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ABSTRACT 

Pharmacological success is strongly determined by how a drug is delivered to its target 

structure. This is the reason why the development of improved and new drug delivery 

strategies is one of the greatest pharmacological research focuses. The present work 

proposes a novel cell-based drug delivery system based on the use of fast migrating 

amoeboid-like fragments without nucleus and the photo-induced thermal properties of gold 

nanoheaters as release triggers. The objective is to determine the practical feasibility of this 

concept following different strategies, starting with the use of zebrafish embryo cells. This 

type of cells was later rejected for this aim due to the impossibility to load them with 

nanoheaters using the tested procedures. HeLa cells were then deemed as good candidates 

to orientate future proof-of-concept tests in this direction. 

 

 

INTRODUCTION 

How to deliver a drug is one of the greatest focuses of pharmacological research. 

Transporting the pharmacological compound of interest to target tissues and achieving there 

therapeutic concentrations are key events to succeed in therapeutic efficacy.1 For this 

reason, several drug delivery systems (DDS) have been proposed and studied in the last 

decades, such as engineered nanoformulations or biological delivery systems.2  
 

The latest group, which includes cell or cell-based DDS, arises as a promising delivery 

approach to overcome challenges that limit other types of DDS, such as immunogenicity, 

rapid clearance or low stability.3–5 The autologous nature of cell or cell-based DDS ensure 

high biocompatibility and low toxicity, as well as the maintenance of properties of their parent 

cells (motility, specific tropic properties, lifespan).2,6 A cell-based DDS with versatile 

migrating properties could potentially overcome obstructive structures and deliver the 

compound of interest to a wide range of tissues. Recent findings have described the 

induceable and persistent amoeboid-like migrating properties of zebrafish embryonic 

progenitors, features that could potentially be used to design a new DDS.7  
 

A key feature of this conceptual DDS would be its intrinsic motile properties. Cell motility is a 

manifestation of mechanical work occurring inside the cell by consuming energy, with the 

critical participation of the cytoskeleton elements.8 Directional cell motility is key for either 

physiological and pathological processes, such as embryogenesis, immunosurveillance or 

cancer cell metastasis.9–11 Before the onset of motility, establishing a front-rear functional 

and structural asymmetry has been deemed as necessary.9,12,13 This polarization, and the 

consequent different motility behaviours, result in different shapes of motile cells.14 
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Depending on the final cytoskeletal organization and the influence of the extracellular 

environment, individually migrating cells can be coarsely classified into two main groups: 

mesenchymal and amoeboid migrating modes. Mesenchymal migrating cells have an 

elongated morphology; move in a slow fibroblast-like manner with strong cell-matrix 

interactions. In contrast, amoeboid migration is characterized by faster migration speed, 

flexible round or ellipsoid cell shape and lack of mature focal adhesions.15–17 Cells that 

display this kind of migration, such as leukocytes or primordial germ cells (PGCs) from 

several species, are constantly altering the balance between contraction, protrusion and 

adhesion to adapt to local topologies.16,18,19 
 

Despite this simplified classification, cells have the ability to modify their migration mode in 

response to biochemical and physical environment changes.15,16 Transitions from amoeboid 

to mesenchymal migration (AMT) and conversely (MAT) are thought to have a key role in 

the metastatic process.10 Rapid transition to a fast and persistent amoeboid motility has 

been observed not only in tumour cells but in a wide range of eukaryotic cells under 

conditions of confinement and low adhesion, suggesting that this induction of MAT is a 

common mechanism that allows cells to adapt to the environment without the need for 

extensive transcriptional programmes.7,10,20 
 

A specific type of induced amoeboid-like motility was described in embryonic progenitor cells 

of zebrafish, termed stable-bleb cells for their distinct steady shape with a large spherical 

protrusion at the front. The induction of this type of motility starts with the polarization of the 

cell, driven by increased myosin II-mediated cortical contractility induced by either a 

chemical (lysophosphatidic acid; LPA) or physical trigger (confinement). Once a certain 

threshold of contractility is surpassed, this asymmetric contraction of the actomyosin cortex 

is key not only for the induction of polarization but also for its maintenance: contractile 

gradient promotes cortical flows and cortical flows reinforce the density gradient that enables 

the contractile gradient, establishing a positive loop that ensures the sustaining of the stable-

