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the liver and spleen, and prolong circula-
tion lifetimes.[5,6] Once passively accumu-
lated within the target tumor, however, 
drugs must be released from a nanopar-
ticle at effective therapeutic concentrations 
(typically cytotoxic concentrations). In the 
case of Doxil (PEGylated liposomal doxo-
rubicin)—the first clinically approved, tar-
geted cancer nanomedicine—extracellular 
drug release relies on passive diffusion 
of doxorubicin across the liposome mem-
brane. To maximize free drug concentra-
tions within targeted tumors, methods 
to actively load very high concentrations 
of doxorubicin within liposomes have 
been developed.[7] Despite this, the supe-
riority of clinically approved liposomal 
doxorubicin formulations, over adminis-

tered free doxorubicin, remains contentious.[8] It is now gener-
ally accepted that improved toxicological profiles, rather than 
improved efficacy, constitute the main pharmacological benefit 
of liposomal-doxorubicin formulations (over administration of 
the free drug).

A potentially more effective strategy to treat cancer is to 
promote cellular uptake of drug-filled nanomedicines within 
cancer cells. This is most commonly attempted through the 
display of active targeting moieties (e.g., RGD, folate) from a 
nanoparticle surface.[9,10] However, active targeting strategies 
to promote cellular uptake of nanoparticles typically conflict 
with strategies employed to prolong circulation lifetimes. Most 
notably, the extremely limited cellular uptake of PEGylated nan-
oparticles hinders efficient intracellular drug delivery to cancer 
cells.[11] To overcome this PEG dilemma, stimuli-responsive 
dePEGylation of nanoparticles within the target tumor has been 
investigated.[12,13] In the majority of cases, dePEGylation is trig-
gered by an endogenous stimuli (low pH,[14] matrix metallopro-
teinases[15]), exploiting pathophysiological differences between 
healthy and tumor tissues. However, suboptimal cleavage con-
ditions/rates—common pH-sensitive groups (e.g., hydrazones, 
acetals, and benzoic imines) are optimally sensitive at pH <6, 
whereas the tumor microenvironment is generally pH >6.5[16]—
typically lead to inefficient drug release profiles. Alternatively, 
dePEGylation of a nanoparticle can be triggered by an external 
stimuli, for example, light.[13] In this way, nanoparticle activa-
tion can be localized with very high spatiotemporal resolution, 
including deep within tissue. Two photon excitation sources, for 
example, can be used to focus light within femtoliter (fL) vol-
umes at tissue depths of up to 1 cm,[17,18] while deeper tissues/
pathologies can be accessed using fiber optic LEDs or inject-
able microLEDs.[19–21] Although the use of light to dePEGylate 
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1. Introduction

The majority (5 of 7) of clinically approved, targeted nano-
medicines are liposomal formulations used to treat various 
human cancers.[1,2] All function through passive targeting 
of solid tumors via the enhanced permeability and retention 
(EPR) effect—a phenomenon characterized by the ill-defined 
(“leaky”) vasculature and poor lymphatic drainage of select 
solid tumors.[3,4] To maximize passive targeting to solid tumors, 
PEGylation of nanoparticle surfaces is a long-standing strategy 
to reduce serum protein absorption, limit nanoparticle recogni-
tion and clearance by the reticulo-endothelial system (RES) in 
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nanomedicines has mainly been used to trigger extracellular 
drug release from a nanocarrier,[22–27] enhanced tumor targeting 
and active cellular uptake of dual responsive polymersomes 
following light activation has recently been reported.[28] In this 
case, near-infrared (NIR) light was used in combination with 
upconverting nanoparticles (UCNPs) to achieve efficient nano-
particle dePEGylation deep within a murine xenograft tumor.

