after which heat can be transferred to the local 178 

surrounding medium [5,17]. 179 

2.1.2 Vapor nanobubble nucleation 180 

Upon laser-induced heating of a photothermal NP, energy of the thermalized NP can 181 

dissipate to the local environment. This may increase the temperature of the surrounding 182 

medium and even result in the formation of a thermal-induced VNB if the NP’s temperature 183 

exceeds the medium’s critical temperature (Figure 3) [6,23]. In the latter case, a thin 184 

nanometer-sized vapor layer, referred to as the VNB nucleus, will emerge and start to expand 185 

with a bubble size mounting up to a few hundred nanometers depending on the available energy 186 

and size of the NP. When the thermal energy of the NP is consumed, the VNB subsequently 187 

collapses, which typically occurs 10 to 100 ns after the onset of nucleation [6,7,24]. Even 188 

though heating is at the origin of this phenomenon, a peculiar feature is that virtually no heat is 189 

further transferred to the surroundings upon VNB formation. This can be explained by the 190 

relative insulating nature of a gas combined with the very short bubble lifetime (<µs). As a 191 

result, almost all thermal energy is converted to mechanical energy of the expanding and 192 

collapsing VNB [6,23]. 193 

 194 
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Figure 3. VNB nucleation mechanisms around a photothermal NP. A VNB can either be 195 

thermally induced or plasma induced. The former relies on the extreme heating of the NP lattice 196 

whereas the latter is provoked by plasma generation in the near field. NP, nanoparticle. 197 

Typically, pulsed laser light (<10 ns) is used for VNB nucleation as this laser mode 198 

delivers a sufficient amount of light energy within a short enough time for the required extreme 199 

and rapid NP heating [6,7,23]. In contrast, when longer laser pulses or even CW laser irradiation 200 

are used, thermal energy can already start to diffuse out of the NP before all light energy is 201 

delivered, in which case there is less chance that the NP’s temperature will reach the critical 202 

temperature of the surrounding liquid. Such type of laser irradiation does not confine heating 203 

of the NP in time and space and will usually result in heating of the environment rather than the 204 

generation of VNBs [25,26]. Still, it should be mentioned that large micro-scale to macro-scale 205 

vapor bubbles have been reported upon high-intensity CW laser irradiation of large 206 

microscopically visible AuNP clusters, although these originated from the extreme bulk heating 207 

of the environment [27]. 208 

The VNB generation threshold, typically defined as the minimal laser fluence level 209 

(J/cm²) at which 90% of the irradiated NPs form VNBs, is inversely correlated with the pulse 210 

duration and will also strongly depend on the type of NP (Section 3.1) [6]. The Lapotko group, 211 

in particular, has thoroughly investigated thermal-induced VNBs from AuNPs. As thermal 212 

equilibration of the NP lattice already occurs within 100 ps after laser irradiation, it was found 213 

that picosecond pulses are more efficient for VNB formation (i.e., require a lower laser fluence) 214 

compared to nanosecond pulses [6,23,27]. The same goes for even shorter femtosecond laser 215 

pulses as others have pointed out [17]. These observations can be explained by the fact that a 216 

VNB already starts to form after a few hundreds of picoseconds and thereby ‘shields’ the NP 217 

from the remainder of the laser pulse that is still to arrive. More specifically, for laser pulses 218 

much longer than 100 ps, only a part of the laser light is effectively used for VNB formation as 219 

the rest will become partly scattered and hence does not contribute as efficiently to further NP 220 

heating [23,27]. Nevertheless, in practice, nanosecond laser pulses have been used the most as 221 

such lasers are available with high powers at only a fraction of the cost compared to 222 

femtosecond or picosecond lasers. 223 

2.2 Plasma-induced vapor nanobubbles 224 

For plasmonic nanomaterials, high-intensity femtosecond laser pulses can generate VNBs 225 

via a non-thermal mechanism. LSPR, described under Section 2.1.1, induces near-field 226 
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enhancement of the electric field around the NP’s edges with an intensity that is dependent on 227 

the particle size and geometry [17,18]. As illustrated in Figure 3, by multiphoton ionization of 228 

water molecules in this near-field region and ejection of electrons from the NP, a local plasma 229 

of charged particles (i.e., electrons and ions) can be generated. The plasma subsequently 230 

diffuses and recombines with water molecules whose thermal energy increase, eventually 231 

leading to VNB formation around the NP. Plasma-induced VNBs have been shown to prevail 232 

when off-resonant femtosecond laser pulses are used, that is with a wavelength outside of the 233 

LSPR peak. Instead, when irradiated within the LSPR peak, it is the thermal induction of VNBs 234 

that will dominate [10,11,17]. However, the boundary between thermal- and plasma-induced 235 

VNBs is rather thin with a sudden transition between both mechanisms depending on 236 

experimental parameters. This was clearly demonstrated by Boulais et al. who used in-resonant 237 

femtosecond laser irradiation of gold nanorods and reported shifting of the absorption regime 238 

(thermal-induced VNBs) toward the near-field regime (plasma-induced VNBs) when 239 

increasing the laser fluence above a certain level [19]. 240 

Meunier and colleagues were the first to study plasma-induced VNBs from AuNPs using 241 

off-resonant femtosecond laser pulses, pointing out some clear advantages over the thermal-242 

induced VNB mechanism. They demonstrated that overheating of AuNPs did not take place 243 

thereby avoiding particle destruction. In addition, the possibility to use NIR wavelengths is 244 

beneficial for biological applications due to better tissue penetration and less tissue damage 245 

compared to visible light [10,11,28]. On the other hand, femtosecond laser set-ups are much 246 

more expensive and complicated to operate compared to nanosecond lasers. Hence, combined 247 

with the availability of NIR-absorbing NPs, this is likely the primary reason why nanosecond 248 

lasers and thermal-induced VNBs are still explored the most to date. 249 

3 Photothermal nanomaterials and substrates for vapor nanobubble-mediated 250 

photoporation 251 

To permeabilize cells by laser-induced VNBs, two modalities have been proposed. The 252 

first and most-used approach is incubation of cells with photothermal NPs that can interact with 253 

the cell membrane and create pores upon laser-induced VNB formation. A second approach 254 

involves the design of photothermal substrates on which cells can be cultured and which can 255 

form laser-induced VNBs at distinct places where cells are in contact with the substrate. Both 256 

approaches will be described in this section. 257 

3.1 Photothermal nanoparticles 258 
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So far, AuNPs have been used the most as photothermal enhancers for VNB-mediated 259 

photoporation. By tailoring their size and structure, their plasmon peak can be adjusted over the 260 

visible to NIR range. Typically, solid gold nanospheres display an LSPR peak in the visible 261 

region, which can be more or less tuned toward shorter or longer wavelengths by decreasing or 262 

increasing their size, respectively [17,18]. Shifting of the absorption spectrum further to the 263 

NIR region is possible by allowing the NPs to aggregate, thus effectively forming larger gold 264 

clusters that optically behave as single particles due to plasmon coupling between the individual 265 

