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Abstract 
 
During the last years, proteins and microRNAs have received increased attention in the 

context of drug delivery, due to their modulatory effect on cellular behaviour. Moreover, the 

drug delivery paradigm is shifting towards combinatorial therapies for enhanced efficacy 

through synergistic effect between drugs. The success of multidrug delivery depends 

significantly on the control of drug ratios and on temporal and spatial coordination of drug 

delivery. This has triggered the development of new nanocarriers for immobilization of more 

than one drug with controllable stoichiometry and with controllable release profiles for 

spatio-temporal resolution on drug delivery. Nevertheless, the delivery of multiple proteins 

or microRNAs in an orchestrated manner remains elusive. The main objective of this thesis 

was to develop a near-infrared light-triggerable nanocarrier for intracellular delivery of 

multiple proteins and microRNAs with spatio-temporal precision. We developed a 

nanocarrier constituted by a gold nanorod (AuNR) conjugated with controllable amounts of 

single stranded DNA (ssDNA) that function as linkers for the immobilization of ssDNA-

conjugated proteins or microRNAs through DNA hybridization. ssDNAs with distinct 

nucleotide sequences and melting temperatures were designed for highly specific 

hybridization and for non-overlapping release profiles. AuNRs with an aspect ratio of 3.4 

and a surface localized plasmon resonance band centred at 780 nm are able to generate a 

photothermal effect when irradiated with a 780 nm laser. Harnessing this effect, it was 

possible to cause dehybridization of DNA strands and achieve distinct release profiles for 

each protein or microRNA. The nanoformulation was used for intracellular release of beta-

galactosidase (β-Gal) and two fluorescent proteins sequentially. When irradiated, AuNRs 

and proteins were able to escape the endosome with low cytotoxic effect. Importantly, β-

Gal remained active after being released. In this thesis, the same immobilization strategy 

and delivery principle were applied to the intracellular delivery of microRNAs with distinct 

properties for modulation of cell activity in the context of angiogenesis. miR-155 was used 

to enhance survival of outgrowth endothelial cells (OECs) in hypoxic conditions and miR-

302a was used to induce cell proliferation. To potentiate the biological effect of miRNAs we 

used an antimicrobial peptide to enhance endosomal escape and uptake, increasing 63-fold 

the amount of gold internalized by cells. The sequential release was validated in HEK-293T 

reporter cell line expressing two fluorescent proteins. The first laser stimulus (2 min at 1.25 

Wcm-2) was able to release miR-155 causing knockdown of one of the proteins. A higher 

energy stimulus (2 min at 2 Wcm-2) releases miR-302a that induces knockdown of the other 

protein. In OECs, release of miR-155 was able to induce more than 6-fold increase in cell 

survival. With higher energy stimulus, proliferation of OECs was induced by miR-302a. 
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Resumo 
 
Nos últimos anos, proteínas e pequenos RNAs não codificantes (microRNAs), têm recebido 

maior atenção no contexto de entrega de fármacos, devido ao seu efeito de modelação do 

comportamento celular. Além disso, o paradigma de entrega de fármacos sofreu uma 

mudança no sentido de combinar terapias para uma maior eficácia através de efeitos 

sinérgicos entre fármacos. O sucesso da entrega de múltiplos fármacos depende bastante 

do controlo do rácio das moléculas e da coordenação temporal e espacial da sua entrega. 

Isto tem impulsionado o desenvolvimento de nanopartículas para imobilização de mais do 

que uma molécula com estequiometria e perfis de libertação controláveis para uma maior 

resolução espacial e temporal na entrega de fármacos. Contudo, a entrega de múltiplas 

proteínas ou múltiplos microRNAs de uma forma orquestrada ainda é ilusória. O principal 

objectivo desta tese foi o desenvolvimento de uma nanopartícula ativada pela luz para 

entrega intracelular de múltiplas proteínas e microRNAs com precisão temporal e espacial. 

Nós desenvolvemos uma nanopartícula constituída por um nanorod (nanopartícula em 

forma de bastonete) de ouro (AuNR) conjugado com quantidades controláveis de cadeias 

simples de DNA (ssDNA) que funcionam como ligantes, para a imobilização através de 

hibridização de proteínas ou microRNAs conjugados a cadeias de DNA. Foram desenhadas 

cadeias de DNA com diferentes sequências e temperaturas de desnaturação para se obter 

hibridizações muito específicas e perfis de libertação não sobrepostos. AuNR, com um rácio 

entre comprimento e largura equivalente a 3.4 e uma banda de ressonância plasmónica 

superficial centrada a 780 nm, são capazes de gerar um efeito foto-térmico quando 

irradiados com um laser de 780 nm. Aproveitando este efeito, foi possível causar 

desnaturação das cadeias de DNA e atingir perfis de libertação distintos para cada proteína 

e microRNA. A formulação foi usada para a libertação intracelular de beta-galactosidase e 

de duas proteínas fluorescentes de forma sequencial. Quando irradiados, os AuNRs 

escapam aos endossomas sem induzir efeito citotóxico. A enzima beta-galactosidase 

permanace activa após libertação. Nesta tese, a mesma estratégia de imobilização e 

princípio de entrega foram aplicados à entrega de microRNAs com diferentes propriedades 

para modelação da atividade celular no contexto de angiogénese. O MicroRNA-155 (miR-

155) foi utilizado para aumentar a sobrevivência de um tipo de células endoteliais 

progenitoras (outgrowth endothelial cells – OECs) em condições de hipoxia e o miR-302a 

foi usado para induzir proliferação celular. Para potenciar o efeito biológico dos microRNAs, 

nós usámos um péptido antimicrobiano para aumentar o escape aos endosomas e a 

internalização, tendo conseguido aumentar em 63 vezes a quantidade de ouro internalizada 

pelas células. A libertação sequencial de microRNAs foi validada em células repórter HEK-

293T que expressam duas proteínas fluorescentes. O primeiro estímulo com laser (2 min a 
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1.25 Wcm-2) induziu a libertação do miR-155, causando a diminuição da expressão de uma 

das proteínas. Um estímulo de maior energia causa a libertação de miR-302a e leva à 

diminuição da expressão da outra proteína. Em células OEC, a libertação de miR-155 

aumentou em mais de 6 vezes a sobrevivência das células. Com um estímulo de maior 

energia, a proliferação de OECs foi induzida pela libertação de miR-302a.  

 

 
Palavras-chave: Nanopartículas de ouro; materiais ativados pela luz; infravermelho-

próximo; entrega de proteínas; entrega de microRNAs; modelação da atividade celular 
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Aims and outline of the thesis  
 

Recent advances in cell biology have set the importance of macromolecules, such as 

proteins1 and microRNAs2 in the regulation of cell activity. Additionally, orchestrated multidrug 

delivery is regarded as a better approach for different therapeutic applications3, 4. However, there 

is still a lack of adequate nanotechnology-based systems for independent and sequential release 

of more than one molecule. The aim of this thesis was to develop a light-triggerable 

nanoformulation for spatio-temporal controlled release of more than one macromolecule for 

modulation of cell activity. During the thesis we have performed two sub-projects.  One related to 

the development of a plasmonic nanocarrier for light-controlled release of two proteins. In the other 

work, we designed a nanocarrier for light-triggered release of two microRNAs that could be applied 

in the modulation of the angiogenic potential of outgrowth endothelial cells. 

 
Chapter I reviews nanocarriers and the importance of multidrug delivery. This chapter also 

provides an overview about stimuli-responsive nanoformulations, focusing on light-triggerable 

nanocarriers and plasmonic nanoparticles for delivery of macromolecules.  Different strategies for 

endosomal escape of nanocarriers are also reviewed. The last section of this chapter describes 

the modulatory effect of microRNAs in outgrowth endothelial cells and their therapeutic potential. 

 

Chapter II describes the development of a gold nanorod-based system for sequential 

delivery of proteins. It provides information about the synthesis, functionalization and 

characterization of the nanocarrier. It also presents results regarding laser-induced release 

profiles of fluorescent proteins and an active enzyme, intracellular release and endosomal escape 

of proteins.  

 

Chapter III describes a gold-nanorod system for modulation of angiogenic activity by 

sequential delivery of two microRNAs. It describes the conjugation process and the 

functionalization of AuNRs. It also presents results regarding the use of an antimicrobial peptide 

as uptake enhancer and endosomolytic agent. Finally it describes the validation of the technology 

in a reporter cell line and in outgrowth endothelial cells.  

 

Chapter IV discusses the experimental results described in chapters II and III and presents 

new prospects for future work. 
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1.1 - The importance of multidrug delivery 
 
The mechanisms of health and disease are extremely complex, involving intricate and 

highly orchestrated networks.  As these mechanisms are being unveiled, medicine and 

biomedical technologies are adapting and shifting to new paradigms. For example, the drug 

delivery paradigm is shifting from one drug-one target to a combination of drugs-multiple 

targets. The multifactorial pattern of certain diseases such as cancer, diabetes and 

cardiovascular diseases requires new therapeutic approaches based on the combination of 

multiple drugs to achieve a therapeutic synergy, where the combinatorial effect is greater 

than the sum of the effects of the individual drugs 5. Moreover, combined therapies with 

drugs with different modes of action are also effective approaches to optimise therapeutic 

efficacy, while minimising side effects 6.  

Indeed, multidrug delivery in an orchestrated fashion may be of great interest for 

several purposes. For example, in cancer treatment, the order of drug delivery may have a 

significant impact in the final outcome, where simultaneous or reverse administration of 

drugs can even induce antagonistic effect 7. Likewise, in  regenerative medicine 

applications, complex cascades of events demand the delivery of multiple drugs or bioactive 

molecules in an coordinated manner 8. In a cell reprogramming context, it has been shown 

that the order in which the transcription factors are expressed in progenitor cells has impact 

in the lineage outcome 9. Also, in tissue repair and regeneration, the sequential presentation 

of signal proteins plays an important role in the remodelling of diseased tissue 10.  

Additionally, the evidence of dysregulation of biomolecules such as non-coding RNAs 

in multiple diseases has added a new layer of complexity in the regulatory molecular circuits 

of diseases, but has also opened new therapeutic opportunities 11. The elucidation of these 

circuits can help in the design of new therapeutic agents and will raise the possibility of 

interfering with multiple cellular processes either simultaneously or sequentially, by 

silencing multiple target genes 3. Combinatorial silencing of genes with multiple small 

interfering RNAs (siRNAs) has already been reported as a promising strategy to enhance 

therapeutic effects in the treatment of cancer12, 13 and infectious diseases14, 15. 

Importantly, this new paradigm of drug delivery is being supported not only by a 

deeper understanding of biological processes but also by technological innovation in 

nanomaterials with the design of new and more complex delivery systems 16. 
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1.2 - Nanotechnology and nanomedicine 
In 1959, the future Nobel laureate Richard Feynman, shared his revolutionary vision 

in a lecture entitled “There is Plenty of Room at the Bottom”, setting the principles of a new 

field of research: “I would like to describe a field, in which little has been done, but in which 

an enormous amount can be done in principle” 17. Although Feynman did not introduce the 

term nanotechnology, he could envision the conceptual idea of a science based on the 

miniaturization and convergence of physical, chemical and biological processes at the 

molecular level. By definition, nanotechnology refers to research at the scale of 100 nm or 

less for the restructure, control of matter and creation of materials with new properties and 

functions. In fact, nanotechnology has received a great deal of attention during the last 

decades. It is a unique science in the sense that it represents not only one specific field but 

a variety of fields of research. The integration of nanotechnology in biomedical research 

has received the term nanomedicine and it comprises a multitude of applications such as in 

vivo imaging, in vitro diagnostics, biomaterials, active implants and drug delivery 18, which 

are changing the foundations of disease diagnosis, treatment and prevention. In particular, 

the application of nanotechnology in drug delivery focuses in the development of 

nanomaterials that can be used as carriers or drug delivery systems (DDS) to improve 

bioavailability and pharmacokinetics of therapeutics. Nanotechnology may be useful (1) to 

improve drug solubility; 2) to target the delivery of drugs; 3) to control the dosage of the 

drug; 4) to reduce the toxicity of the drug; 5) to allow the transcytosis of drugs across 

epithelial and endothelial barriers; 6) to allow the intracellular delivery of macromolecules; 

7) to make possible the co-delivery of multiple drugs, etc... 