bleb cell polarity. Under confinement conditions, these stable-bleb cells display a fast and 

directional motile behaviour in both adhesive and non-adhesive environments. Given the 

specific distribution of the cortex elements, stable-bleb cell movement cannot be explained 

by actin polymerization pushing the leading edge, but rather by the contractile rear and a 

transmission of perpendicular forces from the actomyosin cortex to the confined substrate, a 

phenomenon known as chimneying.7,16,18,20 
 

Dissociation of the leading protrusion from cells of different motile behaviour has been 

reported, and they do maintain their motile properties but devoid of a nucleus.12,20 In the 
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case of amoeboid-induced motility, this locomotive type was deemed as possible because of 

intrinsic properties of the actomyosin cortex.20  
 

Taking this into account and using a scaled-up method for mechanical dissociation of the 

blebs, obtaining isolated protrusive fronts from stable-bleb cells would create a valuable and 

highly versatile system that could move through a wide range of different environments.7,21 

Hence, the proposed cell-based motile system would be useful as a DDS to carry desired 

cargos to target tissues. In this context, gold-containing nanoheaters are proposed as the 

necessary switch to trigger the opening of this system on demand and therefore provoke the 

release of the cargo.  
 

Gold nanoparticles (AuNPs) absorb and scatter visible light. Through excitation of the free 

electrons of the gold atoms, light absorption in the visible to near-infrared (NIR) region leads 

to heating of the particles, and therefore their surrounding environment.22–24 Amongst others, 

these unique heating properties have been extensively studied for therapeutic purposes, 

such as for hyperthermia as a sensitizer method in cancer treatment.24,25 Their proved ability 

to induce very localized cell damage upon light stimulation make AuNPs and other AuNPs-

containing systems perfect candidates to trigger a controlled release of the cargo carried by 

the cell-based DDS proposed in this work, by photothermally disrupting the cellular 

fragment.26 

 

Therefore, a new cell-based system for controlled transport and release of compounds of 

interest is proposed and discussed in this work as the starting point for a new exploratory 

research line, merging the knowledge and expertise of two different laboratories. Moreover, 

several strategies have been followed to achieve the loading of the zebrafish embryonic 

cells as the preliminary steps for future proof-of-concept tests. Some alternatives are also 

performed to determine the feasibility of the proposed system. 
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METHODS 

1. Synthesis and characterization of nanoparticles 

Two different types of gold-containing nanoparticles were used in the present study. The first 

type was S30 star-shaped particles (AuNS) and the second was hollow polyelectrolyte 

nanocapsules (NCs) labelled with Rhodamine B and AuNPs embedded on their walls.  

 

1.1  S30 gold nanostars 

A previously described seed-mediated surfactant-free methodology was performed in order 

to synthesize the AuNS.27 All material was prepared with an aqua regia cleaning treatment 

before its use, and the solvent for every solution was MiliQ water unless otherwise stated.  

 

For the seed synthesis (15nm colloidal gold spheres), the Turkevich method was followed.28 

100ml of 0.5mM auric chloride (HAuCl4) solution were brought to boil under heat (170ºC) 

and stirring. 5min after the boiling point was reached, 5ml of a 1% citrate solution were 

added rapidly in order to achieve a monodispersed seed solution. This seed solution was 

kept under vigorous stirring and heating until it reached a burgundy colour.  

 

For the anisotropic growth of the spikes, 100𝜇l of HCl, 1.5ml from the previously prepared 

seed solution, 1ml of 3mM silver nitrate (AgNO3) and 500𝜇l of 0.1M ascorbic acid (AA) were 

added simultaneously to 100ml of 0.25mM HAuCl4, under vigorous stirring. After 30s, the 

dark-coloured solution was centrifuged at 3000-5000rpm for 20min at low temperature. The 

supernatant was discarded and the precipitate was resuspended in a controlled volume of 

solvent.  

 

1.2  Calculation of S30 AuNS stock solution molar concentrations 
In order to work with informative and constant units, the molar concentrations of the 

synthesized S30 AuNS stock solution were calculated (nº stars/volume) using the 

methodology previously described by Browning LM et al (2013).29 In this case, a complete 

reduction of HAuCl4  was not assumed: instead, experimental data was used to do the 

calculations.  