NPs. For instance, Lukianova-Hleb et al. demonstrated that endosomal clustering of 60 nm 266 

antibody-functionalized AuNPs rendered large enough sizes for thermal-induced VNB 267 

formation when irradiated with 780 nm picosecond laser pulses [29]. Furthermore, in earlier 268 

studies, the same group also reported that clustered NPs (irrespective of the particle geometry) 269 

can provoke thermal-induced VNBs at a lower threshold than the individual NPs, which can be 270 

explained by the synergistic effect of the larger size (i.e., lower Laplace pressure) and the joint 271 

contribution of the individual particles to VNB nucleation [6,23]. Importantly, increasing size 272 

does not infinitely correlate with a lower VNB generation threshold. Lukianova-Hleb et al. 273 

reported that for solid gold nanospheres, a size of 80 nm was most efficient for bubble formation 274 

as further increasing the size to 250 nm resulted in a 1.3-fold increase of the VNB generation 275 

threshold [6]. This can be explained by the higher heat capacity, which is proportional to the 276 

gold nanosphere’s volume. Other shapes and configurations like nanorods, core-shell NPs and 277 

nanostars show a distinct plasmon peak in the NIR region as well, which makes them especially 278 

attractive for in vivo applications [19–22,30]. Interestingly, these types of configurations may 279 

also have a lower VNB generation threshold compared to solid gold nanospheres [6,23]. Given 280 

their potential to control laser-induced damage, efforts are being made to further optimize these 281 

structures by downsizing their optimal VNB generation threshold. For instance, Santra et al. 282 

recently developed nano-corrugated mushroom-shaped gold-coated polystyrene NPs that, 283 

linked with their highly corrugated surface, are expected to generate thermal-induced VNBs at 284 

a lower laser fluence than spherical core-shell NPs, based on theoretical considerations [21]. 285 

This theoretical difference in VNB generation potential between both types of core-shell NPs 286 

can be explained by the electromagnetic near-field enhancement around the nano-corrugated 287 

edges, which creates local heating hotspots, thus facilitating VNB nucleation. 288 

Side effects of such rapid and excessive heat formation, as needed for thermal-induced 289 

VNB formation, include alteration and even destruction of the AuNPs. This has been 290 

profoundly studied for different types of AuNPs and involves melting, surface evaporation and 291 
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fragmentation of the nanomaterial when laser-induced temperatures exceed melting and 292 

evaporation thresholds. Fragmentation of AuNPs changes their optical properties because 293 

LSPR is size dependent. Typically, smaller-sized fragments are not able to induce VNBs under 294 

the same conditions due to narrowing and shifting of the plasmon peak toward shorter 295 

wavelengths [18,30]. As a consequence, AuNPs can typically only be used once to form 296 

thermal-induced VNBs after which they are destroyed [31]. Nevertheless, repeated bubble 297 

formation around AuNP clusters with multiple laser pulses has been reported by the Lapotko 298 

group [23,32]. As a possible explanation it was proposed that not all NPs in the cluster were 299 

destroyed upon pulsed laser irradiation. Also Teirlinck et al. observed repeated VNB formation 300 

from AuNPs that were dispersed in a bacterial biofilm [33]. The authors hypothesized that this 301 

effect could be due to re-aggregation of smaller AuNP fragments in the biofilm matrix, which 302 

act as newly assembled NPs. Besides size reduction, reshaping of gold nanorods to nanospheres, 303 

even at temperatures much lower than the melting temperature, has also been reported, resulting 304 

in a shift of the LSPR peak from the NIR to the visible spectrum [19]. Together this shows that, 305 

under conditions for thermal-induced VNBs, AuNPs are likely to become altered or destroyed 306 

upon laser activation, thus losing their original optical properties thereby hampering repeated 307 

VNB formation. To tackle these thermal instability issues, alternative nanostructures, discussed 308 

hereunder, are being investigated as possible sensitizers for VNB-mediated photoporation. 309 

Another solution can be to switch to plasma-induced VNBs, induced by off-resonant 310 

femtosecond laser irradiation, as discussed under Section 2.2. 311 

Carbon-based materials like carbon black and graphene NPs have proven to be valuable 312 

alternatives to AuNPs, which is predominantly linked with their enhanced thermal stability. As 313 

first reported by the Prausnitz group, carbon black NPs mixed with (detached) cells in 314 

suspension were shown to offer efficient intracellular delivery of different macromolecules 315 

when irradiated with in-resonant femtosecond to nanosecond NIR laser pulses [34,35]. In their 316 

protocol, unbound NPs are not washed away before laser irradiation, even though they noticed 317 

that membrane disruption was most likely induced by NPs in close proximity to the plasma 318 

membrane [36]. The authors hypothesized that permeabilization was caused by photoacoustic 319 

forces that arise from the carbon-steam reaction (i.e., chemical reaction between water and 320 

carbon), although they stated that thermal or other factors, such as perhaps thermal-induced 321 

VNBs, may have contributed as well [34–36]. Studies by Jumelle et al. explored femtosecond 322 

laser activation (150 fs, λ=800 nm) of carbon nanoparticles via an adapted protocol, which 323 

avoids a cell detaching step before laser irradiation [37,38]. The authors demonstrated 324 
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successful delivery of calcein and dextran macromolecules, respectively in a monolayer of 325 

human corneal endothelial cells [37] and ex vivo in the intact endothelium of whole human 326 

corneas [38]. Although not proven, membrane disruption and intracellular delivery was 327 

attributed to bubble formation following the carbon-steam reaction. In a recent study from the 328 

Prausnitz group, carbon nanotubes (single-walled and multi-walled) were evaluated as 329 

nanosensitizers of which it was noticed that they had a different photoporation behavior 330 

compared to the previously studied carbon black NPs [39]. With increasing laser fluence, 331 

intracellular delivery, cell toxicity and cell fragmentation increased for carbon black NPs. In 332 

contrast, for single-walled carbon nanotubes, all three parameters remained low for all laser 333 

fluences whereas for multi-walled carbon nanotubes, no clear correlation between cell death 334 

and laser fluence was observed, as cells were either alive or fragmented. Of note, given the rise 335 

in photoacoustic pressure around the laser-irradiated NPs, the authors assumed the involvement 336 

of thermal-induced VNBs. Around the same time it was demonstrated by our group that other 337 

carbon-based nanomaterials can be used as well, like graphene quantum dots (GQDs) and 338 

reduced graphene oxide (rGO) [13,31]. In particular, it was demonstrated that multiple thermal-339 

induced VNBs could be formed up to 4 times from GQDs upon sequential nanosecond pulsed 340 

laser irradiation, while 70 nm AuNPs fragmented already after the first laser pulse [31]. In a 341 

follow-up, study it was shown that cell viability could be improved by coating GQDs and rGO 342 

with polyethylene glycol (PEG) and polyethylenimine (PEI), which resulted in enhanced 343 

colloidal stability and more uniform VNB formation upon addition to cell cultures [13]. In 344 

addition, it was demonstrated that rGO is compatible with NIR irradiation, resulting in 345 

successful intracellular fluorescein isothiocyanate (FITC)-dextran delivery with 800 nm 346 

picosecond pulses. 347 

Because of the very localized action of VNBs, association of photothermal NPs to the cell 348 

membrane seems to be an important requirement for effective permeabilization. The most 349 

straightforward way to achieve this is by electrostatic interaction of NPs with the negatively 350 

charged cell membrane. A cationic charge is conferred to NPs by coating them with positively 351 

charged polymers. Ammonium polymers, like poly(diallyl dimethyl ammonium chloride), have 352 

been used in the context of photoporation to provide NPs with a net positive charge that is 353 

independent of the pH [14,40–42]. And also PEI has been successfully applied for this [13]. 354 

Furthermore, functionalization with cationic polymers enhances colloidal stability as is also 355 

attained with PEG [13,21,43] and surfactants like sodium dodecyl sulfate [34] and Polysorbate 356 