 
 

1.2.1 - Nanocarriers 

Since the first report on the encapsulation of a drug in liposomes19, a diversity of 

nanoparticulate systems for drug delivery has emerged, which is reflected in the increasing 

number of nanocarriers undergoing clinical trials 20. Nanocarriers can be differentiated in 

terms of their chemical composition, physical properties, surface chemistry (Figure 1.1), 

although a categorization may be difficult to achieve given the heterogeneity of the systems 

reported so far. Nevertheless, an important feature of all types of nanocarriers is the high 

surface-to-volume ratio that enables their modification with multiple compounds to tailor 

properties and optimize drug loading. Physical parameters like size, shape and surface 

charge play critical role in the function of nanocarriers in vitro and in vivo. Nanoparticle size 

and shape has been shown to have impact on several cellular responses, including 
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nanoparticle uptake21, 22, adhesion, migration and cell viability23, as well as biodistribution 

and clearance in vivo24, 25. Size and shape also determine other properties of the 

nanocarrier. For example, the size and shape of gold nanoparticles have influence on their 

optical properties.26  

 

 

 

Figure  1.1 - Nanoparticle properties affecting drug release. A) Nanoparticles can be differentiated in terms 

of material composition and physical properties. B) Surface modification with different ligands confers specific 

properties and enables conjugation with different molecules for targeting and drug delivery. Image from 27. 

 

 

A relevant aspect in nanocarrier design is the interaction between the payload and 

the nanocarrier. Cargos can be immobilized by covalent bonds or non-covalently via weak 

forces such as electrostatic and hydrophobic interactions, by hydrogen bonding or 

physically entrapped in a matrix. Moreover, the cargo can be immobilized on the particle 

surface or encapsulated. In the latter approach, the drug is incorporated at the time of the 

nanoparticle formation whereas in the former strategy the drug is usually loaded after 

nanoparticle synthesis. The synthesis flexibility of nanocarriers has enabled extraordinary 

control in the loading of wide range of therapeutics. Nanoparticles are also being designed 

as systems for multidrug delivery16, namely for cancer treatment as a form of combinatorial 

therapy4. Furthermore, nanocarriers are evolving into smart multi-functional systems, i.e, 

systems that besides delivering drugs, are able to respond to stimuli, to target specific 

tissues, cells and subcellular compartments and additionally function as imaging agents or 

diagnosis sensors28. 
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1.2.2 - Multidrug delivery systems 

When compared to combinations of free drugs, nanoparticle formulations for 

multidrug delivery offer several advantages: 1) normalized biodistribution and 

pharmacokinetics through the controlled released of drugs from the nanocarrier; 2) stability 

of chemically dissimilar drugs; 3) possibility to tune independently the release of each drug; 

4) targeted co-release of drugs in the same organ, tissue or cell to increase efficacy and to 

reduce toxicity16. 

Multidrug delivery systems may be categorized according to two models 29. The 

synergistic model, in which two or more therapeutics are combined to achieve maximum 

efficacy, and the sequential model,  in which a single therapeutic is released after a first 

activation followed by the release of the second therapeutic after a second activation, and 

so on. In this model, the temporal control over the release of each therapeutic is crucial for 

the efficacy of the therapy. Several formulations following the synergistic model have been 

reported mainly in the context of cancer treatment 30, 31. In some formulations, 

chemotherapeutic doxorubicin is delivered in combination with a siRNA that sensitizes the 

cells to the chemotherapeutic agent. Other systems have been developed to combine drug 

release with photothermal therapy 32-34. A synergistic gold nanorod (AuNR) system has been 

reported to deliver siRNA for gene silencing, followed by the induction of hyperthermia upon 

NIR irradiation to cause cell death32. In this study, when each of the therapeutics was 

applied separately, cell viability decreased to 60%, contrasting to 80% decrease when both 

therapeutics were applied. The synergistic co-delivery has also been reported for tissue 

engineering purposes. Co-delivery of a siRNA and SOX9 protein in PLGA nanoparticles 

was able to induce chondrogenesis of mesenchymal stem cells 35.  

The sequential delivery model has been applied for the sequential release of two 

drugs from a nanocarrier36-38. Zhang and colleagues designed hollow gold nanoparticles 

(HGNPs) to control by NIR light the sequential delivery of miR-21 inhibitor (miR-21i) and 

doxorubicin to cancer cells 36. MiR-21i, which was bound through electrostatic interactions 

to PAMAM dendrimers immobilized on the surface of HGNPs, was released without the 

need of NIR light. PAMAM dendrimers were used to escape the endosomes and promote 

release of miR-21i into the cytosol. Doxorubicin adsorbed on the surface of HGNPs was 

then released after NIR irradiation. The sequential release of both therapeutics was 

fundamental, since miR-21i sensitized the cells to the chemotherapeutic drug, achieving 

better results than co-administration therapy. Sequential activation of nanoparticles has also 

been explored for cell targeting and subsequent drug release39-41. In a recent work41, mild 

near infrared (NIR) irradiation of AuNRs resulted in shrinkage of a thermosensitive PEG 

corona and exposure of an RGD coating. A higher energy stimulus was then applied to 
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promote the intracellular release of siRNA and doxorubicin to induce cell death. The PEG 

corona was used to protect the siRNA against nuclease digestion. The first irradiation at the 

tumour site increased nanoparticle uptake by cancer cells, by exposing an RGD shell on 

the surface of AuNRs for specific uptake via receptor-mediated endocytosis. Cancer cells 

were then treated with siRNA targeting polo-like kinase 1 (PLK1) and doxorubicin after a 

second laser irradiation.  

 

 

1.2.3 - Nanoparticle design for controlled multidrug delivery 

Combinatorial therapies involve the precise control of drug dosages and timing of 

delivery. Several formulations have already been developed for co-delivery of different 

drugs10, 6, but fine-controlling the loading and timing of release of each drug remains a 

challenge. The simplest approach to achieve this purpose consists in the administration at 

different times of multiple nanocarriers loaded with each drug42. Technically, it allows an 

easier optimization process for the immobilization of drugs with different physicochemical 

properties, albeit the pharmacokinetics and biodistribution of each system may not be 

correlated. Consequently it may be difficult to attain co-localization of sequential treatments, 

even if the carriers are similar43.   

During the last years, different strategies have been adopted in order to achieve a 

controlled release of each drug from the same carrier (Figure 2). A single nanocarrier-based 

delivery has advantages over separate administration of drugs in synchronizing 

pharmacokinetics and biodistribution of drugs, despite being technically challenging. The 

immobilization is usually achieved in a multistep process that can impact the stability of the 

formulation. Also, the amount of each drug in the same nanocarrier may be difficult to 

control. This is one important aspect, since, in some cases, the ratio of combined drugs 

determines whether they will provide synergistic, additive or antagonist effects44. One 

approach for multidrug delivery is based on the use of hydrolytically degradable polymers, 

for example, in hydrogels45 or nanoparticles46, 47 (Figure 1.2 a). In order to have sequential 

release of multiple drugs, distinct immobilization strategies and localization of each drug 

within the same nanocarrier have been explored as well48, 49 (Figures 1.2 b and 1.2 c).  In 

a polymeric nanocapsule system tested in vitro and in vivo, one of the drugs (Paclitaxel) 

was covalently attached to the polymer, whereas combretastatin A4 was encapsulated in 

the core of the nanostructure47. The encapsulated drug was the first being released while 

the covalently immobilized drug took longer to be released. The same principle was applied 

in the development of polymeric nanomicelles to deliver sequentially an autophagy inhibitor 

and a chemotherapeutic drug 50. A recent study reported a sequential release of two drugs 
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from silicon dioxide self-decomposable nanoparticles. Different loading methodologies 

allowed a differential distribution of the drugs within the nanocarrier and consequently a 

sequential release.51 Other methodology consists in the covalent attachment of drugs to the 

carrier via different linkers with distinct hydrolysis rates 52.  

The release of different molecules from the same system may also be modulated by 

using stimuli-responsive materials, attaining a higher level of spatio-temporal control 

(Figure 1.2 d). Recently, Segura’s group developed enzyme responsive polymeric 

nanocapsules dispersed in an injectable hydrogel for the delivery of proteins 10. In this study, 

the spatial and temporal patterns of protease expressions in the diseased tissue were 

exploited for the sequential release of two growth factors through the integration in the 

polymer shells of protease-specific peptides. Polymeric nanoparticles responsive to three 

distinct stimuli (hydrolysis, pH and irradiation) have already been reported for the release 

of three chemotherapeutic drugs 53. 

 

Figure 1.2 – Nanoparticle design for multidrug delivery. (a) polymeric nanoparticle modified with linkers (A 

and B) with different degradation/hydrolysis rates for sequential release of drugs A and B. (b)  Nanocarrier with 

a drug covalently attached to its components and another drug encapsulated in the core of the nanostructure. 

(c) Nanoparticle with two drugs encapsulated/bound at different locations of the nanocarrier. The drug in the 

outer layer is the first being released, (d) Nanocarrier responsive to different stimuli (pH, proteases, light – λ1, 

λ2, etc). Sequential application of stimuli A and B leads to controlled release of each drug.     

 

 

So far, only a limited number of studies have reported an independent delivery of 

multiple molecules from the same carrier using external stimuli as a trigger54, 55. A recent 

study showed the potential of light stimulus for the orthogonal release of multiple proteins 
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from hydrogels modified with photocleavable units responding to different wavelengths in 

the UV region 55. It has also been reported the sequential release of cargos in response to 

one internal and one external stimulus 36, 37. Although nanomaterials sensitive to stimuli 

have provided a higher control over the release of drugs, sequential release of multiple 

drugs from the same using step-by-step external activation is still an unmet need. Also, the 

majority of the systems reported until now for multidrug delivery were designed for the 

delivery of small drugs.  Few works have reported tuned delivery of more than one 

macromolecule from the same carrier 10, 55.  

 

 

1.3 - Stimuli-responsive nanoparticles 
The design of stimuli-responsive systems for controlled release of drugs has attracted 

much attention56, 57. The relevance of strategies for controlled release is driven by the 

possibility of reaching different levels of control: i) timing; ii) duration; iii) location iv) dosage 

and v) independent release of multiple drugs. In line with this, new methods have been 

developed to control drug delivery either by the susceptibility of the nanocarrier to changes 

in its microenvironment or by an external stimulus triggered by an operator. Accordingly, 

stimuli-responsive nanomaterials may respond to endogenous stimuli such as pH58, 

enzymatic activity10, redox environment/glutathione concentration59, 60, among others. A 

controlled drug delivery may also be achieved using magnetic61, ultrasound62, thermo63 and 

light64 sensitive materials that respond to an external stimulus. The remote activation of the 

nanocarrier may enable repeated and reproducible dosing of the drug, reducing risks 

associated with toxicity while increasing efficacy.  

 
 

1.3.1 - Light as a stimulus 

When compared to other external triggers, light offers some advantages: i) precise 

control of the size of the area being irradiated by varying the beam of the laser, providing a 

higher level of spatial control; ii) the possibility of having a system that responds to different 

wavelengths for multiple drug release. Although no light-triggerable drug delivery system 

has yet been translated into clinical trials65, light has already been used in clinical setting to 

treat different diseases66. Light-triggerable systems can respond to ultraviolet (UV), visible 

or near infrared (NIR) light depending on the type of materials and light-responsive 

mechanisms associated. A considerable part of the light-triggerable systems is constituted 

by compounds that respond only to UV light67, 68, since it is a high-energy radiation capable 
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of inducing conformational changes or break covalent bonds. However, a major drawback 

associated to UV light as an external stimulus is the low penetration depth, narrowing 

potential biomedical applications to organs easily accessible, such as the skin and the eye. 