Herein, we show light-triggered and cell-specific targeting 
of doxorubicin-filled liposomes to xenograft breast cancer cells 
in live embryonic zebrafish. Our method relies on responsive 
dePEGylation of a liposome surface, in situ and in vivo, to 
reveal underlying, active targeting functionality tethered to the 
liposome surface. To demonstrate the general applicability of 
this approach, we show light-triggered targeting of liposomal-
doxorubicin formulations to cancer cells using both clinically 
relevant, folate-decorated liposomes (F-liposomes, targeting 
the overexpressed folate receptor on xenograft MDA-MB-231 
cells[29,30]), as well as an experimental, two component (peptide 
E and K) fusion system that promotes direct fusion of lipo-
some and cell membranes, with concurrent cytosolic delivery 
of encapsulated liposomal content (Figure 1).[31] For the fusion 
system, liposome–cell interactions rely on the recognition and 
binding of two coiled-coil forming peptides—peptide E (amino 
acid sequence: (EIAALEK)n) and peptide K (amino acid sequence: 
(KIAALKE)n)—tethered to opposing lipid membranes.[32] 
For this system to work, target cancer cell membranes must, 
therefore, first be enriched with the synthetic lipopeptide CPK 
(cholesterol-PEG4-peptide K (see Scheme S1, Supporting Infor-
mation, for chemical structure) to form K-functionalized cells. 
Once engrafted in vivo, these cells can recognize, bind to, and 
fuse with circulating liposomes whose membranes are enriched 
with the complementary lipopeptide, CPE (cholesterol-PEG4-
peptide E; see Scheme S1, Supporting Information, for chem-
ical structure). Crucially, prior to light-triggered dePEGylation, 
both PEGylated E- and PEGylated F-liposomes freely circulated 
throughout the vasculature of the embryonic fish and did not 
interact either with xenograft cancer cells or key RES cell types 
of the embryo.

2. Results and Discussion

We have previously shown that the interaction between fuso-
genic peptides E and K, displayed from opposing membranes, 
can be sterically shielded through PEGylation of E-function-
alized liposomes (EPEG-liposomes).[33] Furthermore, through 
incorporation of a photocleavable linker, we have shown pre-
cise spatiotemporal control of liposome–liposome fusion and 
liposome–cell docking through light-triggered dePEGylation 
of EPEG-liposomes in vitro.[34] In this case, PEG2000 was suffi-
cient in length to sterically shield the interaction between com-
plementary, three heptad (21 amino acid) E and K peptides (E3 
and K3). However, to achieve full fusion of liposome and cell 
membranes, E and K peptides must be extended to four heptad 
repeats (E4/K4, 28 amino acids).[31]