[35] that, however, do not improve electrostatic interaction with the cell membrane. Apart from 357 
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(unspecific) electrostatic interactions, one can also opt to functionalize the NPs with a ligand, 358 

such as an antibody, targeted toward a specific cell membrane receptor. This has been 359 

extensively studied by Yao et al. who demonstrated superior cell binding of antibody-360 

functionalized AuNPs compared to their non-functionalized counterparts, thereby enhancing 361 

intracellular delivery [20,44,45]. Furthermore, targeted binding of the photothermal NPs to cell-362 

specific receptors offers the advantage that a particular cell type can be treated selectively while 363 

being in the presence of other cell types (Section 5.2) [9,29,46,47]. 364 

A detailed overview of NPs and their characteristics (material, morphology, size, surface 365 

functionalization, clustering) as well as their use in cytosolic delivery via plasma membrane 366 

disruption, linked with laser parameters, reported delivery efficiency and cell viability is given 367 

in Table 1. 368 

3.2 Photothermal substrates 369 

Instead of photothermal NPs, it is also possible to incorporate photothermal features into 370 

substrates from which thermal-induced VNBs can nucleate upon pulsed laser irradiation. Not 371 

surprisingly, such substrates have hence been used as well for cell culture and subsequent VNB-372 

induced permeabilization of cells in contact with the substrate. Early on, Wu et al. developed 373 

the biophotonic laser-assisted surgery tool (BLAST) (Figure 4A) [48]. This set-up consists of 374 

a silicon chip covered with a thin, micrometer-wide porous SiO2 membrane whose trans-375 

membrane holes are asymmetrically coated with crescent-shaped titanium thin films. 376 

Microcavitation bubbles nucleate from the intense heating of the metallic titanium thin film, 377 

resulting in transient pore formation of cell membranes adhered to the silicon chip. Intracellular 378 

delivery, in this case, is substantially enhanced by pressure-driven flow through vertical silicon 379 

channels mounted underneath the fragile silicon membrane. The authors reported high-380 

throughput (100 000 cells/min) delivery of bacteria, enzymes, and NPs in several cell types. 381 

Madrid et al. fabricated a silica nanocavity substrate coated with a thin titanium film through a 382 

self-assembly process that allows for fairly easy manufacturing of the substrate (Figure 4B) 383 

[49]. Upon 11 ns 1064 nm pulsed laser irradiation, extreme and rapid heating followed by the 384 

generation of cavitation bubbles was reported, which led to intracellular delivery of calcein 385 

(~78% positive cells) at a throughput of 30 000 cells/min and a cell viability of ~87%, as 386 

determined by microscopy analysis of Calcein AM live-cell staining. In earlier work from the 387 

same group, Saklayen et al. developed pyramidal nanoheaters covered with a thin gold film 388 

that, under identical laser conditions, strongly localized laser energy and heating toward the 389 
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apex of each pyramid (Figure 4C) [50]. The generated hotspots eventually triggered the 390 

formation of thermal-induced VNBs, which led to permeabilization of cells cultured on top of 391 

the pyramids. Interestingly, in contrast to AuNPs, no visible damage to the nanostructure was 392 

observed at the optimal laser fluence of 54 mJ/cm². The authors reported reproducible 393 

intracellular delivery of a wide range of molecules (~95% positive cells for 0.6 kDa, the smallest 394 

molecule tested) with high cell viability (~98%), as determined via microscopy analysis and 395 

flow cytometry measurements with Calcein AM live-cell staining. This was achieved with a 396 

throughput of 50 000 cells/min. In another study, Raun et al. used a similar set-up but replaced 397 

gold by a thin titanium nitride coating thereby presenting a higher melting temperature, which 398 

could render improved stability of the film over time [51]. A recent study by Zhao et al. reported 399 

a large plasmonic array with gold square-shaped ‘nanodisks’, demonstrating again that, after 6 400 

ns 532 nm laser pulses, thermal-induced VNBs are formed at the plasmonic hotspots, this time 401 

situated at the corners of each nanodisk (Figure 4D) [52]. The authors reported comparable 402 

delivery efficiency, cell viability and scanning speed as for the plasmonic pyramidal 403 

nanoheaters from Saklayen et al. In this case, cell viability was determined by microscopy 404 

analysis of dead cells stained with propidium iodide (PI). Optimal laser fluence, however, was 405 

a factor 5 lower (~11 mJ/cm²), which may be attributed to the generation of multiple hotspots 406 

at the nanodisk edges rather than a single one at the pyramid tip. 407 

 408 

Figure 4. Overview of photothermal substrates used for VNB-mediated photoporation. A. The 409 

BLAST. Reproduced with permission from [48]. Copyright 2015 Springer Nature. B. A self-410 
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assembled thermoplasmonic silica nanocavity substrate coated with a thin titanium film. 411 

Reproduced with permission from [49]. Copyright 2018 American Chemical Society. C. 412 

Pyramidal nanoheaters covered with a thin gold film. Reproduced with permission from [50]. 413 

Copyright 2017 American Chemical Society. D. A plasmonic gold nanodisk array. Reproduced 414 

with permission from [52]. Copyright 2020 American Chemical Society. E. Sharp titanium-415 

coated tips embedded in microwells for trapping of suspension cells. Reproduced with 416 

permission from [53]. Copyright 2019 American Chemical Society. F. Titanium microdish 417 

device. Reproduced with permission from [54]. Copyright 2020 American Chemical Society. 418 

The photothermal substrates mentioned so far rely on close contact of the cells at the 419 

photothermal hotspots. As such they are most suited for adherent cells, and less for suspension 420 

cells. Man et al., however, developed a delivery platform for suspension cells consisting of 421 

microwells with sharp nanoscale titanium-coated tips positioned at the edge of the wells, which 422 

can form hotspots upon pulsed laser irradiation (Figure 4E) [53]. Owing to its design, 423 

suspension cells can be trapped via gravity-assisted self-alignment within the microwells. 424 

Efficient delivery into Ramos B cells was reported for a broad range of molecule sizes (>84% 425 

for 0.6 kDa, the smallest molecule tested) upon 6 ns 532 nm pulsed laser irradiation with a 426 

throughput >100 000 cells/min. This was accompanied by a cell viability >96%, as assessed by 427 

microscopy analysis of dead cells stained with PI. Another recently developed technique by 428 

Shinde et al. involves titanium microdishes (3 µm) mounted onto a larger chip substrate (Figure 429 

4F) [54]. The device is aligned on top of the cell layer in such a way that it is close enough to 430 

induce membrane perforation but at the same time precludes contact with the cells. Although 431 

not actually demonstrated, thermal-induced VNBs were also considered to be involved in the 432 

membrane perforation mechanism as temperature simulations implied that the water 433 

surrounding the microdishes exceeded the critical temperature necessary for cavitation 434 

processes. Together these studies prove that nanoplasmonic arrays are a useful concept to 435 

permeabilize cells with laser-induced VNBs. Widespread use is, however, limited at present 436 

considering the need for dedicated cleanroom microfabrication techniques. It also remains 437 

unclear to which extent culturing cells on (sharp) microscale protrusions may have an effect on 438 

their normal functioning. 439 

4 Cell response to vapor nanobubble-mediated membrane disruption 440 

Following pore formation in the cell membrane, including by laser-induced VNBs, the 441 

balance of osmolytes between the intracellular and extracellular milieu becomes disturbed (e.g. 442 
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outflux of potassium and influx of calcium), which will activate stress responses and membrane 443 

repair mechanisms [1,55]. Fast plasma membrane resealing will already occur within minutes 444 

after membrane disruption through a variety of mechanisms, including contraction, patching, 445 

plugging, exocytosis, internalization and externalization through endocytosis and shedding, 446 

respectively. Although those mechanisms are still under investigation, they likely depend on 447 

the pore size, cell type and environmental conditions [56]. When membrane perturbation is 448 

extreme, initial cell repair mechanisms may be insufficient in rapidly restoring membrane 449 

integrity, leading to cell death. Even when membrane repair is successful, cells may suffer from 450 

osmotic stress, inevitably leading to cell swelling and ultimately necrotic cell death [57]. This 451 

does not necessarily mean that cells that have avoided such faith are completely unaffected. 452 