Furthermore, UV light may have deleterious effects in biological tissues. These may arise 

from the generation of radical oxygen species by intracellular photosensitizers like 

porphyrins69, causing DNA damage and lipid peroxidation. Additionally, light may trigger 

photothermal damage, leading to protein denaturation or even cell apoptosis if the rate of 

energy delivery is higher than the rate of energy dissipation in the tissue70. 

In order to overcome the disadvantages associated to UV light, new systems using 

nanomaterials responsive to NIR irradiation have been developed. The main advantage of 

NIR irradiation (650-900 nm) is the low absorbance by skin and tissue, enabling a 

penetration depth on the order of hundreds of micrometres to centimetres71. This makes 

NIR light extremely attractive for biomedical applications including bioimaging and drug 

delivery.  

 

 

1.3.1.1 – Light-responsive mechanisms 

Light can interact directly with chromophores and induce structural and 

conformational changes through different mechanisms. These changes may be reversible 

or irreversible. This principle has been applied to the development of several drug delivery 

systems. Besides the direct interaction between light and chromophores, mechanisms of 

indirect photoactivation have also been tested. These include light upconversion, 

photothermal effect and photo-induced generation of radicals. 
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Figure 1.3 - Schematic representation of photoresponsive mechanisms in light-sensitive nanocarriers. 

Light can interact directly with chromophores via absorption of one UV photon or two NIR photons inducing 

structural or conformational changes, such as photocleavage, isomerization and molecular rearrangements. 

Indirect strategies include: light upconversion, where the upconverted light interacts with photo-sensitive 

compounds; photothermal effect; photo-induced generation of radicals. Adapted from ref 65. 

 

 
Photocleavage 

A variety of formulations for drug delivery have included photolabile protective groups 

that can be cleaved upon light irradiation. Among these photosensitive compounds, the 

ortho-nitrobenzyl-based and their dimethoxy derivatives72 are by far the most studied 

protective groups (Figure 1.3).  Recently, coumarin-based compounds73 have also received 
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increased attention, mainly because of their longer wavelength absorption and large two-

photon cross-section. These photolabile compounds have found a range of applications in 

light-responsive delivery systems. They have been used as linkers55, binding covalently the 

drug to the nanocarrier. In this case, the photo-induced cleavage leads to the release of the 

drug. Photolabile compounds have also been extensively used as protective caging 

groups.74 In this approach the caged molecule/drug is inactive until light irradiation and 

cleavage of the photolabile molecule. Photocleavable compounds have been integrated in 

diblock copolymers as well75. Usually this strategy is used to affect the hydrophilic-

hydrophobic balance of nanostructures formed by the polymers upon irradiation, leading to 

the release of the encapsulated drug. 

 
 

Photoisomerization 
Drugs can also be released from nanocarriers by reversible changes in the 

conformation of molecules. For example, azobenzene and spiropyran can be 

photoisomerized from trans to cis conformation when irradiated with UV light, and from cis 

to trans conformation when irradiated with visible light 76 (Figure 1.3). Azobenzene has 

been integrated in micellar formulations, where UV-induced isomerization leads to a change 

in the hydrophilic-hydrophobic balance, causing disruption of the micelles77.  Azobenzene 

has also been used in mesoporous silica nanoparticles, usually as part of a pore-capping 

system. For example, the incorporation of azobenzene in a nanovalve system with DNA 

oligonucleotides allowed the control over hybridization/dehybridization of DNA strands with 

a consequent capping/uncapping of the nanoparticle pores to hold/release doxorubicin78. 

 

 
Photo-induced rearragement 

UV light has been used to induce molecular rearrangements as well. For example, 

when hydrophobic 2-diazo-1,2-naphthoquinone (DNQ) is irradiated, it undergoes a Wolff 

rearrangement, becoming hydrophilic79 (Figure 1.3). This principle has been applied in 

micellar formulations triggering their destabilization by UV irradiation80.   

 

 

Photo-induced generation of radicals 
The use of photosensitizers has also been reported in drug delivery systems. 

Photosensitizers are able to generate radicals when they are irradiated with an appropriate 

wavelength. These radicals may be used to induce chemical changes in the nanocarrier 

components. This approach was used in a formulation based on mesoporous silica 
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nanoparticles coated with singlet oxygen-sensitive crosslinkers81, 82. Irradiation of a 

photosensitizer loaded in the MSNPs induced the generation of singlet oxygen, causing the 

cleavage of the linker and the release of a model drug. Light-induced disassembly of 

amphiphilic block copolymer micelles bearing a singlet oxygen sensitive linker was also 

reported83. Irradiation with visible light of micelles containing chlorine e6 (photosensitizer) 

and doxorubicin resulted in the destruction of the micelle. A similar approach was used in a 

photosensitive hydrogel formulation84. Upon UV light irradiation, a photoinitiator produced 

free radicals, which attacked disulfide bonds in the hydrogel, leading to its fragmentation. 

 

 

1.3.1.2 - NIR light triggering 

Although the use of nanomaterials that respond to UV light has been extensively 

explored, their biomedical application is hampered by the low penetration depth of UV 

irradiation in biological tissues and also by the potential toxic effects of this high energy 

irradiation, which is driving research in NIR-responsive systems. 

 
 

Two-photon absorption 
Using the two-photon technology, the photolabile compound absorbs two photons in 

the NIR region leading to the same structural modifications achieved with one photon in the 

UV region (Figure 1.3)85, 86. Generally, the probability of excitation by the absorption of two 

photons is very low, therefore this process requires the use of pulsed lasers in order to 

provide a high density of photons in short pulses (nanosecond to femtosecond scale). In 

fact, researchers have tried to improve the efficiency of this process, increasing the 

photosensitivity of photolabile groups for two-photon excitation87. Typically, that is achieved 

by an increase in the two-photon absorbance cross-section of the photolabile group88. 

Among the various chromophores, coumarin derivatives have a larger two-photon cross-

section. The use of [7-(diethylamino)coumarin-4-yl]methyl has been reported in micelles 

constituted by amphiphilic block copolymers89. NIR irradiation induced the photocleavage 

of the chromophore, leading to changes in hydrophilic/hydrophobic balance and the 

consequent disassembly of the micelle. 

 
 
Ligth upconversion 

Recently, the use of inorganic materials responsive to NIR light in drug delivery 

systems has also been exploited. Examples of such systems comprise nanoformulations 
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incorporating upconversion nanoparticles (UCNPs) constituted by lanthanides90, 91. UCNPs 

are able to absorb long wavelength NIR light and give origin to sharp emissions in the visible 

and UV region92. Taking advantage of this effect, researchers have combined UCNPs with 

UV-responsive compounds, enabling the release or uncaging of drugs. UCNPs have been 

used in photo-triggerable drug delivery systems to induce photoisomerization of 

azobenzene, for the destabilization of azobenzene-modified liposomes,92 or to promote 

mechanically the release of drugs encapsulated in mesoporous silica93. Additionally, 

upconversion of NIR light has been used as well for the photocleavage of photolabile 

groups, such as nitrobenzyl derivatives. A photodegradable polymer bearing nitrobenzyl 

moieties was used to encapsulate UCNPs and a fluorophore94. Upconverted UV light led to 

the photodegradation of the polymer and to the release of the payload. UCNPs have also 

been reported for the intracellular delivery of macromolecules. For example, UCNPs 

modified with a positively charged nitrobenzyl linker are able to carry siRNA through 

electrostatic interaction. Upon irradiation at 980 nm, the UV light emitted by the UCNP 

cleaves the linker, leading to the release of siRNA95.  

 

 

Photothermal effect 
The photothermal effect refers to the conversion of light energy into heat by a 

nanomaterial. So far, several nanomaterials have shown efficient conversion of visible and 

NIR light into heat, including carbon nanotubes96, graphene oxide97 and plasmonic gold 

nanoparticles98. This effect was brought into drug delivery systems mainly by the possibility 

of combining the aforementioned photothermal converters with thermo-sensitive materials. 

Recently, near infrared absorbing plasmonic nanoparticles have emerged as promising 

candidates for light-controlled delivery systems. Indeed, some plasmonic nanoparticles, 

such as AuNRs, can act as efficient nanoantennas, with molar extinction coefficients in the 

near infrared region four orders of magnitude higher than most organic dyes99, 100. It has 

been demonstrated that a steady state temperature of 95 ºC in the vicinity of AuNRs could 

be reached after 10 min irradiation at 800 nm with 10 mWcm-2 101. 

The excellent photothermal conversion achieved by plasmonic nanoparticles has 

been harnessed not only to induce changes in thermosensitive polymers102, but also to 

release DNA oligonucleotides through dehybridization 103 and to destabilize liposomes104, 

105. For example, the well-studied thermosensitive polymer poly(N -isopropylacrylamide) 

(PNIPAM) was used in hybrid plasmonic nanocarriers 106, 107. Irradiation with a NIR laser led 

to a local increase of temperature and a concomitant phase transition of the polymer. This 

principle has already been exploited for the release of anticancer drugs in mice107. 
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The heat generated by these nanostructures may be sufficient to induce irreversible 

changes in the nanostructure as well. For example, NIR irradiation of graphene oxide 

composite capsules caused rupture of the capsules leading to the release of encapsulated 

doxorubicin108. Plasmonic gold nanoparticles have also been reported to suffer changes in 

their shape upon certain conditions of laser irradiation109, 110, which can lead to the controlled 

release of molecules immobilized on the gold surface. 

 
 

1.3.2 - Delivery of macromolecules 

Macromolecules such as nucleic acids and proteins are increasingly important as new 

therapeutic agents111, 112. Due to the susceptibility of these biomolecules to degradation and 

instability in serum, appropriate delivery systems must be designed. However, because of 

their intrinsic properties, the immobilization in nanocarriers is not straightforward. For 

example, proteins have large sizes, variable surface charges and fragile three-dimensional 

conformations that should be preserved in order to maintain protein activity. Proteins are 

sensitive to mechanical stress, temperature and organic solvents, which needs to be taken 

into account when immobilizing proteins in a nanocarrier.  
 

 

1.3.2.1 - Light-controlled delivery of proteins 

Protein therapeutics offer several advantages relatively to small molecules including 

(1) high specificity and complex set of functions that cannot be mimicked by chemical 

compounds, (2) less potential to interfere with normal biological processes and cause side 

effects, (3) less likely to induce immune responses, since many of the proteins approved 

for therapeutics are naturally produced in the body 1. There are more than 130 different 

proteins or peptides approved for clinical use by the US Food and Drug Administration 

(FDA), and many more are in development1. Almost all of these protein therapeutics, such 

as immune-modulating cytokines, antibodies and growth factors target cell membrane 

receptors and do not require internalization to exert a biological effect. Nevertheless, 

intracellular delivery of several proteins, such as superoxide dismutase113, caspase 3114, 

ribonuclease A115 has already demonstrated potential to treat different diseases, like neuro-

cardiovascular diseases113 and cancer114, 115. Recent advances in cell reprogramming using 

cocktails of transcription factors for induction of pluripotency116 or for direct reprogramming 

of somatic cells into another type of somatic cell117 also open the way to a repertoire of new 

intracellular protein therapeutics. 
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 The delivery of proteins poses some challenges. When administered systemically, 

proteins can suffer from instability or be cleared rapidly from the body. Furthermore, 

because most native proteins are negatively charged at neutral pH, they tend to be cell-

membrane impermeable, which is not adequate if intracellular targeting is needed118. 

Finally, endosomal sequestration can also hamper the therapy if cytosolic delivery is 

required. These issues have elicited the development of several non-viral-based strategies 

for the delivery of proteins. For example, the utilization of adjuvants to increase protein 

uptake and endosomal escape has been reported. Recently, the group of Niels Geijsen 

developed a protein transduction methodology based on the induction of macropinocytosis 

with hypertonicity and on the use of non-detergent sulfo-betaine that helps releasing the 

proteins from internalized macropinosomes 119. Likewise, another study reported efficient 

delivery of proteins into the cytosol by using dimerized TAT as an endosomolytic agent120.  