To assess the optimal PEG length necessary to sterically 
shield the E4/K4 peptide interaction, lipid mixing experiments 
between E4- and K4-liposomes were, therefore, first performed 
in vitro (Figure  2a). For this, photolabile cholesterol-o-ni-
trobenzyl-PEG constructs (PEG2000 and PEG5000; see Scheme S1,  
Supporting Information, for chemical structure) were incor-
porated (via post-modification), at varying mol% (0–10 mol%) 
within E4-liposome formulations (see Supporting Information 
for size and zeta potentials of all liposomes, and Figure S1, 
Supporting Information, for TEM images of EPEG- and FPEG-
liposomes). As photocleavable functionality, methoxy-func-
tionalized o-nitrobenzyl groups were selected as: 1) they have 
been successfully used as photocage of a variety of bioactive 
compounds and biomolecules in complex biological solutions; 
2) they have rapid photolysis kinetics; and 3), as the methyl sub-
stituted variant (at the benzylic position), the evolved nitroso 
photolytic by-products are less toxic than unsubstituted nitroso 
variants.[35] Now with larger tetrameric E4 and K4 peptides dis-
played from liposome surface, PEG2000 was shown ineffective 
at shielding the interaction between complementary peptides, 
as evidenced by significant lipid mixing of E- and K-liposome 
membranes even at high incorporated mol% of PEG. In con-
trast, >2  mol% cholesterol-PEG5000 incorporated within the 
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Figure 1.  Light-triggered, cancer-cell-specific liposome–cell fusion in xenograft zebrafish embryos. Human cancer cells are first pre-functionalized 
with cholesterol–peptide K4 in vitro. Functionalized cancer cells are then injected into the circulation (via the duct of Cuvier) of 2-day old zebrafish 
embryos. Xenograft cancer cells quickly accumulate within the caudal hematopoietic tissue (CHT) of the embryo. One hour after cancer cell injection, 
EPEG-liposomes are injected into circulation via the posterior caudal vein (PCV). Prior to light-triggered dePEGylation, liposomes are confined to the 
vasculature of the fish and freely circulate. Following UV irradiation and in situ dePEGylation, liposomes rapidly and selectively bind to and fuse with 
xenograft cancer cells. This interaction is mediated through the recognition of fusogenic peptides E and K displayed from opposing lipid membranes. 
Liposome-encapsulated cargos (e.g., cytotoxic drugs) are delivered directly to the cytosol of the recipient cell.
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E-liposome membrane was sufficient to completely shield the 
E4/K4 interaction. Furthermore, upon UV irradiation (15 min, 
370  ±  7  nm, 202  mW cm−2; see Figure S2, Supporting Infor-
mation, for dePEGylation efficiency) of an equimolar solu-
tion of K-liposomes and EPEG-liposomes (4 mol% photolabile 
cholesterol-PEG5000), complete restoration of lipid mixing of 
K- and E-liposome membranes (Figure  2a) and a concomi-
tant increase in liposome size, due to the fusion of two or 
more distinct liposomes (Figure S3, Supporting Information) 
was observed. Given the significantly smaller molecular size 
of folate, we assumed 4 mol% PEG5000 would be amply suffi-
cient to sterically mask displayed folate functionality from the 
F-liposome surface. EPEG-liposomes (containing 4 mol% photo-
labile cholesterol-PEG5000) were stable in aqueous media (+10% 
serum) for at least 20 h at room temperature (Figure S4, Sup-
porting Information).

Next, light-induced liposome–cell interactions, mediated 
through E/K complexation, were assessed in vitro (Figure 2b–d).  
For these experiments, HeLa cells were pre-functionalized 

with lipopeptide K4 constructs (to form K-functionalized cells), 
as previously described.[36] EPEG-liposomes (400  µm, 4 mol% 
PEG2000 or PEG5000)—containing a fluorescent lipid probe  
(1 mol% DOPE-NBD, green) and encapsulated propidium iodide 
(PI, a turn-on intercalator, 75  µm, red)—were incubated with 
K-functionalized cells, washed, and imaged, both before and 
after UV irradiation (15 min, 370 ± 7 nm, 50.6 mW cm−2, light 
dose = 45.5 J cm−2). Under analogous irradiation conditions and 
experimental setups, no photocytotoxicity was observed.[25] Sup-
porting lipid mixing experiments, EPEG-liposomes (PEG2000, 4 
mol%), prior to light irradiation, interacted with K-functionalized 
HeLa cells (Figure  2b), confirming PEG2000 is an insufficient 
steric shield in blocking E4/K4 interactions in both liposome–
liposome and liposome–cell fusion experiments. In contrast, 
prior to light-triggered dePEGylation, EPEG-liposomes (PEG5000, 
4 mol%) showed no interaction with cells nor intracellular PI 
delivery (Figure 2c). However, subsequent in situ UV irradiation 
(15 min, 370 ± 7 nm, 50.6 mW cm−2, light dose = 45.5 J cm−2) 
resulted in HeLa cell membranes homogenously labeled with 