Once the plasma membrane is resealed, secondary responses are triggered to restore, for 453 

example, ATP, potassium and calcium levels [1]. In parallel, the cell will also try to repair 454 

damage to its cytoskeleton [58]. Importantly, restoring the cell’s homeostatic balance and 455 

functionality can take several hours or even days, which is notably longer than the fast initial 456 

membrane resealing response. When elevated stress levels are present for extended periods of 457 

time, cells are at risk of obtaining permanent alterations (e.g. fate changes, loss of potency and 458 

mutations) or can eventually undergo programmed cell death like apoptosis [1,59]. 459 

When subjecting cells to VNB-mediated photoporation, treatment conditions need to be 460 

fine-tuned so as to minimize the extent of cell toxicity while maximizing intracellular delivery 461 

efficiency of the effector molecules. Parameters that are typically optimized for a given 462 

combination of cell type and effector molecule are the concentration of NPs, their cell 463 

incubation time and laser fluence. Cell toxicity, correlated with each of these conditions, can 464 

be monitored in a variety of ways. The fraction of dead cells can be determined using live/dead 465 

staining, such as markers leaking from cells (e.g. Calcein AM) when cell membrane integrity 466 

is lost and/or fluorescent DNA binding dyes (e.g. PI) unable to penetrate intact cells. As a word 467 

of caution we would like to note that quantification of cell viability is in many studies done by 468 

flow cytometry [12,20,34,43,60,61]. However, this easily leads to an underestimation of the 469 

number of dead cells since highly fragmented cells, which end up in debris background are not 470 

accounted for, apart from the fact that dead cells are also easily removed by washing steps. It 471 

is therefore insufficient to quantify cell viability by flow cytometry with live/dead staining 472 

alone. Ideally, these strategies should be accompanied by more robust methods, such as cell 473 

counting or metabolic assays like the MTT or CellTiter-Glo® assay, which present a better view 474 

of what happens to the entire cell population [8,28,35,62]. Studies in which cell viability 475 
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investigations are only based on live/dead staining with flow cytometry analysis are, therefore, 476 

indicated in Table 1 because the reported cell viability values should be interpreted with this 477 

cautionary note in mind. 478 

As noted above, even if cells survive and are designated as ‘viable’ according to the 479 

above-mentioned assays, prolonged elevated stress levels can cause alterations in a cell’s 480 

homeostasis and normal functioning. For instance, a recent study by Raes et al. compared the 481 

proliferating potential of Jurkat T cells treated either by electroporation or VNB-mediated 482 

photoporation [14]. They found that the ‘viable’ electroporated cells suffered from a complete 483 

loss of cell-proliferative potential even 5 days after treatment, whereas for photoporated cells 484 

this was not the case. Loss of function and phenotypic changes of electroporated T cells have 485 

been pointed out by others as well [63]. Altogether, these observations point toward the 486 

importance to progress beyond measuring short-term acute toxicity and instead also monitor 487 

cell health at longer time scales. This is particularly important when a delivery technique is 488 

used in the context of cell-based therapies where cell functionality needs to be guaranteed once 489 

administered to the patient. An example in the context of VNB-mediated photoporation is the 490 

study by Fraire et al. who performed whole transcriptome analysis covering both short-term 491 

and long-term effects on cell homeostasis [42]. The authors, in this case, exploited 95 nm 492 

cationic AuNPs as carriers for small interfering RNA (siRNA). After endocytosis of the siRNA-493 

functionalized AuNPs in HeLa cervical cancer cells, pulsed laser irradiation was applied to 494 

destabilize endosomal membranes by photothermal heating or VNB formation. They reported 495 

that, for both laser regimes, DNA repair pathways were not upregulated, nor did they see 496 

alterations in programmed cell death pathways like apoptosis or necroptosis. Although this 497 

study paves the way toward more in-depth knowledge regarding VNB-induced interaction of 498 

photothermal nanomaterials with cells, this is only the tip of the iceberg. Further research is 499 

necessary to fully map poration-induced changes and cell functionality effects over a longer 500 

period of time and in relevant cell types. 501 

5 Vapor nanobubble-mediated photoporation of selected cells 502 

5.1 Laser beam targeting 503 

A unique feature of (VNB-mediated) photoporation, compared to other physical 504 

membrane disruption techniques, is that it can permeabilize cells in a spatially controlled 505 

manner by proper scanning of the laser beam. Fast spatial-selective intracellular delivery by 506 

VNB-mediated photoporation using 70 nm cationic AuNPs was demonstrated by Xiong et al., 507 
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who dubbed this principle spatially resolved nanoparticle-enhanced photoporation (SNAP) 508 

[15]. By scanning of the laser beam, compounds were delivered into cell cultures according to 509 

intricate pre-defined patterns. Although the authors used a fairly slow 20 Hz nanosecond pulsed 510 

laser (7 ns, λ=561 nm), still a respectable photoporation rate of ~10 000 cells/min was reached. 511 

In addition, by tuning the laser beam diameter to the size of individual cells, they demonstrated 512 

the possibility of targeting single cells, which were either manually selected or identified by 513 

(automated) image processing. Going beyond a mere technical proof-of-concept demonstration, 514 

image-guided SNAP of cells was successfully applied to selectively deliver a contrast agent in 515 

polynuclear normal human epidermal keratinocytes, which is a low abundant sub-phenotype 516 

next to mononuclear cells. Fluorescent labeling of these polynuclear cells allowed them to be 517 

purified from mononuclear cells by fluorescence-activated cell sorting (FACS) without 518 

inducing long-term toxicity. A later study by the same group demonstrated the applicability of 519 

image-guided SNAP for selective labeling of individual neurons in complex dense-cultured 520 

neuronal networks, thereby offering a valuable tool for studying neuron morphology, such as 521 

dendritic spine density [64]. Additionally, both Madrid and Saklayen provided a proof-of-522 

concept of performing spatial-selective photoporation with their developed photothermal 523 

substrates (Section 3.2) [49,50]. 524 

5.2 Nanoparticle targeting 525 

While laser beam targeting offers ultimate control, even down to a single-cell level, in 526 

some applications it is sufficient to target a particular cell type. In that case, it may be interesting 527 

to functionalize photothermal NPs with a specific ligand, offering high-affinity binding to that 528 

cell type. Over the years, several groups exploited this concept by functionalizing AuNPs with 529 

receptor-targeted antibodies for selective and amplified intracellular delivery [9,20,29,45–47]. 530 