 

Seed solution was characterized using UV-vis spectroscopy, and extinction values at 400nm 

were taken to calculate the molar concentration of Au in the seed solution. The mass of 

generated Au (WAu) was then obtained by multiplying the number of moles of Au by the 

atomic weight of Au. Then, using the density of gold and the WAu, the generated volume of 

Au was calculated (VAu). The assumption of a constant size of 15nm and spherical shape 

was critical for the next step, in which the number of seeds was calculated using the VAu and 
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the volume of one single seed (!!(!"!"/!)
!

!
). Taking into account that a number n of seeds 

will lead to n stars, the molar concentration of AuNS was then calculated by dividing the 

number of AuNS by the resuspension volume.  

 
1.3  Polyelectrolyte capsules labelled with Rhodamine B 

Polyelectrolyte NCs were provided by the Integrative Biomedical Materials and 

Nanomedicine laboratory (Figure 2A), already synthesized using a previously described 

methodology.30 The concentration of the stock solution was given in weight of polystyrene 

(PS) per volume of solvent (3000𝜇g/ml).  

 

NCs were synthesized using the layer-by-layer adsorption (LbL) technique. PS was used for 

the core templates of the capsules, and polystyrene sulfonate (PSS) and 

poly(diallyldimethylammonium chloride) (PDDA) as the polyelectrolyte pairs. Nanocapsule 

walls were functionalized with AuNPs and labelled with Rhodamine B. These NCs were 

used after the removal of the core by dissolution. For the microinjections, nanocapsules 

were precipitated and resuspended in Hank’s Balanced Salt Solution (HBSS, Bio 

Whittaker®). 

 

2. Breeding of zebrafish embryos 
Zebrafish were housed in the aquarium facility of PRBB, under the accreditation from the 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). To 

promote mating, spawning and egg fertilization, mature female and male zebrafish 

individuals were exposed to a light:dark cycle in a crossing cage separated by dividers. The 

dividers were removed at the start of a new cycle, and shortly after the spawning occurred 

as expected.31 Then, fertilized eggs were collected and placed on plastic dishes containing 

E3 medium (5.0mM NaCl, 0.17mM KCl, 0.33mM CaCl, 0.33mM MgSO4).  

 

Embryos from three different zebrafish lines were used for this work: the AB line used as 

wild type, and both GFP-CAAX and eGFP-HRAS lines were used for their green 

fluorescence display on the plasmatic membranes of the developing embryo cells.  

 
3. Obtaining zebrafish cells loaded with nanoparticles 

3.1  Microinjecting 2-cell stage embryos 

Glass needles were prepared and calibrated to achieve a 1nl of load dose per injection. 

Embryos with normal colouring and morphology were selected and placed on the trails of a 

previously prepared agarose injection plate (2% agarose dissolved in E3 medium), and then 

a minimum of 10 microinjections per reply was performed.  
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For the AuNSs, the higher concentration available (8.314·108 !"  !"#$!
!"

 stock solution) was 

used on the initial tests to determine if particles could be observed inside the injected 

embryos. Eggs were not dechorionized to preserve their integrity during the first 

development stages.  

 

For the polyelectrolyte NCs, the higher concentration available (3000 !"  
!"

  stock solution) and 

a 1:2 dilution were used to determine if particles could be observed inside the injected 

embryos. Eggs were dechorionized after the injection and mounted on Low Melting Point 

Agarose 1% to achieve an optimal orientation of the cellulated part of the embryo. To assess 

the blastomere microinjection procedure, mRNA of GPI-GFP was co-injected with the 

polyelectrolyte NCs.  

  

3.2  Incubation of isolated dome-stage embryo cells  

Cells from 4.3hpf zebrafish embryos were isolated. Embryos with normal colouring and 

morphology were selected, dechorionized and centrifuged for 3min at 200rpm in order to 

separate the cells from the other elements of the egg. Cells were then cultured with 

Dulbecco’s Modified Eagle Medium (DMEM/F12 with L-Glut, 15mM HEPES; Sigma-

Aldrich®) with different concentrations of both AuNS and NCs. Either 35mm MatTek glass 

bottom dishes and glass coverslips were used as substrate for the cell culture. For the 24h 

incubations, media was supplemented with 1% Fetal Bovine Serum (FBS, Gibco®) and 1x of 

a preparation of Penicillin Streptomycin (Pen-Strep, Sigma-Aldrich®).  