Adv. Healthcare Mater. 2020, 9, 1901489

Figure 2.  Optimization of required PEG length. a) Lipid mixing experiments of E- and K-liposomes incorporating varying mol% cholesterol-nitrobenzyl-
PEG2000 (left) or cholesterol-nitrobenzyl-PEG5000 (right) within E-liposome formulations: 0 mol% (black), 2 mol% (red), 4 mol% (blue), 8 mol% (pink), 
10 mol% (green) following UV irradiation (15 min, 370 ± 7 nm, 202 mW cm−2) (orange). Liposome–cell fusion of EPEG-liposomes: b) 4 mol% PEG2000 
before UV; c,d) 4 mol% PEG5000 before and after applying UV light (15 min, 370 ± 7 nm, 50.6 mW cm−2, light dose = 45.5 J cm−2). EPEG-liposomes 
contained 1 mol% DOPE-NBD (lipid probe, green) and encapsulated PI (75 µm, turn-on intercalator, red); scale bars = 30 µm.
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liposome-associated lipid probes (DOPE-NBD) and PI clearly 
dispersed within the cell cytosol (Figure  2d). Analogous locali-
zation and homogenous dispersion of lipid probes throughout 
target plasma cell membranes (rather than punctae within cells, 
indicative of endosomal uptake) was previously observed in E4/
K4 mediated liposome–cell fusion experiments, including in the 
presence of various endocytosis inhibitors.[31] From these experi-
ments, 4 mol% PEG5000 displayed on the surface of E4-liposomes 
was deemed sufficient to inhibit putative E4/K4 mediated lipo-
some–cell fusion and, by using photolabile lipid–PEG constructs, 
precise spatiotemporal control over liposome–cell membrane 
fusion could be achieved (Figure S5, Supporting Information).

Next, light-triggered, active targeting of liposomes to xeno-
graft MDA-MB-231 breast cancer cells was assessed within live 
embryonic zebrafish (Figure  3). Both F-liposomes, targeting 
the overexpressed folate receptor on MDA-MB-231 cells,[29,30] 
and E-liposomes, targeting K-functionalized MDA-MB-231 
cells, were independently tested. Zebrafish embryos are small 
(2–3  mm in length) and transparent enabling fluorescence 
imaging of specific biological events across entire living organ-
isms in real time.[37] Zebrafish are increasingly used as model 
organisms to study fundamental processes such as embryo-
genesis, cell migration, sleep, and disease pathogenesis.[38–40] 
This includes the development of embryonic zebrafish xeno-
graft models to study the pathogenesis of human cancers,[41–43] 
including human breast cancers.[44,45] Here, MDA-MB-231 
breast cancer cells, stably expressing GFP, were microinjected 
into the circulation of 2-day old zebrafish larvae via the duct 
of Cuvier and quickly accumulated (<1 h post injection [hpi]) 
within the caudal hematopoietic tissue (CHT).[46] One hour 
after injection of cancer cells, either fluorescently labeled 
EPEG- or FPEG-liposomes (4 mol% PEG5000, 1 mol% DOPE-LR 
probe) were injected (1 mm, 3 nL) into circulation via the pos-
terior cardinal vein (PCV). Prior to UV irradiation, both EPEG- 
and FPEG-liposomes freely circulated, were confined within the 
vasculature of the embryo, and no co-localization of liposomes 
with either xenograft cancer cells or key RES cell types of the 
embryonic zebrafish (e.g., scavenging endothelial cells [SECs] 
or blood resident macrophages),[47] was observed (Figure 3).