 The conjugation of proteins with transduction domains and the development of 

nanoparticles for protein delivery have also been explored. These systems include, among 

others, liposomes, polymeric nanoparticles, gold nanoparticles, mesoporous silica 

nanoparticles and natural vectors such as cell-penetrating peptides (CPP)118.  Although 

there is an increasing number of stimuli-responsive nanocarriers for “on demand” delivery 

of proteins121, the examples of light-responsive systems are still scarce (Table 1.1) and so 

far only one system reported  the controlled sequential delivery of more than one protein 

using UV light (although this system is a gel and not a nanoparticulate system which is 

required for intracellular delivery of some proteins) 55. Light-controlled intracellular delivery 

of proteins has been mainly restricted to proof-of-concept studies with fluorescent proteins, 

therefore the delivery of proteins for modulation of cell activity is yet to be validated. Norbert 

Reich and colleagues reported a gold nanoshell (AuNS) system for NIR light-induced 

release of transcription factors (Sox2 and p53) without inducing their degradation, albeit the 

effect of these proteins was not evaluated in cells 122. So far, no light-activatable formulation 

has been reported for the delivery of proteins with intracellular biological effect that could 

be used to modulate cell activity. Finally, until now, no light-controlled delivery system of 

proteins has been tested in vivo.  
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Table 1.1 - Examples of light-responsive formulations for protein delivery. 
 

Nanocarrier Cargo Immobilization 
strategy 

Photo-responsive 
mechanism Stimulus Ref. 

Polymeric nanogel 
modified with metoxy-

nitrobenzyl-ether 

Alkaline 
phosphatase and 

BSA 
Encapsulation 

Photocleavage-
photodegradation of 

nanogel 

UV 365 nm                         
10 mWcm-2; 2min 

123 

Hydrogel modified 
with nitrobenzyl ether 

and coumarin 
methylester 

BMP-2 and BMP-
7 Covalent bond Photocleavage 

365 nm – 5 mWcm-2; 
6min 

400nm – 5 mWcm-2; 
12min 

55 

Micelles formed by 
block copolymer 

containig o-nitrobenzyl 
groups 

FITC-BSA Electrostatic 
interactions Photocleavage UV 365 nm                          

UV Lamp-8 W 
124 

Hollow upconversion 
NPs modiifed with 

spyropiran 
β-Galactosidase 

Encapsulation/ 
electrostatic 
interaction 

Upconversion-
isomerization 

NIR 980 nm           
0.5Wcm-2; 20 min 

125 

Polyelectrolyte 
multilayer 

microcapsules with 
AuNPs in the capsule 

walls 

GFP Encapsulation Potothermal NIR 830 nm                      
3.8 mWµm-2; < 2s 

54 

Gold nanoshells GFP Thiol-gold bond Photothermal NIR 800 nm                    
8x103 Wcm-2; 300µs 

122 

      
 

 
 

1.3.2.2 - Light-controlled delivery of nucleic acids 

Gene therapy comprises the delivery of genes encoding proteins or gene silencing 

therapies. Gene silencing therapies include the delivery of antisense DNA oligonucleotides 

complementary to target mRNA sequences and also the delivery of small interfering RNA 

(siRNA) or microRNAS (miRNA) that block the translation of mRNA sequences and 

knockdown specific proteins. SiRNAs and miRNAs have gained much attention due to their 

role in gene regulation. SiRNAs and miRNAs have very similar physicochemical properties 

but distinct modes of action (Figure 1.4) 126. MiRNAs are transcribed as primary microRNAs 

(pri-miRNAs) in the nucleus by RNA polymerase II, which are then cleaved by drosha to 

form pre-miRNAs with hairpin-like structure. The pre-miRNA is transported by exportin 5 to 

the cytoplasm where it is processed by Dicer into miRNA duplex of 20-24 nucleotides. The 

miRNA is loaded into the RNA induced silencing complex (RISC) where the passenger 

strand is discarded, and the miRNA-RISC complex is guided by the remaining guide strand 

to the target mRNA through partially complementary binding. The target mRNA is inhibited 

via translational repression, degradation or cleavage. One miRNA can target multiple 

genes. SiRNAs have origin in double stranded RNA molecules (transcribed from cellular 

genes or infecting pathogens, or artificially introduced into the cells) that are processed by 
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DICER into duplexes with 21-23 nucleotides. Subsequently, siRNA associates with RISC 

where the endonuclease argonaute 2 (AGO2) cleaves the passenger strand (sense strand) 

of the siRNA while the guide strand (antisense strand) remains associated with the RISC. 

Afterwards, the guide strand guides the RISC to its target mRNA for cleavage by AGO2. 

The guide strand binds to fully complementary mRNA strands causing specific gene 

silencing. 

 
Figure 1.4 - Gene silencing mechanisms of siRNAs and miRNAs. Long dsRNAs (left side of the figure) are 

processed by Dicer into small interfering RNAs (siRNAs) that associate with RNAi-induced silencing complex 

(RISC) where AGO protein cleaves the passenger siRNA strand. Then, the mature RISC containing AGO2 and 

the guide strand associates with the target mRNA for cleavage. Primary microRNAS are transcribed by 

polymerase II in the nucleus and then processed by Drosha into a precursor called pre-miR. pre-miRNAs 

associate with exportin 5 and are exported to the cytoplasm where it is processed by DICER into miRNA. The 

duplex associates with an Argonaute (AGO) protein within RISC. One strand of the duplex (the passenger 

strand) is removed. The mature RISC contains the guide strand, which directs the complex to the target mRNA 

for post-transcriptional gene silencing. Scheme from 126. 

 

 

Although viral particles still represent the majority of current gene therapy trials, a 

significant effort has been done in the last 10 years to develop safer methods based in non-

viral vectors 127. Nucleic acids and, in particular siRNA and miRNA, are highly susceptible 
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to degradation by serum nucleases. Moreover, the cellular uptake of these molecules is 

very low because of the high molecular weight and negative charge, requiring the use of 

delivery vectors. In order to achieve this goal, researchers have focused on the chemical 

modification of nucleic acids to enhance stability128, conjugation with small molecules or 

peptides for targeting and uptake129 and also on the development of nanocarriers130. 

Moreover, several stimuli-responsive nanomaterials have been designed for increased 

uptake, endosomal escape and cytosolic release of nucleic acids131. A significant part of 

these nanomaterials respond to internal stimuli such as pH, redox potential and 

temperature131. Systems controlled externally by light have also been reported for the 

delivery of plasmid DNA, antisense oligonucleotides and siRNAs (Tables 1.2 and 1.3). For 

plasmid DNA, the immobilization is usually achieved through electrostatic interactions with 

the nanocarrier, avoiding chemical modification of the biomolecule, whereas for siRNAs it 

has been reported the electrostatic interactions and the direct immobilization on gold 

nanocarriers via thiol-gold bonds that are cleaved upon irradiation. The immobilization of 

the nucleic acid in the nanocarrier is usually achieved via electrostatic interactions. The 

release can be triggered by changes in the electrostatic balance after photocleavage or 

photoisomerization of a light-sensitive moiety in the nanocarrier (Table 1.2) or via 

photothermal effect (Table 1.3) 
 
 
 

Table 1.2 - Examples of light-responsive formulations for nucleic acid delivery. 
 

Nanocarrier Cargo Immobilization 
strategy 

Photo-responsive 
mechanism Stimulus Ref. 

Micelles T4-phage DNA 
Electrostatic 
interaction 

Photoisomerization 
micelle disassembly 

UV 365 nm                
Lamp-84 W; 10 min 

1

32 

AuNPs Oligonucleotides 
Electrostatic 
interaction 

Photocleavage     
surface charge 

change 

UV 350 nm                     
2h 

1

33 

Diblock 
copolymer 
micelles 

siRNA 

Electrostatic 
and 

hydrophobic 
interactions 

Photocleavage      
micelle disassembly 

UV 365 nm                   
200 mWcm-2; 20 min 

1

34 

Polymeric NPs Plasmid 
Electrostatic 
interactions 

Photocleavage  
photodegradation of 

the polymer 

UV 365 nm              
Power? 10 min 

1

35 

Helical 
polypeptides Plasmid 

Electrostatic 
interaction 

Photocleavage    
polyplex disassembly 

UV 365 nm                      
20 mWcm-2; 5 min 

1

36 

Polymeric NPs DNA Electrostatic 
interaction 

Photo-induced 
generation of ROS 
cleavage of ROS 
sensitive polymer 

White light                       
50 mWcm-2; 5min 

1

37 
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Table 1.3 - Light-induced release of nucleic acids from plasmonic gold nanoparticles using photothermal effect 
 

Nanocarrier Cargo Surface 
functionalization 

Immobilization 
strategy Laser Stimulus Ref. 

AuNR Plasmid DNA CTAB 
Electrostatic 
interaction Pulsed, 800 nm 1.14 Wcm-2 138 

AuNR and 
AuNS ssDNA ssDNA Hybridization CW, 800 nm 1.3 Wcm-2 103 

AuNR 
Antisense 

oligonucleotide 
CTAB 

Electrostatic 
interaction 

CW 0.9 Wcm-2 139 

AuNR siRNA Oligofectamine 
Electrostatic 
interaction 

CW, 785 nm 1.6 Wcm-2 140 

AuNR siRNA PSS/PDDAC 
Electrostatic 
interaction 

CW, 810 nm 2.7 Wcm-2 141 

AuNR Plasmid DNA PEI-PEG-RGD Electrostatic 
interaction 

CW, 808 nm 3 Wcm-2 142 

AuNS siRNA Poly-L-lysine Electrostatic 
interaction 

CW, 800 nm 2.5 Wcm-2 91 

AuNS siRNA Citrate Thiol-gold bond Pulsed, 800 nm 2.4 Wcm-2 143, 144 

       

 
 

1.4 - Plasmonic gold nanoparticles 
During the last decades, advances in nanotechnology originated a diversity of 

nanoscale materials suitable for several biomedical applications. In particular, noble metal 

nanoparticles have shown to be one most versatile nanostructures due to the synthetic 

control of their size, shape and assembly. Different methods have been applied to 

synthesize gold nanostructures in a variety of shapes (Figure 1.5), including gold spherical 

nanoparticles, nanorods, gold pyramids and nanoshells145. Furthermore, interesting optical 

properties can be achieved by reducing noble metals to a nanometre scale98. 

 

Figure 1.5 - TEM images of different types plasmonic gold nanoparticles. a) gold nanospheres; b) gold 

nanorods; c) nanobowls; d) spiky SiO2/gold nanoshells; e) gold-silver nanocages; f) gold bipyramids. (Adapted 

from ref.146) 

a b c 

d e f 
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The relatively easy functionalization of the gold surface with a variety of ligands 

bearing functional groups with affinity towards gold such as thiols, amines147 and 

phosphines148 is one of the advantages of these inorganic nanoparticles and has amplified 

their potential for diagnostic and therapeutic applications. In addition, the gold core is 

essentially inert and non-toxic. Extensive research has been done in this field and gold 

nanoparticles have been modified with different biomolecules, namely DNA 

oligonucleotides149, peptides150 and antibodies151. The unique chemical, physical and optical 

properties of these nanoparticles has leveraged their potential for biomedical applications, 

ranging from drug delivery152, to biosensing153, diagnosis and cancer therapy154. 