 

4. HeLa cell culturing 

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium F12 (DMEM, Gibco®) 

supplemented with 10% FBS, at 37ºC and CO2 5%. To test NC uptake, cells were incubated 

with NCs for 24h at 70-90% confluency. To determine the position of the NCs in relation to 

the cells, lysosomes and plasmatic membranes were stained with LysoTracker™ Green and 

CellMask™ Deep Red (ThermoFisher Scientific) respectively.  

 

5. Confinement assays 

Confinement assays were performed using a hand-made device based on the compression 

exerted by a 1% agarose structure, where reagents and media were already included. For 

these assays, passivation of the surface using a 30min Bovine Serum Albumin (BSA, 

Sigma-Aldrich®) treatment and cell exposure to Lysophosphatidic Acid (LPA, Tocris 

Bioscience) were also tested.  
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6. Imaging and analysis of embryos, cells and particles 

6.1  Darkfield hyperspectral microscopy 

The CytoViva® Enhanced Darkfield Microscope was used to asses, characterize and map 

the presence of S30 AuNS in the embryos and isolated cells. For the microinjection assays, 

embryos were imaged at <3 hours post injection, mounted on the CV-30  CytoViva® 

Environment Chamber (Warner Instruments). Two large bath gaskets of 375𝜇𝑚 each were 

used to achieve a chamber of 750𝜇𝑚 wide. For the incubation assays, cells were imaged 

after 2, 4 and 24 hours of incubation.  

 

Acquired data from the CytoViva® microscope was analysed and processed with ENVI 4.8. 

Spectral information from pixels and regions of interest (ROIs) were obtained, plotted and 

compared. Images taken with the CytoViva® microscope were corrected with linear 2% or 

square root enhancements.  

 

6.2  Confocal microscopy 

The Leica TCS SP2 Confocal (DM-IRBE) was used to image zebrafish isolated cells and 

embryos, and HeLa cells. Sectioning images of the performed stacks were used to 

determine the position of the NCs relative to the cells.  

 

Excitation of the fluorophores and acquisition of the emitted fluorescence spectra were 

calculated using the Fluorescence Spectra Viewer tool (Thermo Fischer Scientific).32 Image 

processing was performed with the open-source software Fiji.33 

 

6.3  UV-vis spectroscopy 

Gold seed solution was characterized using the Ultrospec 2100 UV-Visible 

Spectrophotometer in a 1cm quartz cuvette. The values obtained from the characterization 

of the visible spectrum were taken to calculate the concentration of the AuNS stock solution, 

as described in Methods Section 3.  

 

 6.4 Statistical analysis 

To assess significance of observed differences between cross-section areas of cells under 

different conditions, unpaired sample t-test was performed. Null hypotheses were rejected 

below the chosen threshold p<0.05. 
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RESULTS 

1. Synthesis of Gold Nanostars 

Gold Nanostars (AuNS) were initially chosen as the nanoheating structure for the proposed 

system. They were synthesized following the procedure explained on the Methods section 

and UV-vis absorption spectroscopy was used to assess the quality of the synthesized 

AuNS. Extinction spectra for both the gold seeds and the final AuNSs were plotted and 

displayed in Figure 1B. 

 

2. Loading Zebrafish cells with Gold-Containing Nanoparticles 

Attempts to obtain zebrafish embryo cells loaded with nanoparticles followed two different 

strategies: a) loading the embryo cells using the blastomere microinjection technique on 1 

and 2-cell stage embryos (0.75hpf), and b) isolating the cells from dome stage embryos 

(4.3hpf) and exposing them to the nanoparticles. Each strategy was tested for both gold-

containing nanoparticles used in this work: AuNSs (Figure1A) and polyelectrolyte 

nanocapsules (NCs) (Figure2A). 

 

2.1 Microinjecting AuNS in early stage embryos 

During the first tests of this procedure, darkfield images showed presence of red dots inside 

the egg structures of embryos injected with stock concentrations of AuNSs, but not in control 

non-injected embryos (Figure 1C). Spectral data from these red structures was collected and 

displayed in Figure 1C’, showing a high intensity peak around 650-700nm. Further tests 

using the same procedure weren’t successful at tracking again these structures.  