Following in situ UV irradiation (15 min, 370  ±  7  nm, 
13.5 mW cm−2, light dose = 0.45 J per embryo) of the embry-
onic fish, however, both E- and F-liposomes rapidly and selec-
tively co-localized with xenograft cancer cells (<30  min, i.e., 
prior to first image acquisition) (Figure 3). Under these irradia-
tion conditions, embryos continued to develop normally (up to 
6 days post-fertilization [dpf ]) and no phenotypic abnormali-
ties were observed (Figure S6, Supporting Information). Under 
identical conditions, the biodistribution of FPEG-liposomes 
containing non-cleavable PEG5000 (DSPE-PEG5000, Avanti) 
remained unchanged before and after in situ light irradiation, 
demonstrating the targeting requirement of both liposomes 
containing photocleavable PEG as well as UV light (Figure S7,  
Supporting Information). In the case of E-liposomes, E/K 
specificity was confirmed by repeating the experiment in the 
absence of peptide K (displayed from xenografted cancer cells). 
In this case, no E-liposome accumulation with cancer cells was 
observed following UV irradiation, confirming the requirement 
and selectivity of E4/K4 recognition and complexation for cell 
specific targeting (Figure S8, Supporting Information).

Extending our approach to liposome-mediated, intracel-
lular drug delivery, we first measured the in vitro cytotoxicity 
(MDA-MB 231 cells, WST assay) of doxorubicin-filled EPEG- and 
FPEG-liposomes (4 mol% PEG5000), before and after light acti-
vation, and compared this to the toxicity of free doxorubicin 
(Figure  4a). Again, for experiments involving EPEG-liposomes, 
cells were first pretreated with lipopeptide K. For both EPEG- and 
FPEG-liposomes, cell viability was unaffected in the absence of 
applied UV light, and, in the case of EPEG-liposomes, no intra-
cellular DOX delivery was observed (Figure 4b; FPEG-liposomes 
were not analyzed under the fluorescence microscope). Upon 
light-triggered dePEGylation, however, both E- and F-liposome 
mediated delivery of doxorubicin led to enhanced cytotoxicity 
(IC50  ≈100 and 200  µm, respectively, for E- and F-lipo-DOX) 
compared to free DOX (IC50  ≈300  µm). Interestingly, under 
these experimental conditions, the most potent cytotoxicity was 
observed for E/K-mediated liposomal delivery of DOX. This sug-
gests DOX delivery direct to the cell cytosol, following liposome-
cell membrane fusion, is a potentially potent method of drug 
delivery. Importantly, freshly prepared DOX-loaded liposomes 
used in all cases, as significant DOX leakage (30-40%) from 
the liposome core was observed for all formulations during 
prolonged storage and would affect the efficiency of liposomal 
DOX delivery over time (Figure S9, Supporting Information).

Next, doxorubicin-filled EPEG-liposomes (4 mol% PEG5000, 
250  µm doxorubicin) were intravenously microinjected into 
embryonic zebrafish xenografts (K-functionalized MDA-
MB-231 breast cancer cells) (Figure  4c) and the efficacy in 
reducing tumor burdens assessed (Figure  4d,e). For this, rela-
tive cancer cell proliferation was quantified by measuring total 
GFP fluorescence of xenograft cancer cells. Here, significantly  
(p  < 0.0001) reduced cancer cell proliferation (46.9% reduction) 
was only observed in the “+UV” group. In the absence of light, 
tumor proliferation was unaffected and no significant difference 
in cancer cell numbers was measured compared to the untreated 
controls. Again, using cancer cells unfunctionalized with peptide 
K, no reduction in cancer cell proliferation was observed (Figure 
S10, Supporting Information), further emphasizing the essential 
requirement and selectivity of E4/K4 recognition and complexation.

3. Conclusion

Here, we successfully demonstrate light-triggered targeting 
of liposomes to xenograft cancer cells in vivo. Our approach 
relies on the light-triggered dePEGylation of liposome sur-
faces, revealing underlying targeting functionality. General 
applicability of this approach was demonstrated using both an 
experimental two-component fusion system (peptides E and K) 
as well as clinically relevant folate-decorated liposomes. Both 
EPEG- and FPEG-liposomes, prior to light-triggered activation, 
freely circulated throughout the vasculature of the embryonic 
zebrafish, and showed no significant interactions with either 
target cancer cells or key RES cell types (scavenging endothe-
lial cells or blood resident macrophages) within the fish.[47] In 
mammals, analogous RES cell types, namely liver sinusoidal 
endothelial cells (LSECs), Kupffer cells (hepatic, blood resident 
macrophages), and splenic macrophages, are responsible for 
the clearance of the majority of i.v. administered nanoparticles 