 

 

1.4.1 - Optical properties 

Noble metal nanoparticles and, in particular, gold nanoparticles, have unique 

electronic and optical properties which are originated from the large surface area-to-volume 

ratio and from the spatial confinement of the surface electrons in the gold nanostructures 
98. One of the most characteristic properties is the localized surface plasmon resonance 

(LSPR), which is caused by the coherent collective oscillation of the free electrons, forming 

a dipole oscillation along the direction of the electric field of light (Figure 1.6). At a specific 

frequency, the amplitude of this oscillation reaches resonance maximum. Under resonant 

excitation, noble metal nanocrystals have interesting and useful effects, such as large 

electric field enhancement, increased light scattering and absorption and high photothermal 

conversion. Furthermore, a remarkable feature of these nanomaterials is that their LSPR 

can be tuned by controlling their size and shape. For example, comparing to spherical 

nanoparticles, rod shaped particles have anisotropic optical properties, which are 

determined by the oscillation of the electrons along the transversal and longitudinal 

direction. These coherent oscillations along different axis of the nanorods originate two 

LSPR bands. A lower peak around 520 nm is due to the oscillation along the transversal 

direction and is similar to the LSPR band characteristic of nanospheres. This peak is 

insensitive to size changes. A more intense peak, caused by the oscillation along the 

longitudinal direction, can be tuned by controlling the synthesis parameters and 

consequently the size of nanorods, thus ranging from 650 to 1050 nm155. The longitudinal 

LSPR band varies linearly with the aspect ratio. Also, the increase in size of spherical 

nanoparticles or aspect ratio of gold nanorods has an impact on absorption and scattering 

of light. For example, for gold nanorods, as the aspect ratio increases, both absorption and 

scattering efficiencies increase156, making these nanostructures good candidates for 

photothermal therapy as well as for imaging purposes. Additionally, nanorods can be 
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assembled into a variety of superstructures with several geometries for enhanced 

plasmonic properties 157. 

 

 

Figure 1.6 - Schematic representation of the localized surface plasmon resonance. Free electrons are 

driven into oscillation due to the coupling with incident electromagnetic radiation. 

 
 

1.4.2 - Photothermal conversion 

Besides the enhanced radiative properties, plasmonic gold nanoparticles are also 

able to convert the absorbed light into heat through non-radiative processes. This effect has 

been explored for several biomedical applications, including photothermal therapy to kill 

cancer cells158, 159, controlled drug delivery160 and photothermal imaging161. 

Upon laser excitation, surface electrons oscillate coherently, followed by a 

thermalization process with the lattice, where the kinetic energy is transferred on a 

picosecond time scale via electron-electron interactions and by phonon-phonon relaxations 

with the surrounding medium162, which in turn will increase the temperature (Figure 1.7). 

Specifically, after electronic excitation, a relaxation process starts through electron-electron 

scattering. Then, hot electrons transfer vibrational energy to the lattice, generating a 

coherent vibrational state (phonon). This excited vibrational state leads to an increase in 

the temperature of the lattice that decays through phonon-phonon interactions between the 

lattice and the surrounding medium. The heat decay in the nanoparticle is followed by an 

increase in the temperature of the surrounding medium.  

The photothermal conversion efficiency may be highly affected by different factors 

such as the particle volume, shell coating and assembly state163. For nanoparticles with 

similar shape, the increase in nanoparticle size leads to an increase in light scattering and 

consequently decreases the fraction of absorbed light, which is responsible for the 

photothermal effect. The coating can affect the photothermal conversion by increasing the 

light absorption with semiconductor materials or by changing the refractive index of the 

medium. The assembly state can cause shifts in the LSPR and change its intensity, thereby 

influencing the photothermal conversion efficiency.  
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 The effect of optical heating on plasmonic AuNPs has been described164, 165. The 

temperature increase on the surface of an individual NP in aqueous solution is determined 

by:  

∆𝑇𝑇 =
𝐴𝐴𝑅𝑅3

3𝐷𝐷. K𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 

 

where A corresponds to heat input per volume, which is given by IC/V (I is the light intensity, 

C is the absorption  and V is the nanoparticle volume). R is the nanopaticle radius, D is the 

distance from the nanoparticle centre and Kwater is the thermal conductivity of water. For 

example, laser irradiation of gold NPs with 100 nm can lead to a surface temperature 

increase between 100 K and more than 300 K when the power of the laser varies from 0.3 

to 1 W 165. The heat generated in a suspension of NPs has been attributed to an 

accumulative heating effect, which comes from heat fluxes generated by single NPs166. As 

a result, the accumulative effect will be highly dependent on the concentration of NPs. 
 
 
 

 
Figure 1.7 - Schematic representation of the photothermal conversion process in plasmon resonant 
NPs. Upon laser irradiation, energy is transferred on a picosecond scale through electron-electron interaction 

leading to non-equilibrium heating and to a rapid increase of temperature on the NP surface. The heat is then 

dissipated into the medium through phonon-phonon interactions. Adapted from ref. 167. 

 

 

Photo-excitation of plasmon resonant NPs can be done with different laser sources, 

such as continuous wave (CW) laser, nanosecond pulsed and femtosecond pulsed 

lasers110. In a CW mode, the laser emits a steady laser beam over a certain period. On the 

other hand, when using pulsed lasers, the energy is given in short pulses in nanosecond or 

femtosecond time scale. The reduction in the duration of the pulses results in lower energy 

pulses but with higher powers. This can lead to an increase of the metal lattice temperature 

above its melting temperature within picoseconds, resulting in nanoparticle reshape, while 

maintaining the temperature of the surrounding environment. This occurs since the heat 

loss to the surrounding solvent (above 100 picoseconds) is slower than the heat transfer 
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between the electrons and the lattice (below 10 picoseconds)110, which generates a massive 

heat accumulation within the lattice. Taking advantage of this process, several formulations 

based on plasmonic NPs have been used for the delivery of biomolecules through cleavage 

of thiol-gold bonds 168, 169.  

 

 

1.4.3 - Plasmonic nanoparticles for light-triggered drug delivery 

Plasmonic nanomaterials with their strong LSPR absorption are extremely efficient in 

converting the absorbed light into heat. This interesting phenomenon has been applied to 

the development of drug delivery systems in order to provide spatio-temporal control on 

drug delivery. Plasmonic gold nanoparticles (AuNPs) exhibit LSPR centred at different 

wavelengths depending on their size and shape. Therefore gold nanorods and gold 

nanoshells, which have LSPR bands in the NIR region, have more potential for these types 

of technology. The photothermal-triggered release using plasmonic nanocarriers has been 

applied to the delivery of small molecules and also macromolecules. The delivery of small 

drugs has been achieved with three different approaches:  

i)  Embedding of the drug in a thermosensitive polymeric matrix surrounding the 

plasmonic NP. The heat generated by the gold nanoparticle causes changes in the polymer 

structure inducing the release of the drug. In 2000, Sershen et al published the first study 

reporting the photothermally-triggered release of molecules. In this study, gold nanoshells 

were embedded in a hydrogel formed by N-isopropylacrylamide (NIPAAm)-co-acrylamide 

(AAm)170. NIPAAm-co-AAm hydrogels are temperature-sensitive polymers with lower 

critical solution temperatures (LCST) slightly above body temperature. When the 

temperature of the polymer raises above its LCST, it undergoes a reversible phase 

transition, resulting in collapse of the hydrogel structure (Figure 1.8 a). The heat generated 

by gold nanoshells irradiated at 1064 nm was sufficient to cause the collapse of the hydrogel 

releasing methylene blue and proteins as well. The photothermal triggered release was also 

reported using polyelectrolyte layers deposited on AuNRs171. Continuous wave laser 

irradiation at 785 nm caused release of rhodamine loaded between the polyelectrolyte 

layers. Isothermal calorimetry data indicated a strong interaction between rhodamine and 

the polyelectrolyte, which weakens upon laser irradiation. The authors also suggested a 

thermal expansion of the polyelectrolyte layers as a possible explanation for the controlled 

release of rhodamine (Figure 1.8 b). DNA complementarity has also been employed in the 

development thermosensitive polymeric shells on gold AuNRs 172. The hydrogel layer 

around AuNRs was formed by polyacrylamide polymers grafted with oligonucleotides for 
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cross-linking through DNA hybridization. DNA dehybridization induced by the photothermal 

effect resulted in dissolution of the hydrogel and release of doxorubicin and fluorescein 

(Figure 1.8 c).   
 
 

 
Figure 1.8. Schematic representation of light-induced release of small drugs entrapped in a 
thermosensitive coating surrounding a plasmonic NP. (a) AuNRs coated with NIPAAM hydrogels that 

collapse when LCST is achieved. Collapse of the hydrogel leads to release of drugs embedded in the polymeric 

matrix. (b) Photothermal release of a drug embedded in a polyelectrolyte matrix, probably due to the expansion 

of the polyelectrolyte layers. (c) Photothermal-induced dissolution of dsDNA polymeric hydrogel surrounding a 

AuNR through dehybridization of dsDNA crosslinking the polymer chains.  

 

 

ii) Embedding of the drug in liposomes, which are ruptured upon laser irradiation of the 

gold nanocarrier, releasing their content. The coupling between plasmonic nanocarriers and 

liposomes has emerged as one approach to overcome one the drawbacks of liposomes, 

the slow release of drugs. Burst release of encapsulated drugs has been shown after 

irradiation of gold nanoshells either encapsulated in liposomes (Figure 1.9 a) or tethered to 

the liposome membrane 173 (Figure 1.9 b). To take advantage of the photothermal effect, 

researchers have also developed nanoformulations with thermosensitive liposomes104, 105 

(Figure 1.9 c).  A similar principle has been applied to the development of cholesteryl 

succinyl silane (CSS) nanomicelles coated with gold nanoshells 174. The increase in 

temperature leads to a phase transition in the CSS molecules triggering the release of 

doxorubicin.  
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Figure 1.9 - Schematic representation of light-induced release phenomenon of small drugs 
encapsulated in liposomes containing plasmonic NPs. Release of drugs encapsulated in liposomes with 

gold nanoshells encapsulated (a) or tethered (b) to the liposome. Release of drugs encapsulated in 

thermosensitive liposomes (c).  

 

 

iii)  Embedding of the drug in mesoporous silica nanocomposites175-177. In these 

formulations, mesoporous silica nanomaterials function as a reservoir for the drug. The drug 

is kept in the reservoir by a system of valves or gates designed to respond to a thermal 

stimulus. The use of DNA oligonucleotides in photothermally-controlled valves has been 

reported. A study showed the release of doxorubicin after photohermally triggered 

dehybridization of double stranded DNA gatekeepers in mesoporous silica coated AuNRs 

(Figure 1.10 a)175. A slightly different system was designed with reversible single stranded 

DNA valves (Figure 1.10 b). The electrostatic interaction between the DNA strands and the 

silica surface weakens upon irradiation at 808 nm controlling the release of cargo 

molecules178. Other gatekeeper systems have been reported, such as calixarenes177 

(Figure 1.10 c) and phase-changing materials176, 179.  
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Figure 1.10 - Light-induced release of small drugs encapsulated in mesoporous silica-coated plasmonic 
NPs. Silica pores are coated with a thermoresponsive material that allows release of molecules through a 

photothermal effect. (a) AuNR with ssDNA adsorbed to the silica coating closing silica pores. The photothermal 

effect leads to desorption of DNA strands and opening of the pores. (b) Silica-coated AuNR with dsDNA valves. 

Thermal-induced dehybridization leads to drug release. (c) AuNR with calixarene that closes silica pores though 

host-guest interactions. Photothermal effect reduces the interaction and opens the pores.       

 

 

The strategies adopted for the controlled release of macromolecules from plasmonic 

nanocarriers differ from the approaches developed for the release of small drugs. In 

general, the main difference is that the macromolecule is not entrapped in a polymeric 

matrix or encapsulated, although macromolecule encapsulation has been reported with 

AuNRs coated with NIPAAM hydrogels (strategy (i) for small molecules, Figure 1.8 a)170. 

The controlled delivery of siRNA and plasmid DNA has been achieved after their 

electrostatic immobilization in the nanoparticle surface140, 168 as well as after their direct 

binding to the surface of the nanoparticle via thiol-gold chemistry169. Regarding the first 

strategy, the cargo is released through photothermal destabilization of the interaction 

between siRNA and the polymers covering the nanoparticle surface. Regarding the second 

strategy, the release of the cargo is achieved after the cleavage of thiol-gold bond induced 

by a femtosecond pulsed laser. In this case, the near covalent thiol-gold bond is destabilized 

and cleaved by photoexcited electrons from the gold plasmons that do not thermalize with 

the lattice of the material 180. This leads to a selective and localized increase of temperature 

at the nanoparticle surface, decreasing exponentially with the distance to the surface101. 