 

 2.2 Incubation of isolated embryo cells with AuNS 

Darkfield images of cells isolated from 4.3hpf embryos incubated for 4h with AuNS showed 

presence of structures with high scattering properties but with different appearance and 

spectra features of what was previously described in 2.1 Section (Figure 1D, D’). These 

structures were apparently located outside the imaged cells.  

 

 2.3 Microinjecting NCs in early stage embryos 

The switch to another type of efficient nanoheater was decided due to the colloidal instability 

and imaging difficulties of using AuNS. In this case, the use of gold polyelectrolyte NCs was 

then tested. The microinjection technique was first assessed co-injecting mRNA GPI-GFP 

altogether with the NCs, in wildtype AB zebrafish (no fluorescence). Results showed 

homogeneous green signal in all cells of the embryo (Figure 2B), but neither red signal from 

the NCs nor differences with control could be detected. In further tests, embryos were 

tracked since very early developmental stages (Figure 2C). Presence of red signal from the  
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NCs was only detected in one injected wildtype AB zebrafish and in a very low number (>13) 

(Figure2D). Due to the lack of membrane fluorescence of the used line, position of NCs in 

relation to the embryo cells couldn’t be determined (no available sectioning images).  

Cells from CAAX-GFP embryos injected with NCs were also isolated at 4hpf. NC red signal 

could not be detected following this strategy. 

 

2.4 Incubation of isolated embryo cells with NCs 

After 24h incubation with 30µg/ml NCs, embryo cells were arranged in aggregates and NC 

uptake could be observed in some cells (Figure 2E). Using the sectioning projections of 

stacks performed in different samples incubated with the same NCs concentration for 24h, 

NCs of which position was inside cells were counted (6.25±2.98 red signal inside cells/field 

SD, n=4).  

 

 

A 

FIGURE 1. Loading zebrafish cells with gold nanostars (AuNS) 
 

(A) TEM image of the synthesized S30 AuNS. Scale bar represents 
50nm. (B) Absorbance spectra of the Au seeds (blue) and final S30 
stars (orange), with values normalized for 400nm. (C) Hyperspectral 
darkfield images of injected and control embryos. Red arrows point 
two different groups of AuNS red-dotted signal. Scale bar is 100µm. 
Spectra values for the particle-like red signals are collected in C’ 
(n=6). (D) Hyperspectral darkfield images of isolated embryo cells 
after a 4h incubation with AuNS. Scale bar is 15µm. Spectra values 
for the particle-like scattering signals are collected in D’ (n=8). 
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3. NC uptake and confinement assays with HeLa cells 

 3.1 Incubation of HeLa cells with NCs 

Due to the lack of relevant results of NC uptake with zebrafish embryo cells, another type of 

cell was proposed in order to perform further tests. Uptake of NCs was then tested for the 

HeLa cell line with the same type of capsules used for the previous tests. After an overnight 

incubation with 60µg/ml NCs and a plasmatic membrane and lysosome staining, cells were 

imaged to determine if NC uptake had occurred. Using the sectioning projections of the 

performed stacks (Figure 3A), NCs of which position was inside cells were counted: a 

moderate number of capsules were located inside cells (66±17.53 red signal inside 

cells/field SD, n=5). 

 

 3.2 Confinement assays with HeLa cells 

First confinement assay was performed placing the HeLa cells under the 1% agarose weight 

without any additional surface treatment. Cells were imaged at different time points and 

some of them were followed over time. At 0h, 14h and 24h after placing them under the 

agarose, HeLa cells displayed a round shape and blebbing activity on their surface (Figure 

3B, 3C). A group of cells was followed over time and two of the imaged cells displayed a 

FIGURE 2. Loading zebrafish cells with polyelectrolyte nanocapsules (NC)  
 

(A) TEM image of a hollow Au NCs (no silica), used in this work. Scale bar represents 200nm. (B) Image of 
AB wildtype zebrafish embryo injected with NCs and mRNA GPI-GFP (green). Scale bar represents 100µm. 
(C) Image of a CAAX-GFP embryo at approximately 1.25hpf injected with NCs. Scale bar represents 
200µm. (D) Image of AB wildtype zebrafish embryo injected with NCs. Red square delimits the zone where 
different NCs were spotted (red signal in D’ and D’’). Scale bars represent 200µm and 10µm, respectively. 
(E) Sectioning images of three different coordinates of the same stack performed on isolated CAAX-GFP 
embryo cells incubated with NCs for 24h. The three different selected red signals come from NC located 
inside cells. Scale bar represents 25µm. 
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migrating behaviour spreading their cellular body. It can be seen in Figure 3C that the 

perimeter of those two cells (remarked in different-coloured dashed lines) changes 

noticeably from beginning (red) to end (green). Cross-sectional areas of these cells under 

confinement were collected (678±261.12 µm2 SD, n=23) for further analysis.  