Adv. Healthcare Mater. 2020, 9, 1901489
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Figure 3.  Cancer cell specific, light-triggered liposome–cell interactions in vivo. a) Biodistribution of EPEG-liposomes (1 mm, 4 mol% PEG5000, containing 
1 mol% DOPE-Atto 633, far red) in Tg(kdrl:GFP/mpeg:RFP) zebrafish embryos (2 dpf), following i.v. injection. Liposomes are confined within the vas-
culature of the embryo and freely circulate. No liposome co-localization with either endothelial cells (green) or (blood resident) macrophages (blue) 
is observed indicative of the ability of EPEG-liposomes to evade key RES cell types. Confocal z-stacks acquired at 1hpi. b,c) MDA-MB-231 human breast 
cancer cells, stably expressing GFP, were injected into the circulation of a 2-day old zebrafish embryo and quickly accumulated in the caudal hemat-
opoietic tissue (CHT). In the case of E-liposomes, cells were pre-treated with lipopeptide K. Into this xenograft model, either EPEG- or FPEG-liposomes 
(1 mm, 4 mol% PEG5000, containing 1 mol% DOPE-LR, red) were injected into circulation. Prior to UV irradiation, both EPEG- or FPEG-liposomes were 
freely circulating, confined within the vasculature of the fish (left image panels). Following UV irradiation (15 min, 370 ± 7 nm, 13.5 mW cm−2, light 
dose = 0.45 J per embryo) and photolytic dePEGylation, both E- and F-liposomes selectively bound to xenograft cancer cells within the CHT (right image 
panels). Data are representative of three independent experiments (each n = 5). Field of view = boxed region in embryo cartoon. Scale bars = 100 µm.
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Figure 4.  Delivery of liposome-encapsulated doxorubicin to MDA-MB 231 cells both in vitro and in vivo. a) MDA-MB-231 breast cancer cell viability 
in vitro (measured by WST assay) following 2 h incubation with either DOX-filled EPEG-liposomes (4 mol% PEG5000), before (red) and after (blue) UV 
activation (15 min, 370 ± 7 nm, 50.6 mW cm−2, light dose = 45.5 J cm−2); FPEG-liposomes (4 mol% PEG5000), before (pink) and after (cyan) UV activa-
tion; or free doxorubicin (black) without UV irradiation. For +UV samples, liposomes were added to cells and immediately irradiated. 2 h incubation 
time includes 15 min irradiation time. In the absence of light, both EPEG- and FPEG-lipo-DOX formulations were non-toxic. Following light activation, 
liposome-mediated delivery of doxorubicin resulted in enhanced cytotoxicity (F-liposomes, IC50 = approx. 200 µm; E-liposomes, IC50 = approx. 100 µm) 
compared to free doxorubicin (IC50 = approx. 300 µm). In all cases, freshly prepared DOX-filled liposomes were used to minimize the effects of DOX 
leakage over time. b) Intracellular DOX delivery by EPEG-liposomes (200 µm encapsulated DOX, red) and K-functionalized MDA-MB-231 breast cancer 
cells, stably expressing GFP, green, before (left) and after (right) UV irradiation (15 min, 370 ± 7 nm, 50.6 mW cm−2, light dose = 45.5 J cm−2). Scale 
bars = 100 µm. c) Timeline of zebrafish development, MDA-MB-231 cell injection, liposome injection, and quantification in the zebrafish embryo. At 2 
dpf, MDA-MB-231 cells (approx. 300 cells) were injected into circulation via the duct of Cuvier. One hour after engraftment, DOX-filled, EPEG-liposomes  
(3 nL, 4 mm total lipid; 200 µm encapsulated doxorubicin) were injected into circulation via the posterior cardinal vein. UV irradiation (15 min, 
370 ± 7 nm, 13.5 mW cm−2, light dose = 0.45 J per embryo), where appropriate, was performed immediately after the injection of liposomes. Tumor 
burden analyzed at 4 dpi. d,e) Visualization and quantification of cancer proliferation in the zebrafish embryo. Significant (p < 0.0001) reduction in 
tumor volume was only observed for DOX-filled, EPEG-liposomes, following in situ light activation. In the absence of light activation, tumor progres-
sion/burden was unaffected as for untreated controls. Data is presented as mean values ± SD; each point on the scatter plots represents one larva. 
Brackets indicate significantly different values (****, p < 0.0001; NS, not significant) based on one-way ANOVA statistical testing. n = 61 individually 
injected embryos (untreated group). n = 114 (without UV group) and n = 108 (with UV group). Scale bars = 500 µm.
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from the body.[48] While there is currently no established model 
for the EPR effect in embryonic zebrafish, the implications of 
our findings are that both EPEG- and clinically relevant FPEG-
liposomes, prior to light activation, would likely evade RES 
clearance in mammals, prolonging circulation lifetimes and 
the potential for liposome accumulation in pathological tissues 
with enhanced permeability.