For these purposes, the epidermal growth factor receptor on cancer cells has been targeted with 531 

antibody-functionalized AuNPs [20,29,45,46]. Other examples include targeting specific 532 

receptors on T cells [9] and retinal ganglion cells [47]. If the cells of interest have such a unique 533 

receptor, provided that ligands are available and can be functionally coupled to the NPs, this 534 

strategy is less complex than SNAP in the sense that no image analysis is needed to identify the 535 

target cells. 536 

Studies by Yao et al. stated cell-selective binding as they demonstrated high-affinity 537 

targeting of functionalized AuNPs to the cells of interest compared to their non-functionalized 538 

counterparts [20,45]. However, it is important to note that absolute cell selectivity could not be 539 
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claimed as aspecific binding of functionalized AuNPs, VNB formation and subsequent delivery 540 

was not assessed for non-target cells. It was the group of Lapotko that demonstrated that this 541 

receptor-binding strategy could be effectively used to selectively target a subset of cells in 542 

heterogeneous samples [9]. To achieve this, the authors used small AuNPs that are not large 543 

enough to form VNBs themselves. However, by functionalizing them with an antibody targeted 544 

toward a surface receptor, they achieved receptor-mediated endocytic uptake so that many of 545 

the small AuNPs were present as a cluster in newly formed endosomes (close to the plasma 546 

membrane). The induced AuNP clusters were large enough for effective laser absorption, 547 

thermal-induced VNB formation and plasma membrane disruption. With this approach, they 548 

demonstrated selective gene transfection of CD3-postive human T cells, while in the presence 549 

of non-target CD3-negative peripheral blood mononuclear cells. Interestingly, the same group 550 

used this strategy to also induce selective endosomal release of Doxil liposomes in cancer cells 551 

[46]. Antibody-functionalized AuNPs were co-incubated with antibody-functionalized Doxil 552 

liposomes upon which endocytic uptake was stimulated in the target cancer cells, but not in 553 

normal cells. Endosomes in cancer cells were shown to contain mixed clusters of Doxil 554 

liposomes and AuNPs, while in normal cells this co-localized clustering was virtually absent. 555 

As a result, upon pulsed laser irradiation, cancer cells experienced more endosomal release of 556 

the encapsulated chemotherapeutic doxorubicin opposed to the normal cells. Later on, they 557 

demonstrated that this principle provided promising results in vivo as well, resulting in 558 

improved tumor killing compared to Doxil liposomes alone [29]. Complementary to this 559 

endosomal escape strategy, Huang et al. functionalized AuNPs with both targeting peptides and 560 

siRNA, demonstrating selective gene knockdown in receptor-positive cells whereas non-target 561 

cells were left untouched [65]. VNB-mediated photoporation for endosomal destabilization will 562 

be elaborated on in Section 6.2. Finally, the Meunier group has explored the use of antibody-563 

functionalized AuNPs for plasma membrane disruption through plasma-induced VNBs [66]. A 564 

recent study from the same group further highlighted the in vivo potential of this antibody-565 

targeting approach [47]. Retinal ganglion cells, located in the back of the eye, were successfully 566 

targeted through the use of AuNPs functionalized with antibodies toward the enriched cell-567 

surface voltage gate K+ channel subunit Kv1.1. Upon intravitreal injection of the antibody-568 

functionalized AuNPs mixed with the compounds of interest, cells were photoporated using 569 

100 fs 800 nm (off-resonant) laser pulses and selective delivery of macromolecules such as 570 

siRNA was achieved. 571 

6 Intracellular delivery: focus on effector molecules and target cells 572 
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VNB-mediated photoporation has proven to be successful for intracellular delivery of a 573 

variety of effector molecules in a broad range of cell types. The following sections will discuss 574 

most recent advances in terms of effector molecules, target cells and applications in the field of 575 

intracellular delivery. We will make a distinction depending on whether VNB-mediated 576 

photoporation was used to permeabilize the plasma, endosomal or nuclear membrane. 577 

6.1 Plasma membrane disruption 578 

VNB-mediated photoporation at the level of the plasma membrane, followed by entry of 579 

foreign compounds from the extracellular compartment into the cytosol (Figure 5A), has 580 

demonstrated to be a suitable intracellular delivery method for a broad variety of adherent and 581 

suspension cell types. Throughout the years, intracellular delivery of plasmid DNA (pDNA) by 582 

VNB-mediated photoporation has probably been studied the most, even though reported results 583 

are quite variable. Indeed, pDNA delivery has proven to be quite challenging, which is related 584 

to its large size and negatively charged nature. Lukianova-Hleb et al. described successful 585 

targeting and pDNA transfection of CD3-positive hard-to-transfect human T cells using 586 

thermal-induced VNBs and antibody-functionalized AuNPs [9]. They reported that ~96% of 587 

the target cells demonstrated green fluorescent protein (GFP) expression 48 h post laser 588 

irradiation, while protein expression was only observed in ~10% of the non-target cells. This 589 

was accompanied by a cell viability of ~75%, as determined via Calcein AM staining of live 590 

cells combined with counting of trypan blue negative cells. Several reports by the group of 591 

Meunier and Heisterkamp used plasma-induced VNBs from spherical AuNPs for pDNA 592 

delivery but with variable success. Where Baumgart et al. (45 fs, λ=800 nm) reported ~23% 593 

transfected human cancer melanoma cells [28], Schomaker et al. (120 fs, λ=796 nm) observed 594 

negligible transfection of canine pleomorphic adenoma cells and below 5% transfected canine 595 

CD34+ hematopoietic stem cells [12]. The former study reported a cell viability over 80%, as 596 

determined by the MTT assay, whereas the latter measured Annexin Ⅴ- and PI-stained dead 597 

cells by flow cytometry and reported >80% and <40% cell viability for these cell lines, 598 

respectively. In a recent study, Santra et al. generated thermal-induced VNBs from nano-599 

corrugated mushroom-shaped gold-coated polystyrene NPs and demonstrated successful 600 

plasmid transfection in human cancer cells (~86%) and mouse embryonic stem cells (~73%) 601 

[21]. This was accompanied by a high cell viability (~96%), as concluded from microscopy 602 

analysis of live cells stained with Calcein AM. pDNA delivery through thermal-induced VNBs 603 

and subsequent protein expression has also been proven successful for carbon black NPs 604 

(Section 3.1). Chakravarty et al. reported that ~22% of laser-irradiated human prostate cancer 605 
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cells had taken up the pDNA and that luciferase expression was a 17-fold higher compared to 606 

non-irradiated cells [34]. Cell viability, as measured with flow cytometry using PI staining of 607 

dead cells, was for the optimal conditions >90%. The photothermal substrate reported by Man 608 

et al. (Section 3.2) was able to deliver GFP-encoding plasmids into Ramos B cells reaching 609 

~58% GFP-positive cells 48 hours postdelivery [53]. Finally, apart from mammalian cells, 610 

McGraw et al. recently proved the usefulness of VNB-mediated photoporation for pDNA 611 

delivery in S. cerevisiae, as a model for fungal cells [43]. The authors hypothesized the 612 

generation of plasma-induced VNBs, under pulsed laser irradiation, and reported a delivery 613 

efficiency of ~30% accompanied by a cell viability close to 100%, as measured with flow 614 

cytometry using 7-aminoactinomycin D (AAD) staining of dead cells. Of note, variabilities in 615 

reported transfection results cannot solely be explained by the fact that some cell types are more 616 

recalcitrant to transfection than others. Inconsistencies can be related to the use of different 617 

assays for quantification of transfection efficiency, combined with in some cases a more 618 

objective analysis of results. As a matter of fact, most of the reported values, especially the 619 

highest ones, are based on fluorescence microscopy where the threshold for positive cells (i.e., 620 

cells to which pDNA was delivered and a fluorescent protein is produced) is not consistent 621 

between studies, combined with the fact that it is not always clear if autofluorescence of control 622 

cells is properly accounted for. In addition, the number of cells that are considered in typical 623 

microscopy analysis is much less than what is the case for analysis by flow cytometry. 624 