 

To determine if this migrating behaviour could be boosted lowering the adhesion conditions, 

the confinement experiment was repeated using a 30min BSA-treatment to passivize the 

surface where cells were placed. In addition, the use of LPA and the use of cells previously 

incubated with NCs for 24h were also tested under these new conditions of low adhesion.  

 

First test using the BSA surface treatment was performed using cells incubated for 24h with 

NCs. Cells placed on treated surfaces did not show the blebbing activity observed in the 

previous assay. In contrast, all cells placed on passivized surfaces –with or without NCs- 

displayed a predominant round shape (Figure 3D). In the reply for which cells previously 

incubated with NCs were used, all of them showed uptake of NCs, as it can be seen in 

Figure 3D and 3E. From the different fields followed over time, rapid and discontinuous 

movement was observed for two different cells previously incubated with NCs and placed on 

a passivized surface (VcellE’=22±4.65µm/min SD, VcellE’’=3.24±3.2µm/min SD) (Figure 3E). 

The distribution of uptaken NCs was not restricted to a specific localization for the cell that 

showed movement and also a front-rear shape asymmetry (Figure 3E’’). Cross-sectional 

areas of cells placed under these conditions were collected (mean area for cells placed on 

passivized surfaces 261.9±40.6 µm2 SD, n=17) and compared with the first performed assay 

taken as a reference (Ref Test) (Figure3F). Significant differences in cross-sectional areas 

were found between cells placed on passivized and non-passivized surfaces of this second 

test (p=0.04), and also between the mean areas of the second test and the first reference 

test (p=0.0017 for differences between Ref Test and the group -BSA+NC, and p=6.06E-8 for 

differences between Ref Test and the group +BSA+NC). 

 

For the confinement assays and LPA exposure, cells exposed to 30µM at passivized and 

non-passivized surfaces did not show any noticeable differences on shape and migrating 

behavior (Figure3G). Blebbing activity was observed in cells placed on non-passivized 

surfaces, with or without previous LPA exposure. Cross-sectional areas of cells under these 

conditions were collected and analysed (Figure3H). Statistical differences were found when 

comparing the groups without previous BSA treatment (control -LPA-BSA, and +LPA-BSA) 

and the group were the BSA treatment was tested altogether with the LPA exposure 

(+LPA+BSA) (p=6.76E-5 and p=1.87E-11 respectively). No meaningful differences were 
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found between the areas of control cells (-LPA-BSA) and the areas of cells with LPA 

exposure placed on non-treated surfaces (+LPA-BSA).  
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FIGURE 3. Using HeLa cells to test the NC uptake 
and perform confinement assays 
(A) Sectioning images of four different coordinates of 
the same stack performed on HeLa cells incubated 
with 60µg/ml NCs for 24h. The four different selected 
red signals come from NCs located inside cells. 
Green comes from stained acidic compartments; 
magenta comes from the plasma membranes. (B) 
Image of a group of HeLa cells after 14h under 
agarose confinement. (C) Image of a group of HeLa 
cells after 24h under agarose confinement followed 
over time. Each dashed line marks the perimeter of 
two cells at different time points (in min): red t0, 
yellow t42, magenta t60, green t90.  