In the case of E-liposome targeting, prior modification 
of cancer cell membranes with complementary peptide K is 
a pre-requisite. While this system provides us with a funda-
mental tool to probe alternative liposomal drug delivery routes 
(i.e., fusion versus endocytosis), as well as a highly selective 
handle for targeting as is shown in this study, the necessity 
for components displayed from both liposome and target cell 
membranes is a major limitation to further in vivo applica-
tion. Similarly, the use of UV light as a trigger raises valid con-
cerns over applicability in larger, non-transparent mammals, 
including humans. To some extent, these concerns relate to 
the poor tissue penetration of UV light (≈100–200 µm). As a 
result, the clinical use of UV light is restricted to the topical 
treatment of cosmetic skin disorders, including psoriasis, 
acne, and eczema.[49] However, these limitations are increas-
ingly being overcome, as fundamental advances in fiber 
optic[19] and wireless LED technologies[20,21] facilitate the local-
ized delivery of UV light deep within patients. Alternatively, 
extended exposure to UV light is known to pose a significant 
health risk, with the potential to cause DNA damage, cytotox-
icity, and cancer.[50] In this study, applied UV-A (370 ± 7 nm) 
light doses to zebrafish embryos (12.1 J  cm−2) are well below 
recommended (skin) exposure limits (32 J cm−2 @ 375 nm).[51] 
Furthermore, while single photon UV-A (370  nm) light is 
optimal for the photolysis of o-nitrobenzyl functionalities, 
the use of 2-photon excitation sources[52,53] or photolabile 
chemistries sensitive to longer wavelength, visible light,[54,55] 
offer options for light activation both deep in tissue and with 
reduced photocytotoxicity.

Finally, this study highlights the unique opportunities 
offered by the embryonic zebrafish model in the design and 
optimization of nanomedicines. In this study, we were able 
to generate our desired xenograft cancer model without the 
need for immunosuppression (the adaptive immune system 
is not yet developed zebrafish embryos); directly visualize the 
changing pharmacokinetics of stimuli-responsive nanoparticles 
in situ, in vivo, and in real time; and set-up and perform effi-
cacy studies, involving several hundred animals, within 1 week. 
The combined level of detailed assessment, low cost, and exper-
imental speed, afforded by the embryonic zebrafish model, is 
simply not achievable using conventional animal models (e.g., 
mice and rats). As to the predictive potential of the embryonic 
zebrafish, we, and others, have recently shown both pharma-
cokinetic parameters and key cellular interactions of nanomedi-
cines are highly conserved between the embryonic zebrafish 
and mice.[47,56]
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