Strikingly, only three used analysis by flow cytometry, which also reported the lowest pDNA 625 

transfection efficiencies [12,34,43]. As discussed in Section 4, inconsistencies in cell viabilities 626 

can be attributed to the range of different assays and techniques available to determine this, one 627 

more suitable than the other. Efficiency and viability results as reported for certain NPs and 628 

laser parameters are summarized in Table 1. 629 
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 630 

Figure 5. Schematic overview of VNB-induced membrane disruption at the level of the A. 631 

plasma membrane B. endosomal membrane and C. nuclear membrane. NP, nanoparticle; 632 

VNB, vapor nanobubble. 633 

Apart from plasmids also RNA-based macromolecules are of interest, such as siRNA and 634 

messenger RNA (mRNA). Xiong et al., demonstrated in a comparative study that VNB-635 

mediated plasma membrane disruption outperformed photothermal membrane heating for 636 

delivery of siRNA and subsequent gene knockdown in H1299 lung carcinoma cells [7]. Where 637 

a gene knockdown >80% was reported for thermal-induced VNBs, this was only ~40% in case 638 

of mere heating of membrane-associated AuNPs. Both laser regimes resulted in a cell viability 639 

>90%, as concluded from flow cytometry and microscopy analysis of live cells stained with 640 

Calcein AM. In a later study, Schomaker et al. applied plasma-induced VNBs for siRNA 641 

delivery in canine prostate cancer cells with the aim of downregulating the tumor driving 642 

oncogene HMGA2 and reported a significant drop of gene expression (<50%) compared to 643 

untreated cells [60]. This was accompanied by a cell viability >90%, as determined by flow 644 
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cytometry analysis of Annexin Ⅴ- and PI-stained dead cells. Wayteck et al. studied thermal-645 

induced VNBs for siRNA delivery and gene knockdown in primary murine CD8+ cytotoxic T 646 

cells aimed at boosting their anti-tumor response by downregulating immunosuppressive 647 

pathways [62]. The authors reported 40-60% silencing of the CD45 gene, as a model target, 648 

with a cell viability of ~70% as measured by the CellTiter-Glo® assay. VNB-mediated 649 

photoporation for mRNA transfections was only recently reported for the first time by Raes et 650 

al. in both adherent and suspension cells [14]. Owing to the rather instable nature of mRNA, 651 

this study clearly emphasized the importance of washing steps before adding mRNA to cells in 652 

order to remove degradative enzymes from the culture medium. Photoporation of HeLa cervical 653 

cancer cells and hard-to-transfect Jurkat T cells, as a model for primary human T cells, resulted 654 

respectively in ~38% and ~20% transfected cells for one photoporation run. This was 655 

accompanied by a cell viability of ~80% and ~75%, respectively, as measured by the CellTiter-656 

Glo® assay. Considering that still many T cells were viable but untransfected, the authors treated 657 

the cells two more times with VNB-mediated photoporation, improving the transfection 658 

efficiency further to ~45%. Importantly, in the latter two studies the more gentle nature of VNB-659 

mediated photoporation for T cell transfections was demonstrated compared to electroporation, 660 

which is the current standard physical transfection technique for hard-to-transfect immune cells. 661 

Owing to VNB-mediated photoporation being more gentle to cells as compared to 662 

electroporation, Wayteck and Raes reported threefold and fivefold higher numbers of 663 

transfected and viable T cells, respectively [14,62]. 664 

Apart from nucleic acids, Thermal-induced VNBs have been used for the delivery of 665 

bioactive proteins as well. For instance, Bošnjak et al. demonstrated intracellular delivery of 666 

guide-RNA/Cas9 ribonucleoprotein complexes for genome editing in hard-to-transfect murine 667 

CD8+ T cells (~5%) and lymph node stroma cells (~5%) [67]. Cytotoxic effect of photoporation 668 

on these cell types were, however, not reported. Another example is given by the Chiou group 669 

that delivered the bacterial enzyme β-lactamase into adherent human dermal fibroblasts and 670 

Ramos B cells, respectively, using the BLAST platform [48] and the sharp-tipped microwell 671 

arrays for capturing suspension cells [53] (Section 3.2). In particular they proved that laser 672 

manipulation did not hinder biological activity of the enzyme. Van Hoecke et al. reported 673 

hallmarks of necroptotic-like cell death (i.e., cell swelling and cell membrane rupture) upon 674 

successful delivery of the mixed-lineage kinase domain-like (MLKL) protein in B16F10 mouse 675 

melanoma cells [41]. This protein is considered one of the key terminal mediators of 676 

necroptosis, which is a cell death mechanism with immunogenic properties. Combined with the 677 
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observed significant drop in cell viability (~62%), measured by the CellTiter-Glo® assay, it 678 

shows that this strategy is of interest for anti-cancer immunotherapy. Finally, Yao et al. used 679 

functionalized gold nanorods targeted toward the epidermal growth factor receptor on human 680 

ovarian carcinoma cells and reached selective delivery of the anti-Ki-67 antibody in ~50% of 681 

the target cells [20]. This was accompanied by a cell viability >80%, determined through 682 

detection of PI-stained dead cells by flow cytometry. 683 

Fluorescent labeling of cells for live-cell microscopy or in vivo tracking also benefits from 684 

VNB-mediated photoporation as intracellular delivery strategy. By directly delivering contrast 685 

molecules, like quantum dots or fluorescent polymers, in the cellular cytosol, Xiong et al. 686 

reported intense cell labeling and extended in vivo tracking of labeled cells for many cell 687 

generations, whereas this was not the case for endocytic uptake of the same contrast agent [8]. 688 

Interestingly, it was shown that cytosolic delivery of contrast agents avoids asymmetric 689 

inheritance of the labels over daughter cells, in contrast to endocytic uptake, thereby improving 690 

labeling uniformity of the cell population over extended periods of time. In a later study from 691 

our group, Liu et al. used VNB-mediated photoporation to deliver membrane-impermeable 692 

fluorescent contrast agents, like phalloidin, nanobodies and SNAP-tags in cells, thus facilitating 693 

live-cell fluorescence microscopy investigations [31]. Interestingly, by using GQDs as 694 

photothermal agents, the amount of delivered label could be carefully controlled by repeated 695 

laser activation and VNB formation (Section 3.1). In a follow-up study, the authors focused on 696 

the intracellular delivery of labeled nanobodies and demonstrated their suitability for long-term 697 

live-cell fluorescence microscopy of specific subcellular structures [68]. These studies are 698 

encouraging for VNB-mediated photoporation to become an enabling technology for efficient 699 

labeling of cells for both in vitro microscopy studies as in vivo cell tracking applications. 700 