Different formulations based on plasmonic NPs for light-triggered release of 

macromolecules are summarized in Table 1.3 (section 1.3.2). 
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Although light-triggered drug delivery with plasmonic NP has not yet reached clinical 

trials, plasmonic NPs for photothermal therapy are under clinical evaluation181, which also 

validates the relevance of light irradiation of nanoformulations in a clinical setting.  

 

 

1.4.4 - Gold nanorods 

The controllable synthesis and tuneable optical properties of AuNRs have made them 

good candidates for controlled drug delivery, among other applications. AuNRs can be 

prepared by different methods, including top-down and bottom-up methods. In top-down 

methods, AuNRs are obtained through the deposition of gold using lithography processes. 

The bottom-up methods comprise, among others, electrochemical182, and wet chemical 

synthesis 183. Usually, in these techniques, a template is used in order to confine the growth 

of nanorods along one direction during reduction of gold salt. One of the most common 

procedures for nanorod synthesis is a wet-chemical CTAB mediated method developed 

independently by Murphy et al184 and El Sayed et al155, also designated as seed mediated 

method. In this method, the CTAB surfactant micelles work as “soft templates” for growing 

nanorods, producing nearly monodisperse AuNRs in high yields. The methodology involves 

the production of small gold nanoparticle seeds from the reduction of chloroauric acid with 

sodium borohydride in a CTAB solution. Then, the seeds are added to a growth solution, 

containing Au(I) complex ions obtained from reducing Au(III) complex ions with ascorbic 

acid in aqueous CTAB solution. An important step of the process is the addition of AgNO3 

to this solution, which increases the yield of AuNRs and reduces the amount of nanocrystals 

with different shapes, such as spheres and triangular plates. Furthermore, it has been 

shown that the pH and temperature of the growth solution, the amount of each reagent and 

the ratio between them has impact on the aspect ratio of the rods and consequently on the 

wavelength of the LSPR peak155. For example, increasing the amount of silver nitrate or 

gold chloride leads to a higher wavelength LSPR band, however only up to a certain 

concentration, after which it has an opposite effect. Although this bottom-up method is able 

to produce AuNRs with high uniformity, reproducibility of shape and size between batches 

may be difficult to achieve185. 

 
 

1.4.4.1 - Surface functionalization 

In order to grant stability under different conditions, AuNRs should be functionalized 

with appropriate organic or inorganic compounds. CTAB-capped nanorods are the most 
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used type of gold nanorods, however they present several challenges in terms of toxicity, 

stability and functionalization, limiting their usefulness for further biomedical applications186. 

One of the major drawbacks of CTAB-capped nanorods is their poor stability in high salt 

content at low CTAB concentration. Moreover, they are also susceptible to aggregation in 

the presence of organic solvents, which may disrupt the CTAB bilayer. Several strategies 

have been developed to modify the surface of AuNRs, including layer-by-layer deposition 

of polyelectrolytes32, 187, 188 or the displacement of the CTAB bilayer with thiolated 

compounds189, 190. In the layer-by-layer technique, alternate layers of anionic and cationic 

polyectrolytes are deposited onto the gold surface via electrostactic interactions. Briefly, 

first a negatively charged polymer is incubated with AuNRs, decreasing the net charge from 

positive to negative and then a second layer is deposited on the surface using a cationic 

polymer, such as PEI. The thiol-gold bond chemistry has been explored for the replacement 

of the CTAB bilayer with thiolated compounds. The functionalization of AuNRs with alkyl 

thiols like mercaptoundecanoic acid and mercaptohexanoic acid was achieved through a 

round trip phase transfer191. In this methodology, the nanorods are transferred to an organic 

phase with acetone and dodecanethiol and then are reacted with an alkyl thiol at high 

temperature, becoming water soluble. The surface exchange under aqueous conditions has 

also been reported, for example, using PEG thiols to improve stability and 

biocompatibility104, 192, 193. In 2011, Vigderman et al189 reported the complete exchange of 

CTAB with an analogue MTAB (mercaptohexadecyl)trimethylammonium bromide) that 

binds directly to the gold surface and confers increased stability to the nanorods.  

AuNRs can also be conjugated with a variety of molecules, such as peptides, 

aptamers and antibodies for biosensing applications153, 194, cell targeting195, 196 and payload 

delivery32, 103, 175. In particular, conjugation of gold nanoparticles with DNA has been 

explored for these applications and also to create building blocks for the formation of self-

assembled nanostructures197. Immobilization of ssDNAs modified with thiol group on AuNRs 

stabilized with CTAB was reported139. However, high ratios of ssDNA to AuNRs should be 

used in order to prevent aggregation promoted by the electrostatic interaction between 

anionic DNA phosphates and CTAB and consequent charge neutralization. The thiol-gold 

chemistry has been used to functionalize anionic citrate-stabilized gold nanoparticles with 

thiolated DNA strands198. However, in the case of CTAB-stabilized gold nanorods, this 

strategy is very difficult to employ due to the prevalence of strong electrostatic interactions 

and to the high density of surfactant that decreases the access of thiol-modified DNA to the 

gold surface. To overcome this, researchers have explored ligand exchange with short 

chain alkanethiols191 or with a mixture of small molecules (sodium dodecylsulfate) and 

polymers (polyvinylpyrrolidone)199 that could then be easily replaced by thiol-modified-

ssDNA. In these methodologies, AuNRs become negative after ligand exchange and this 
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requires addition of salt solutions to decrease the electrostatic repulsion between DNA 

strands and the nanorod surface. A recent study demonstrated that the CTAB bilayer could 

be displaced using a mixture of mPEG-thiol and Tween 20200. The amount of 

oligonucleotides immobilized (between 50 and 250) could be tuned by changing the amount 

of mPEG-thiol and Tween 20 used in the displacement process. Other strategy is based on 

the encapsulation of gold nanorods in a thin silica coating. The surface of this silica layer is 

then modified to bind amine or thiol-functionalized oligonucleotides201.  

DNA-conjugated gold nanorods have also been used for hybridization of 

complementary DNA strands. Interestingly, several works have reported the use of ssDNA 

spacers in gold surfaces or spherical nanoparticles as a strategy to increase hybridization 

efficiency202, 203 . Usually, the ssDNA that is bound to the surface has a poly-thymine spacer 

(between 10 and 15 thymines) that separates from the surface the sequence that hybridizes 

with complementary strands. These spacers have been adopted due to the lower interaction 

between thymine and gold when compared to the other nucleotides 204, reducing hindrance 

effects and increasing chain flexibility. For immobilization of double stranded DNAs on gold 

nanorods two strategies were described. One is based on the hybridization of ssDNAs of 

variable length (between 15 and 50 bases) on CTAB-functionalized gold nanorods 

conjugated with ssDNAs139.  Complementary strands were designed with the same number 

of nucleotides and without any spacer in order to have full complementarity. However, the 

authors did not provide quantification of DNA immobilization and hybridization for each of 

the strands. In the other approach, hybridization of complementary DNA strands is 

performed first at 95 ºC, followed by immobilization of DNA duplex on gold nanorods103.  

Interestingly, it has been shown that surface functionalization has impact on the 

thermal dissipation from gold nanorods 205. In relation to this, for applications that rely on 

the melting of the nanorod upon irradiation, one should use ligands that do not promote 

heat dissipation, whereas for applications relying on the increase of temperature in the 

vicinity of the nanorod, ligands should promote heat dissipation. 

 

 

1.5 - Nanoparticle uptake and intracellular trafficking 
One of the challenges associated to the development of nanocarriers is related to 

their uptake and intracellular trafficking, which has impact on the dose and bioavailability of 

the drugs delivered intracellularly.  

The plasma membrane is a dynamic structure of lipid bilayers and membrane proteins 

that segregates the chemical distinct intracellular milieu from the extracellular environment 

regulating the entry and exit of molecules. Essential small molecules and ions can enter in 
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the cell through a system of protein pumps and channels, whereas macromolecules and 

nanostructures are transported into the cell in membrane bound vesicles through 

mechanistically diverse and highly regulated endocytic pathways206, 207 (Figure 1.11). 

Endocytosis has been classified in two broad categories: phagocytosis (uptake of large 

particles) and pinocytosis (uptake of fluids and solutes). Phagocytosis is restricted to certain 

types of mammalian cells and pinocytosis occurs in all cells. Pinocytosis can occur by at 

least four different mechanisms: macropinocytosis, clathrin-mediated endocytosis, 

caveolae-mediated endocytosis, and clathrin and caveolae independent endocytosis. 

Endocytosis is a multiple step process. After interaction with the cell membrane, the cargo 

enters in the cell following invagination of the membrane, which leads to the formation of 

intracellular vesicles, also known as endosomes. Then, sorting of the entrapped cargo 

occurs, leading to different itineraries. Part of the endocytosed cargo may be recycled back 

to the membrane and exocytosed. Other part can go through trafficking from early 

endosomes to late endosomes and lysosomes for degradation or to the trans-Golgi network. 

The trafficking to the lysosomes occurs via acidification of the endosomes from pH 6.0 to 

pH 4.9 by the action of ATPase proton pumps. Late endosomes can then fuse with 

lysosomes (pH 4.5) where the low pH facilitates substrate denaturation and aids several 

degradative enzymes to digest the vesicular content.  

It has been shown that nanoparticle uptake is highly dependent on their 

physicochemical characteristics. Charge is one of the most important factors driving 

nanoparticle uptake via interaction with the negatively charged phospholipid head groups 

or protein domains on the cell membrane, which is favourable for positively charged 

nanoparticles. Size and shape also influence nanoparticle uptake. For example, spherical 

gold nanoparticles are more easily internalized than gold nanorods21, which is attributed to 

a greater membrane wrapping time required for elongated nanoparticles208. Surface 

chemistry plays an important role in uptake as well. Interestingly, not only the type of ligands 

but also their arrangement on the nanoparticle surface influence the interaction with the cell 

membrane 208.  
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Figure 1.11 - Endocytic pathways and intracellular trafficking. The endocytic pathway can be initiated by 

different mechanisms. After internalization, nanoparticles are trafficked along the endolysosomal network within 

vesicles with the help of motor proteins and cytoskeletal structures. Vesicles can transport their contents into 

sorting endosomes, or excrete/recycle them back to the cell surface by fusing with the plasma membrane. 

Alternatively, endosomes can mature into lysosomes via luminal acidification and recruitment of degradative 

enzymes, which target the vesicle contents for degradation. In order to access cytoplasmic, nanoparticles must 
be capable of escaping from the endolysosomal network. (Image from ref.209) 

 
 

1.5.1 - Strategies for endosomal escape 

The biological activity of small drugs or macromolecules, such as siRNA or proteins 

carried in nanoparticles that are internalized via endocytosis may be hampered by their 

accumulation in the endosome and consequent hydrolytic and/or enzymatic degradation. 

Even if the cargo is not degraded, if it remains entrapped in the lysosomes it is unable to 

exert its effect in any other cell compartment.  In order to overcome this problem and ensure 

cytosolic delivery of the drug, several approaches have been adopted. These can be divided 

in different categories, such as fusion with the lipid bilayer210, proton sponge effect211, pore 

formation212 and photochemical mechanism213. 
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For example, concerning transduction of proteins, the use of fused protein 

transduction domains has enabled a higher efficiency in uptake, usually through the 

endocytic pathway, however with a concomitant degradation of the protein decreasing its 

biological activity. A supercharged green fluorescent protein fused to Cre recombinase was 

reported to induce higher uptake and an extended temporal window during which Cre 

recombinase could escape into the cytoplasm214. Another recent strategy involves the co-

incubation of the protein with an endosomolytic agent composed of a tetramethylrhodamine 

labelled dimerized TAT120. 