(D) Images of cells placed on passivized surfaces treated with BSA, with and without NCs. Red 
signal and opaque elements on the lower image come from NCs located inside cells. (E) 
Trajectory of cells placed on a passivized surface and previously incubated with NCs (red). Blue 
lines trace the paths described by cells. E’ shows the position of the cell at t0 and t4, (Vcell=22± 
4.6µm/min), E’’ shows the position of cells at t0 and t9 (Vcell=3.24±3.2µm/min SD). (F) Mean 
cross-section areas of the cells from the first test (Ref Test) and the second test (NC test). (G) 
Images of cells exposed to 30µM	  LPA in treated (+BSA) and non-treated surfaces (-BSA). (H) 
Mean cross-section areas of the cells from the LPA exposure test.   
For the bar graphs, significant differences between groups with 0.01<p<0.05 are shown with 
one asterisk, significant differences with value p<0.01 with two asterisks. All scale bars 
represent 25µm.  
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DISCUSSION 

Several procedural strategies and experimental approaches are presented in this work with 

a common final aim: to do the preliminary steps in the creation a motile cell-based delivery 

system loaded with gold nanoheaters. The first step to test the feasibility of this new concept 

was to load the used cells with gold-containing nanoparticles, which were planned to act as 

controlled disruptors of the system. The second step was to induce polarization of the used 

cells with the available materials, in order to obtain the amoeboid-like migrating cells whose 

front fragments would later be used as the cell base for the delivery system. Putting these 

two points together, the distribution of the uptaken nanoparticles inside the polarized cells 

was thought to be key to determine if further efforts were put in the development of the 

proposed delivery system.  

 

At the starting point, zebrafish embryos and primary cultures with zebrafish embryo cells 

were chosen to take advantage of their previously described amoeboid-like motile behaviour 

in response to contractility increase.7 Collaterally, it also has the intrinsic advantages of 

being a highly affordable and widely used animal model, in case future assays were 

performed to develop the presented concept.34 Blastomere microinjection of the 

nanoparticles was also initially proposed as the ideal method to obtain loaded zebrafish 

cells, because of the possibility it could give to obtain big samples of loaded zebrafish cells 

in a resource and time-saving manner.  

 

Multiple plasmon resonance, highly tunability of the plasmon peaks and high absorption 

cross sections were some of the reasons why multi-branched gold nanostars were initially 

chosen as candidates to act as heat sources in the proposed system.35,36 Its short 

surfactant-free synthesis was achieved successfully: as it can be seen in Figure1B, both 

contributions of the seed core and the grown Au branches appear as expected.27 First 

observations of injected embryos in Figure1C showed tiny red structures that were identified 

as AuNS because of their appearance and spectral information (Figure1C’).37 However, the 

collected spectra of the imaged scattering structures showed great variation from one 

experiment to other, suggesting aggregation over time (Figure1C’, D’). Moreover, merging 

the imaging of AuNS and big structures like embryos made the use of these gold particles 

challenging (Figure1C). Therefore, to avoid colloidal instability and to ease their imaging, 

gold-containing polyelectrolyte NCs labelled with Rhodamine B were then selected as 

nanoheaters. 

 

Loading of zebrafish cells using the microinjection technique failed, even with the highest 

stock concentration of NCs. Very few NCs were spotted (Figure2D), even ensuring the 
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release of NCs out of the glass tip, good results when testing the microinjection procedure 

(Figure2B), the optimal orientation of the embryos with agarose and the monitoring since 

very early stages of development (Figure2C). Efforts were put to determine where NCs 

ended, such as imaging isolated cells from injected embryos in case the lack of spotted red 

signal was a matter of focal length, observation of isolated chorions from injected embryos in 

case NCs were expelled from the cells into the chorionic space of the egg or even 

spectroscopy analysis of the liquid were injected embryos were dechorionized (data not 

shown), all of them with no results. It was hypothesized that NCs could be expelled from the 

embryo cells to other compartments of the egg –the yolk or the chorionic space-, that NCs 

could behave differently in the cell cytoplasm and aggregate in a spot impossible to image 

because of the focal length, or even a combination of all.  

 

In consequence, long incubations of isolated cells from 4.3hpf zebrafish embryos were 

tested as another strategy to load zebrafish cells. Even assuring a good interaction between 

cells and NCs, the final uptake was low (Figure2E). These results could be explained given 

the characteristic features of primary and embryonic cells. The intrinsic limitations of primary 

cultures and the low number of zebrafish cells with NCs inside could represent highly limiting 

steps for the development, study and yielding of the final delivery system.  