6.2 Endosomal membrane disruption 701 

Apart from permeabilizing the plasma membrane, laser-induced VNBs have also been 702 

used to destabilize endosomal membranes in the context of nanocarrier-mediated delivery of 703 

membrane-impermeable cargo. Nanocarriers are typically internalized by endocytic processes 704 

so that they reside in endosomal vesicles after uptake. Efficient endosomal escape of the 705 

nanocarriers and their cargo into the cytosol is, however, one of the most important bottlenecks 706 

for efficient intracellular drug delivery. This is why photothermal nanoparticles have been 707 

explored as potential destabilizers of endosomal membranes upon laser-induced VNB 708 

formation. As illustrated in Figure 5B, once incubated with the cells, NPs are already quickly 709 
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transferred to the endosomal compartment. To establish endosomal membrane disruption and 710 

cytosolic compound delivery in a controlled and on-demand manner, NPs are often loaded with 711 

cargo molecules through electrostatic or covalent interactions. When VNBs are generated upon 712 

pulsed laser irradiation, cavitation forces release the compounds from the NPs and induce their 713 

endosomal leakage [42,61]. 714 

Early on, studies by the group of Reich described successful gene knockdown through 715 

delivery of siRNA [65,69]. For instance, a study by Braun et al. reported ~80% of GFP silencing 716 

in C116 cells when irradiating 40 nm hollow gold nanoshells coupled to siRNA (130 fs, λ=800 717 

nm) [69]. Quantitative cell viability data was, however, not provided. In a recent study from the 718 

same group, Morales et al. coupled a proapoptotic peptide (H6PAD) as functional peptide and 719 

a cell-penetrating peptide (TAT) as endocytic uptake enhancer to the surface of 40 nm hollow 720 

gold nanoshells via a thiol-gold bond [70]. The authors demonstrated that, upon pulsed laser 721 

irradiation of PPC-1 primary human prostate carcinoma cells, the peptides were released from 722 

the NP’s surface and successful endosomal leakage of the functional cargo was obtained. More 723 

importantly, it seemed that the apoptotic response, incited by effector molecules released in the 724 

cytosol, further amplified cell toxicity relative to laser treatment with non-functionalized NPs. 725 

Another study used an identical approach to deliver Cre recombinase, which is a genome editing 726 

enzyme [71]. Functional delivery and subsequent gene activation was observed in ~17% of the 727 

laser-irradiated HeLa cervical cancer cells via this strategy, accompanied by a cell viability of 728 

~70% mainly attributed to the Cre recombinase toxicity (viability assay not reported). It should 729 

be noted, however, that although laser conditions reported in the aforementioned studies 730 

strongly suggest thermal-induced VNB formation as the underlying mechanism for endosomal 731 

disruption, experimental proof for this was not provided. Instead, Vermeulen et al. recently 732 

compared endosomal escape of JetPEI/pDNA/AuNP complexes (10 nm AuNPs) for low- and 733 

high-intensity laser pulses (7 ns, λ=561 nm) that respectively generate endosomal escape based 734 

on heat transfer and thermal-induced VNB generation [61]. Effective VNB formation was 735 

confirmed with dark-field microscopy and led to more efficient endosomal membrane 736 

disruption compared to the heat-mediated mechanism. Nevertheless, both photothermal effects 737 

were unable to promote significant transfection as either pDNA was inevitably damaged by 738 

VNB formation or heat-mediated pores were insufficiently large to facilitate effective 739 

endosomal escape. From the same group, Fraire et al. used 95 nm positively charged 740 

poly(diallyl dimethyl ammonium chloride)-functionalized AuNPs as carriers for siRNA and 741 

studied their endosomal escape potential again in terms of the applied laser dose [42]. With the 742 
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use of two different cancer cell lines (H1299 and HeLa cells), the authors observed that for the 743 

heating regime (i.e., low laser intensity) endosomal escape efficiency strongly depended on cell 744 

type-related variabilities in endocytic internalization and clustering of the nanocomplexes. 745 

Instead, for the VNB mode (i.e., high laser intensity) this was not the case, resulting in ~50% 746 

gene knockdown in both cell types accompanied by a cell viability >70%, as measured by the 747 

MTT assay. Interestingly, by pre-complexing siRNA onto the photothermal NPs, a 500-fold 748 

lower siRNA concentration could be used than what is needed for plasma membrane 749 

photoporation. 750 

In conclusion, endosomal membrane photoporation enhanced by VNB formation offers 751 

an alternative approach for classical plasma membrane photoporation. Especially the feature to 752 

load cargo molecules onto photothermal NPs can drastically reduce the necessary doses of 753 

expensive effector molecules like mRNA, nanobodies, and so on. Pitfalls, however, are related 754 

with the irreversible destruction of large and sensitive compounds like pDNA, as demonstrated 755 

in the study of Vermeulen et al. [61]. Further work is needed to optimize the design of such 756 

photothermal nanocarriers thereby offering better protection to the cargo molecules while still 757 

being able to destabilize the endosomal membrane. 758 

6.3 Nuclear envelope disruption 759 

The nuclear envelope is recognized as one of the most difficult cellular membranes to get 760 

across, especially for large effector molecules (>40 kDa), such as pDNA, which cannot 761 

spontaneously migrate through the nucleopore complexes. Recently it was explored if VNB-762 

mediated photoporation could induce transient nuclear envelope ruptures in a controlled manner 763 

and thereby possibly lift this barrier for larger molecules [72,73]. Figure 5C schematically 764 

illustrates this principle where nuclear envelope disruption and subsequent delivery can be 765 

obtained by photothermal NPs either endocytosed or freely present in the cytosol. Li et al. used 766 

plasmonic liposomes as optical perforation enhancers for pDNA delivery in hard-to-transfect 767 

murine macrophages (RAW 264.7 cell line) [72]. pDNA was first delivered in the cytosol using 768 

electroporation after which plasmonic liposomes were endocytosed and irradiated with 28 ps 769 

750 nm pulsed laser light. The AuNPs decorating the liposomes generated thermal-induced 770 

VNBs close to the nucleus, thereby disrupting both the endosomal and nuclear membrane as 771 

was evidenced by the enhanced nuclear plasmid accumulation and gene expression after 772 

photoporation (2.7-fold increase compared to electroporation alone). Cell viability was 773 

qualitatively assessed by live/dead staining combined with microscopy imaging but not 774 
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quantified. A study published in the same year by Houthaeve et al. used 70 nm cationic AuNPs 775 

for VNB-mediated photoporation, which were either sequestered in the endosomes or 776 

cytosolically delivered via electroporation [73]. In both cases enrichment of AuNPs in the 777 

perinuclear region was observed over time. The authors used a modified HeLa cervical cancer 778 

cell line, stably transected with a GFP-coupled nuclear localization signal (NLS), that allowed 779 

for easy evaluation of VNB-induced nuclear envelope ruptures. As long as the nuclear envelope 780 

is intact, the GFP-NLS resides within the nucleus. Upon pulsed laser irradiation (7 ns, λ=561 781 

nm), thermal-induced VNBs permeabilized the nuclear envelope, as evidenced from a sudden 782 

outflux of GFP-NLS into the cytosol. Within an hour, it was observed that GFP-NLS was 783 

recruited back into the nucleus, thereby confirming restoration of the nuclear envelope’s 784 

integrity. The authors also demonstrated that the kinetics of these events were similar to those 785 

observed in spontaneous nuclear envelope ruptures in laminopathy patient cells. As such VNB-786 

mediated photoporation of the nuclear envelope can be a valuable tool for fundamental 787 

biological research in the field of nuclear envelope disruption. Furthermore, in the same study 788 

intranuclear delivery of cytosolic effector molecules was shown as well. Using plasma 789 

membrane photoporation, the authors first delivered 70 kDa and 150 kDa FITC-dextran 790 

molecules to the cytosol of HeLa cervical cancer cells. Being too large to spontaneously pass 791 

through the nucleopore complexes, they remain exclusively in the cellular cytosol. However, 792 

upon VNB-induced permeabilization of the nuclear envelope using AuNPs as described above, 793 

both molecule sizes were observed to quickly flow inside the nuclear compartment. Although 794 

this study showed that laser-induced VNB formation can be used for the controlled disruption 795 

of the nuclear envelope, the percentage of cells in which this could be successfully performed 796 

was very low (<5%). This is due to the fact that endocytosis or electroporation of photothermal 797 