 

 

1.5.1.1 - Membrane destabilization  

Endosomal escape can only occur if the endosomal membrane is destabilized and 

becomes compromised or leaky. Until now, several agents have been used to directly 

destabilize the endosomal membrane through different mechanisms, such as membrane 

active peptides and cationic nanocarriers that interact directly with the endosomal 

membrane. For example, cationic lipoplexes are able to induce a flip-flop mechanism in the 

lipids of the endosomal membrane215. Negatively charged lipids of the cytoplasmatic leaflet 

of the membrane will revert their position to the luminal side of the endosome to interact 

with the cationic lipoplexes, which leads to a destabilization of the endosomal membrane.  

Several peptides have shown membrane perturbing characteristics that can induce 

endosomal escape. Membrane-active peptides from viral and bacterial pathogens have 

proven to be able to interact with membranes triggering different mechanisms, such as 

membrane fusion, membrane disruption, translocation and pore formation (Figure 1.12). 

Well known examples of such peptides are found in the viral envelope, like the HA-2 subunit 

of the influenza virus hemagglutinin. This fusogenic peptide mediates a mechanism for the 

delivery of the viral genome to the cytosol216. In general, the interaction with the endosomal 

membrane is triggered by a change in the conformation of the peptide as the endosomal 

pH decreases. For example, GALA, an anionic synthetic peptide, was also found to undergo 

conformational changes when the pH of the surrounding environment drops from 7.0 to 5.0, 

changing from random coil to amphiphilic α-helix 217. Addition of this peptide to cationic 

complexes has been able to increase endosomal escape218, 219. Another strategy to promote 

endosomal escape involves the use of agents to destabilize directly the endosomal 

membrane through the formation of pores. Antimicrobial peptides220 and bacterial 

exotoxins221 have been reported to follow this mechanism. These peptides tend to align and 

insert perpendicularly in the membrane to form a pore cooperatively and in a concentration 

dependent manner.  
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Figure 1.12 - Schematic representation of membrane-perturbing mechanisms. (a) Membrane fusion 

promoted by fusogenic peptides (red segments) that are usually found at the solvent-exposed ends of 

transmembrane proteins (black lines) of enveloped viruses. (b) Membrane disruption is promoted by endosome-

disrupting peptides (red segments) of proteins (brown lines) that are usually embedded in protein 

macromolecular complexes (ex. in naked viruses). After membrane breakage, protein complexes can diffuse 

freely into the cell. (c) Translocation allows the membrane crossing of peptides and short proteins (red 

segments) without altering the physicochemical integrity of the cell membrane. (d) Pore formation is promoted 

by several types of antimicrobial peptides (red segments) that act cooperatively on localized areas of the cell 

membrane (Image from ref. 222) 
 

 

1.5.1.2 - Antimicrobial peptides for endosomal escape 

Antimicrobial peptides (AMPs) are a class of membrane-active peptides that have 

been studied for their ability in forming pores in biological membranes220. AMPs have a 

higher affinity towards microbial membranes, providing protection in multicellular organisms 

against bacteria, fungi and viruses223. The mode of action of these peptides on biological 

membranes differs from the mechanism of viral peptides which are essentially fusogenic224. 

AMPs are cationic amphiphilic molecules (15-45 amino acids) with nearly 50% of 

hydrophobic residues. They can adopt secondary structures with spatially separated 

hydrophobic and charged regions, conferring water solubility but also the ability to interact 

with phospholipid bilayers. Due to their membrane lytic properties, AMPs have already been 

used in different systems to increase endosomal escape. A recent study reported the ability 

of antimicrobial peptides to increase endosomal escape of proteins fused to superpositively 

charged GFP, without disrupting the cell membrane225. Melittin, a naturally occurring AMP, 

has been covalently attached to PEI gene delivery vectors to promote endosomal escape226, 

227. Melittin was also utilized to improve endosomal escape of hepatocyte targeted chol-

siRNA leading to a 500-fold improvement in protein knockdown228. Recently, different 

amphiphilic peptide segments were combined with TAT peptide and a DNA binding 

segment for efficient cytosolic delivery of plasmid DNA229. Membrane-disruptive properties 

of a chimeric peptide in which TAT11 motif was fused to hybrid peptide cecropin-melittin 

have been studied230. After reaching a critical concentration, the fusion peptide is able to 

d c b a 
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dissolve the bilayer integrity by a carpet mechanism, whereas the hybrid cecropin-melittin 

induces the formation of pores through a “toroidal pore” mechanism (Figure 1.13). The 

chimeric peptide has been already reported to enable the endosomal escape of membrane 

impermeable molecules212.  

 

 
Figure 1.13 - Schematic representation of membrane-perturbing mechanisms proposed for cecropin-
melittin-TAT (CM18-TAT11) and for cecropin-melittin (CM18). At concentrations above 3 µM, CM18-TAT11 

acts through a carpet model disrupting the membrane in a detergent-like mechanism. CM18 induces the 

formation of toroidal pores in the membrane. The two hypothetical models were supported by patch-clamp 

analysis in Chinese Hamster Ovary (CHO-K1) cells exposed to different concentrations of peptides.  (Image 

from ref. 230) 
 
 

1.5.1.3 - Rupture of the endosomal membrane 

Besides the induction of pores on the endosomal membrane, enabling the leakage of 

membrane impermeable molecules, other methods have been exploited for the rupture of 

the endosomal membrane. 

 

 

Proton sponge effect 
One of the most reported strategies for endosomal escape and, in particular, for 

efficient transfection of plasmid DNA, relies on the use of cationic polymers or lipids with 

excess protonable amine groups, which are able to generate a “proton-sponge” effect. 

Briefly, these polymers and lipids have high buffering capacity and tend to become 

protonated as the pH decreases, leading to an increased osmotic pressure with a 

consequent swelling and bursting of the endosome. Among these polymers, 

polyethyleneimine (PEI) is by far one of the most studied211, 231. Polyamidoamine (PAMAM) 

dendrimers and lipopolyamines have also achieved high transfection efficiency due to their 

buffering capacity232, 233. Recently, Perche et al234 showed improved endosomal escape of 
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siRNA by conjugating gold nanoparticles with hydroxychloroquine, a small molecule that is 

able to produce an effect similar to the proton sponge effect described for PEI.  Chloroquine 

is a weak base that is able to increase the pH of the acidic compartments and consequently 

inhibit hydrolytic enzymes such as proteases and nucleases235. Chloroquine also causes 

rupture of the endosomal membrane by increasing the osmotic pressure inside the 

endosome.  

Endosomal escape can occur through a combination of proton sponge effect and 

other mechanisms. For example, dendrimers were found to expand and insert into the 

endosomal membrane, promoting rupture of the membrane at lower tensions, in addition to 

the proton sponge effect236. 

 

 
Light-induced endosomal escape 

Several works have reported the use of light as an external stimulus for endosomal 

disruption. One of the strategies adopted for the spatio-temporal control of endosomal 

escape, relies on the use of photosensitizers that upon light excitation are able to produce 

singlet oxygen, inducing lipid peroxidation and disrupting the endosomal membrane237. In 

this approach, after internalization of the nanocarrier and photosensitizer through 

endocytosis, light is applied to promote endosomal escape of the nanocarrier. This 

methodology has been designated as photochemical internalization237. In 2010, Febvay et 

al 238 loaded a fluorescent dye in mesoporous silica nanoparticles, which after laser 

excitation originates a photochemical mechanism of endosome disruption through the 

production of reactive oxygen species. Harnessing this photochemical mechanism, Wang 

et al239 reported the intracellular light-controlled delivery of antibodies targeting the Ki-67 

protein in HeLa cells. This strategy has also been used for the delivery of siRNA240, 241 with 

photosensitizers responsive to UV light. Recently, the photo-induced endosomal escape 

using wavelength in the NIR region was achieved with a formulation based on upconversion 

nanoparticles that upon irradiation at 980 nm emit visible light that excites a photosensitizer 

(mesotetraphenylporphine TPPS2a) which in turn produces reactive oxygen species for 

endosomal membrane destabilization 242. 

Plasmonic gold nanoparticles also offer a means of controlling endosomal escape by 

light. Krpetic et al243 demonstrated that CW irradiation of endocytosed gold nanoparticles 

with laser powers below 20 Wcm-2 leads to the rupture of the endosomal membrane. The 

authors suggested that this was not a photothermal effect, since the increase in temperature 

was minimal and that it was probably mediated by reactive oxygen species (ROS) 

generated upon irradiation. Conversely, other authors have associated the mechanism of 
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endosome rupture to a thermal effect and cavitation triggered by irradiation of gold 

nanoshells with NIR pulsed laser168. 

 

 

1.6 – Outgrowth endothelial cells and miRNAs  
Since the first work reporting the isolation of endothelial progenitor cells (EPCs)244,  

extensive research has been done to leverage their therapeutic potential. EPCs can be 

isolated from peripheral blood, bone marrow and umbilical cord blood. Different subtypes 

of EPCs have been described. Early EPCs are spindle-shaped cells and can be obtained 

after short-term culture (4-7 days) of isolated mononuclear cells and regulate angiogenesis 

through the secretion of paracrine factors. Outgrowth endothelial cells (OECs) or late 

endothelial progenitors have a cobblestone morphology and can be derived from long term 

culture (2-3 weeks) of mononuclear cells. They are characterized by their high proliferative 

potential245 and also by the unique capacity of contributing to the formation of functionally 

active vessels in vivo by differentiating into endothelial cells246. Therapies based on these 

cells may be extremely beneficial for the treatment of several diseases related to vascular 

ischemic injury, such as stroke247, myocardial infarction248, hind-limb ischemia249 and 

ischemic retinopathies250.  

Regulatory pathways of endothelial cell-mediated vascular repair are being 

established in terms of transcriptional regulation of endothelial cells, epigenetic regulation, 

and post-transcriptional regulation with non-coding RNAs251. Research on the role of 

miRNAs in modulation of angiogenesis has been mostly focused on endothelial cells and 

less on progenitor endothelial cells252. A study identified dysregulation of some 

angiogenesis-related miRNAs in EPCs from patients with coronary artery disease (CAD)253. 

This suggests the important role of miRNAs on cell behaviour and creates new therapeutic 

possibilities to restore the function of these cells. MiRNAs could be helpful in: 1) enhancing 

the proliferation of cells available for cell-based therapies; 2) promoting the differentiation 

of vascular progenitor cells into endothelial cells; 3) improving the cell function by the 

amplification of proangiogenic pathways and 4) correcting antiangiogenic molecular 

defects.   

MiRNAs have been identified as critical regulators of the neovascularization process. 

MiRNA profiles in early EPCs, OECs and human umbilical endothelial vein cells (HUVEC) 

have been identified254. Interestingly, it was found that 38 miRNAs are specifically 

expressed in OECs and 30 miRNAs are specifically expressed in early EPCs. A comparison 

between EPCs healthy old individuals and EPCs from young individuals revealed a 

significant down-regulation of several miRNAs, namely miR-221/222, miR-130a and miR-
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155.255. In fact, miRNAs have been correlated with the modulation of EPCs at different 

levels. Some works have reported the impact of miRNAs in the proliferative potential of 

EPCs 256, 257. It was reported that overexpression of miR-221 in bone marrow-derived EPCs 

reduced significantly their proliferation 257. Interestingly, EPCs from patients with CAD have 

increased levels of this miRNA when compared to EPCs from healthy donors 258. MiR-221 

is also upregulated in mature endothelial cells, which is consistent with their less active 

nature. A study reported the anti-angiogenic impact of overexpressing miR-221 in OECs, 

affecting genes involved in hypoxia response, cell migration and energy supply254. 

Overexpression of miR-126 increases proliferation and decreases apoptosis by targeting 

SPRED1 259. It was found that the expression of this miRNA was downregulated during 

ischemia, enhancing mobilisation of progenitor cells260. MiRNAs also regulate the 

senescence of EPCs. It has been demonstrated that overexpression of miR-10A and miR-

21 could induce senescence of EPCs, impairing their angiogenic functions. Inhibition of 

these miRNAs in aged EPCs resulted in higher angiogenic activity 261, 262. Likewise, miR-

34a was found to inhibit EPC-mediated angiogenesis by inducing senescence via 

repression of silent information regulator 1 (Sirt1).  