 

To gain further insights into how NCs are distributed in a polarized cell, it was decided to 

switch to another type of cell. The HeLa cell line was chosen for this purpose (Figure3), 

since it had been previously reported their ability to also transform into fast amoeboid-like 

migrating cells in conditions of low adhesion and confinement.20 Moreover, photo-thermal 

cell damage induced by gold or gold-containing nanoparticles had also been reported for 

HeLa cells and other cell lines.38–40 NC tests with HeLa cells got good results concerning 

uptake (Figure3A), overcoming the main obstacle faced with zebrafish cells. First 

confinement assay showed cells with active blebbing activity and some of the imaged cells 

displayed a rapid spreading over space (Figure3B,C). This same behaviour couldn’t be 

reproduced when repeating the test using cells that had been previously incubated with NCs 

and placed on BSA-treated surfaces (Figure3D,E). This treatment was used to passivize the 

glass surface, in order to achieve the conditions of low adhesion described as one of the 

conditions to induce HeLa cell polarization.20 In this experiment, some rapid and 

discontinuous displacement of cells with NCs in passivized surfaces could be detected, 

taking static coordinates of surrounding cells as reference points (Figure3E). These cells that 

showed displacement did not display any kind of shape change or spreading, as expected 

from the previous reference test shown in Figure3C. Moreover, cross-section area of cells 

was taken as a measure to assess the level of compression. Significant differences between 
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results from the second test (+BSA +NC) and its control (-BSA +NC) point out that the use of 

BSA could have some relationship with lower levels of compression (Figure3F). This is 

attributed to some remaining volume of BSA, which could create a wider space between the 

glass surface and the agarose structure, hence reducing the level of final cell compression. 

In this case, the displacement of cells shown in Figure3E could be attributed to movements 

within the remaining volume, since they are thought to be detached from the surface due to 

the previous passivation treatment. Strikingly, results from Figure3F also show significant 

differences between the first test taken as a reference (-BSA) and the control of the second 

test (-BSA +NC). These results could indicate dissimilarities in the level of compression, 

which we attribute to the intrinsic variability of the used compression device.  

 

It is also interesting to note the distribution of NCs inside the pear-shaped cell in Figure3E’’. 

A spread out distribution all over the polarized cell body would be the desired for the 

proposed delivery system, since the resulting anuclear fragments would be expected to have 

NCs inside. However, the distribution observed in Figure3E’’ was not considered as a 

conclusive result, given that is a single observation and that its distinctive shape is not the 

expected shape of an amoeboid-like migrating polarized HeLa cell.20  

 

The third test was performed to determine if HeLa cells were also responsive to LPA in 

terms of cortical contractility increase and bleb polarization as previously described for 

zebrafish cells.7 As seen in Figure3G, cells under confinement on a non-passivized surface 

displayed blebbing activity similar to what was observed in the first reference test (Figure3B), 

irresponsive to LPA exposure. The compression assessments using the cross-sectioning 

areas were also repeated for this third assay (Figure3H), in which significant differences 

regarding area were found between the groups without and with a previous BSA treatment, 

but not between the two groups that were not previously passivized. This lack of difference 

regarding shape and area indicate that HeLa cells are irresponsive to LPA effect at the used 

concentration. Moreover, results stress the explanation previously hypothesized that 

remaining volumes after treatment of BSA reduce the level of compression. Further 

compressions assays should be performed to achieve the induction of amoeboid-like fast 

behaviour in mesenchymal non-migrating HeLa cells, and therefore determine the 

distribution of the uptaken NCs.  
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CONCLUSION 

This work introduces the concept of a new cell-based drug delivery system, combining the 

use of fast migrating amoeboid-like fragments without nucleus and the photo-induced 

thermal properties of gold nanoheaters as release triggers. Highly persistent and self-

maintained migratory behaviour of the system altogether with its controlled release would 

confer great versatility to this delivery approach. Its unique features could be game-changing 

advantages in terms of bioavailability and efficacy in drug delivery. However, more steps 

should be done to determine the feasibility of the idea. The use of microinjections and long 

incubations is now discarded to load zebrafish cells with gold nanostars and polyelectrolyte 

gold nanocapsules, but future tests could be performed with other types of compatible 

nanoheaters. HeLa cells are here proposed as good alternative candidates to determine 

distribution of internalized nanocapsules after induction of polarization of the cell. In this 

sense, further studies should be performed using different confinement strategies to 

successfully induce the switch into the amoeboid migrating mode. If favourable conclusions 

are obtained at this point, next experimental approaches should assess the yielding of the 

protrusive bleb front of the polarized cells and the response of this fragment to photo-

induced heating damage.  
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