NPs does not guarantee exclusive targeting of them toward the perinuclear area. Part of the NPs 798 

may still be at more peripheral sites in the cell, causing collateral damage upon laser irradiation. 799 

And even when they are in the perinuclear area, their distance to the nuclear envelope may still 800 

be too large for effective pore formation. Therefore, to make this approach useable in the future 801 

it will be important to find ways to selectively target photothermal NPs to the nuclear envelope. 802 

7 Conclusions and perspectives 803 

VNB-mediated photoporation has, over the years, developed into a versatile intracellular 804 

delivery tool. It has been shown to be able to compromise the integrity of the plasma membrane 805 

next to destabilizing endosomes and even the nuclear envelope. Furthermore, this technique has 806 

demonstrated to be very versatile in terms of cell types and membrane-impermeable effector 807 
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molecules that can be delivered, although further work is still needed to enhance delivery of 808 

very large molecules such as pDNA and mRNA. When properly optimized, VNB-mediated 809 

photoporation proved to be quite gentle to the cells thanks to limiting the inflicted damage to 810 

the immediate vicinity of the photothermal NPs. Still, more research is needed to investigate 811 

cellular responses following membrane disruption, which may provide further insights on how 812 

to limit cell stress even more. Importantly, in this context, it would be valuable that future 813 

studies systematically demonstrate actual VNB formation rather than just assume this 814 

phenomenon based on the applied laser conditions. We anticipate that this would provide a 815 

more consistent and complete picture of the impact of laser-induced VNBs on cells. 816 

Although the protocol for photoporation with photothermal NPs is very straightforward, it 817 

remains an open question if NPs in contact with cells may induce unwanted effects on the long 818 

term [74]. Especially if one would think of using this technology for producing engineered 819 

therapeutic cells, NP-induced cytotoxicity can be of concern. In that sense, the various 820 

photothermal substrates that have emerged in recent years are quite interesting since they offer 821 

similar possibilities while avoiding exposure of cells to NPs. They do require, however, 822 

advanced production techniques that can hinder widespread use while upscaling for sufficient 823 

throughput remains to be demonstrated. 824 

Up until now, applications of photoporation for in vivo intracellular delivery are rather 825 

scarce. Undoubtedly this is due to the limited tissue penetration of light, which limits broad 826 

applicability, although NIR-responsive photothermal NPs offer opportunities in this regard. 827 

Depending on the target, it will be needed to direct the photothermal NPs specifically to the cell 828 

types of interest, apart from the effector molecules that should reach the same target site as well. 829 

Targeting of NPs and drug molecules is being heavily studied in the field of nanomedicine-830 

mediated drug delivery and findings from that area may proof to be useful for translating 831 

photoporation to in vivo applications as well. Application areas that seem particularly feasible 832 

are the skin and dedicated parts in the eye. Especially since clinical laser technology is already 833 

used for treatment of certain kinds of skin and ophthalmic pathologies. 834 

Finally, it is quite interesting to see that very recently other (in vivo) applications of laser-835 

induced VNB generation are emerging beyond intracellular delivery. It was shown that laser-836 

induced VNBs from photothermal NPs can gently but decisively alter the microstructure of 837 

bacterial biofilms, substantially enhancing drug diffusion and improving the efficacy of 838 

antibiotics up to several orders of magnitude [33,75]. In another recent study, laser-induced 839 
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VNBs were demonstrated to be able to destroy vision-impairing vitreous opacities in human 840 

eyes at substantially reduced light energies as compared to current laser therapies [76]. At last, 841 

VNB-mediated detection and destruction of melanoma circulating tumor cells was explored as 842 

well, harnessing their elevated melanin content as photothermal sensitizer [77]. Together it 843 

shows that the potential of laser-induced VNBs, even though discovered already 20 years ago, 844 

continues to grow for a diversity of biomedical applications where precise mechanical alteration 845 

of a biological barrier is needed. 846 
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Table 1. Summary of different NPs with respect to material, morphology, size and surface functionalization explored for cytosolic delivery via 857 

VNB-mediated plasma membrane disruption. 858 

Material and 

morphology 

Size Surface 

Functionalization 

Effector 

molecule 

Clustering? Pulse duration, 

wavelength 

Cell type Efficiency Viability Ref 

Gold 30 nm Anti-EGFR Ab FD 150 kDa Not specified 4 ns, 532 nm OVCAR-3 ~70% >80% (*) [45] 

Nanospheres 60 nm OKT 3 Ab pDNA Yes 70 ps, 532 nm CD3+ T ~96% ~75% [9] 

  PDDAC MLKL 

protein 

No 7 ns, 561 nm B16F10 ~38% - [41] 

  PDDAC mRNA No 7 ns, 561 nm HeLa 

Jurkat 

~38% 

~20% 

~80% 

~75% 

[14] 

[14] 

 70 nm Amine 

polymerization 

siRNA No 7 ns, 561 nm H1299 

CD8+ T 

>80% 

40-60% 

>90% 

~70% 

[7] 

[62] 

 100 nm - pDNA Yes 45 fs, 800 nm WM278 ~23% >80% [28] 

 200 nm - pDNA Not specified 120 fs, 796 nm ZMTH3 

CD34+ HS 

~0.57% 

~2.7% 

>80% (*) 

<40% (*) 

[12] 

[12] 

  - Guide-

RNA/Cas9 

Not specified 850 ps, 532 nm 

 

CD8+ T 

Stroma  

~5% 

~5% 

- 

- 

[67] 

[67] 

 250 nm - siRNA Yes 120 fs, 796 nm CT1258 

 

<50% >90% (*) [60] 
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Gold 

nanorods 

Not 

specified 

Anti-EGFR Ab Anti-Ki-46 Not specified 4 ns, 532 nm 

4 ns, 730 nm 

OVCAR-3 

OVCAR-3 

~54% 

~49% 

>80% (*) 

>80% (*) 

[20] 

[20] 

Gold core-

shell NPs 

300 nm PEG pDNA No 5 ns, 945 nm CL1-0 

P19 

~86% 

~73% 

~96% 

~96% 

[21] 

[21] 

Carbon 

Black NPs 

25 nm SDS pDNA Yes (200 

nm) 

100 fs, 800 nm DU 145 ~22% >90% (*) [34] 

GQDs 40 nm - FD 10 kDa Yes 7 ns, 561 nm HeLa >50% >80% [31] 

 28 nm PEG FD 10 kDa No 7 ns, 561 nm Jurkat ~56% ~80% [13] 

rGO 241 nm 

266 nm 

PEG 

PEI 

FD 10 kDa 

FD 10 kDa 

No 

No 

7 ns, 561 nm 

2 ps, 800 nm 

Jurkat 

Jurkat 

~63% 

~80% 

~80% 

~80% 

[13] 

[13] 

Ab, antibody; EGFR, epidermal growth factor receptor; FD, FITC-Dextran; GQDs, graphene quantum dots; HS, hematopoietic stem; MLKL, 859 

mixed-lineage kinase domain-like; mRNA, messenger RNA; NPs, nanoparticles; PDDAC poly(diallyl dimethyl ammonium chloride); pDNA, 860 

plasmid DNA; PEG, polyethylene glycol; PEI, polyethylenimine; rGO, reduced graphene oxide; SDS Sodium dodecyl sulphate; siRNA, small 861 

interfering RNA. 862 

(*) Cell viability assessment via live/dead staining and analysis by flow cytometry 863 
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