MiRNAs 155 modulate endothelial cell activity 263, 264. Recently, miR-155 was reported 

as an important modulator of adaptive neovascularization in mice 264. The authors identified 

an anti-angiogenic but proarteriogenic activity of miR-155 by the direct suppression of 

different target genes, AGTR1 (positive modulator of angiogenesis) and SOCS-1 (negative 

feedback regulator of Janus Kinase/signal transducers and activators of transcription 

signalling in monocytes and macrophages). However, a separate study showed that ectopic 

expression of miR-155 in HUVEC increased cell proliferation, migration and VEGF-induced 

network formation, revealing a proangiogenic function 265. Moreover, a recent study showed 

that miR-155 is a key promoter for endothelial cell maturation 266. This study demonstrated 

that VEGF stimulation could promote miR-155 expression leading to improved endothelial 

cell functions, such as microtubule formation and secretion of paracrine factors, by the 

suppression of E2F2 transcription factor. Nanotechnology has been used in combination 

with different cells with angiogenic potential. Nanoparticles have been reported for 

mobilization of cells in vivo267, tracking by imaging techniques268 and also for drug 

delivery269. Although miRNAs have a critical role in the regulation of endothelial cells, EPCs 

and angiogenesis, very few nanoparticle-based systems have been developed to modulate 

these cells and their angiogenic potential through miRNA delivery 268, 270, 271.   Fluorine-

containing PLGA nanoparticles were used to track transplanted endothelial cells by 

magnetic resonance imaging and to deliver a miRNA to exert a pro-survival effect under 

hypoxia 268. In another study, PLGA nanoparticles were used to deliver proangiogenic miR-

132 to endothelial cells before incorporation in protein gel constructs for transplantation 271. 
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Other studies have reported the delivery of miRNAs or miRNA inhibitors with nanoparticles 

for antiangiogenic therapies, as a potential tool for cancer treatment272 and also for the 

treatment of diabetic retinopathy 273 .  
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Abstract 
Transient, non-integrative modulation of cell function by intracellular delivery of 

proteins has high interest in cellular reprogramming, gene editing and therapeutic medicine 

applications. Unfortunately, the capacity to deliver intracellularly multiple proteins with 

temporal and spatial control has not been demonstrated. Here, we report a near infrared 

(NIR) laser-activatable nanomaterial that allows precise control over the release of two 

proteins from a single nanomaterial. The nanomaterial is formed by gold nanorods (AuNRs) 

modified with single stranded DNA (ssDNA) to which complementary DNA-conjugated 

proteins are hybridized. Using DNA strands with distinct melting temperatures we are able 

to control independently the release of each protein with a laser using the same wavelength 

but with different powers. Studies in mammalian cells show that AuNRs conjugated with 

proteins are internalized by endocytosis and NIR laser irradiation promotes simultaneously 

endosomal escape and the release of the proteins from the AuNRs. Our results further 

demonstrate the feasibility of protein release from a carrier that has been accumulated within 

the cell up to 1 day while maintaining its activity. 

 

Keywords. Gold nanorods, protein delivery, nanotechnology, near infrared laser 
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2.1- Introduction 
Intracellular delivery of proteins is extremely useful for the modulation of cellular 

processes, cell reprogramming and gene editing.1, 274 In many cases, this type of delivery 

requires the use of protein carriers to overcome proteins poor membrane permeability. In 

the past decade, different nanoformulations have been developed to address this need.275-

277 Yet most of these strategies are based on the passive diffusion of the protein from the 

nanocarrier or on the enzymatic degradation of the nanoformulation.10 Despite the recent 

successes in the intracellular delivery of functional proteins,120, 278, 279 so far, no formulation 

has the capacity to orchestrate the intracellular delivery of more than one protein with remote 

control. This is an important issue in many biological applications such as cell 

reprogramming. For example, lineage-switching experiments in the hematopoietic system 

have shown that the order in which two transcription factors become expressed in a 

progenitor cell may define the commitment into a given lineage.9  

Light-sensitive nanomaterials have emerged as an attractive solution to provide spatial 

and temporal control over the release of molecules within cells.65 A significant number of 

light-triggerable formulations that respond to UV or visible light have been described.122, 134, 

238, 280, 281 Unfortunately, the UV light has a low penetration depth in biological samples and 

may exert cytotoxic effects65. AuNRs, having a large optical cross section and tuneable 

plasmon optical resonance in the near infrared range282, are promising nanomaterials for in 

vivo controlled release of biomolecules. The NIR plasmon resonance band is attractive for 

biomedical applications due to the “water window” (650-900nm) where there is low light 

absorbance by skin and tissue. These AuNRs have been mostly used for the controlled 

release of nucleic acids such as siRNA, small oligonucleotides and plasmid DNA.91, 139, 142 

Upon optical excitation, DNA strands hybridized to complementary strands immobilized on 

the surface of the nanocarrier are released by a phototermal effect.91, 103, 139 Released 

siRNAs may mediate gene silencing in model cells.91  

Although light-triggered release of proteins has been reported,122, 283 no formulation 

has achieved the photo-triggered release of more than one protein from the same 

nanocarrier using a single wavelength. In this work, we have developed a nanomaterial and 

oligonucleotide chemistry for the intracellular delivery of two proteins with spatio-temporal 

control using NIR light as a trigger. We further show that the released protein escapes the 

endolysomal compartment remaining active. Proteins were immobilized on AuNRs by 

hybridizing complementary single stranded DNA (ssDNA) molecules having different melting 

temperatures. For the NIR-triggered release we have used a continuous wave (CW) 

excitation. CW leads to a local increase of temperature creating a gradient from the AuNR 

core to the bulk solvent, but does not cause cavitation or melting of the AuNR core like 
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pulsed lasers.180 Although the use of pulsed lasers has been used to induce the cleavage of 

Au-thiol bonds releasing biomolecules such as siRNA,168 the selective release of cargos 

from the same nanocarrier is only possible with CW lasers. The current work opens new 

opportunities for the intracellular delivery of multiple proteins with spatio-temporal control.  
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2.2 - Results  
 
2.2.1 - Preparation of AuNR-protein conjugates 

The AuNRs used in this work had an average length of 46.7 ± 4.1 nm and width of 

13.8 ± 1.9 nm and showed a plasmon resonance band at 780 nm (Figure 2.2). The AuNRs 

were coated with ssDNA containing a thiol terminal group at the 5′ end (Table 2.1, Materials 

and Methods) to facilitate the covalent attachment to the AuNR surface (Figure 2.1). The 

two ssDNA tested in this work had a poly-thymine spacer (12 or 15 thymines) followed by 

an oligonucleotide sequence of 15 or 13 bases, respectively. The poly-thymine spacer was 

used to keep the oligonucleotide hybridization sequence distant from the AuNR surface.204 

The number of ssDNA per AuNR ranged between 120 and 480 depending on the initial ratio 

of ssDNA per AuNR (Figure 2.2b). The coupling efficiency of ssDNA to AuNR was on 

average 60% and it was similar for both oligonucleotide strands (Figure 2.2b). The 

hybridization efficiency for the complementary oligonucleotide was above 90%. For 

subsequent experiments we have used AuNRs with 120 oligonucleotide strands because 

this number was large enough to immobilize the proteins selected in this study. 

 

Figure 2.1 - Preparation of AuNR-DNA-protein conjugates. (a) Preparation of ssDNA-protein conjugates. 
Proteins (β-Gal or BSA) were initially reacted with a heterofunctional linker (Sulfo-GMBS) by its terminal 
succinimide ester. The protein conjugate was then reacted with a ssDNA having a terminal thiol group. After 
reaction, the protein conjugate (BSA-ssDNA or β-Gal-ssDNA) was purified by HPLC. (b) Preparation of AuNR-
ssDNA. AuNRs were reacted with HS-ssDNA complementary to the strands of BSA-ssDNA or β-Gal-ssDNA 
conjugates. The ssDNA-protein conjugates were then bound to the ssDNA-AuNR by hybridization. Upon NIR 
irradiation, there is an increase in the temperature at the AuNR leading to the DNA de-hybridization and the 
release of proteins with different kinetics. The release kinetic depends on the heat generated (which depends on 
the power of NIR laser used) and the melting temperature of the oligonucleotides.  
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Figure 2.2 - Characterization of AuNRs. (a) TEM analysis. (a.1) Representative TEM image of AuNRs. (a.2-

a.3) NR length (a.2) and width (a.3) distribution obtained from TEM images. The AuNRs showed an average 

length of 46.7 ± 4.1 nm, n=100 AuNRs and an average width of 13.8 ± 1.9 nm, n=100 AuNRs. (b.1) Quantification 

of oligonucleotides immobilized on NR surface via thiol gold chemistry (1st DNA strand) or hybridized to the 

ssDNA conjugated to the NR (2nd DNA strand). The amount of strands per AuNR was determined indirectly in 

the supernatant by measuring absorbance at 260 nm in Nanodrop. (b.2) Comparison of the binding efficiency of 

the two sequences with different melting temperatures (91.7% efficiency for DNA strand with Tm 51.7 ºC and 

84.5% efficiency for DNA strand with Tm 68.9 ºC). Results in b.1 and b.2 are Average ± SD, n=3. (b.3) 

Absorbance spectra of AuNRs after conjugation with mercaptohexanoic acid (AuNR-MHA); after conjugation 

with ssDNA51.7 (AuNR-ssDNA51.7) and after hybridization with β-Gal (AuNR-dsDNA51.7-βGal). Surface plasmon 

resonance band does not change significantly during surface modification. 

 

 

For initial experiments, bovine serum albumin (BSA) protein was used as a model 

protein due to its availability and easy to label with different fluorescent dyes. The protein 

was reacted with sulfo-GMBS followed by ssDNA containing a terminal thiol group 

(protein:ssDNA ratio of 1:2) (Figure 2.1). After purification, the protein conjugates had on 

average 1 ssDNA per protein molecule (Figure 2.3). The protein conjugate was then 

hybridized at 37 ºC, using a 300-fold excess of protein over AuNR concentration. Our results 

show that hybridization of the ssDNA-protein conjugate does not cause significant changes 

in the absorbance spectrum of the NRs (Figure 2.2 b.3). In addition, hybridization of the 

Tm 51.7      Tm 68.9 
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ssDNA-protein conjugate to the AuNR was not observed when non-complementary ssDNA 

sequences were used. 

 

 
Figure 2.3 - Characterization of oligonucleotide-protein conjugates. (a.1) Scheme showing the coupling 

reaction of ssDNA to the proteins. (a.2) HPLC characterization of the reaction mixture between β-Gal and ssDNA. 

Representative chromatograms of β-Gal, ssDNA and the final reaction mixture of β-Gal with ssDNA. Integration 

of DNA peaks indicate a conjugation value of 37% of the total DNA. This means that each protein molecule was 

conjugated with at least one oligonucleotide. (a.3) Electrophoresis characterization of the HPLC fractions. 

Fractions 1 and 2 were analysed. Samples were run in polyacrylamide gel and DNA was stained with Sybr Gold. 

Quantification of free DNA indicates a conjugation value of 35% of the total DNA. Fraction 1, which corresponds 

to the β-Gal-ssDNA conjugate was used for subsequent experiments. (a.4) Enzymatic activity of  β-Gal, β-Gal 

conjugated with sulfo-GMBS (β-Gal-maleimide) and β-Gal conjugated with ssDNA51.7 (β-GalssDNA51.7). (b.1) 

HPLC characterization of the reaction mixture between BSA and ssDNA51.7.Representative chromatograms of 

BSA, ssDNA and the final reaction mixture of BSA with ssDNA. (b.2) Electrophoresis characterization of the 

HPLC fractions. Fractions 1-4 were analysed. Fraction 3 was used for conjugation with AuNR-ssDNA. We 

selected this fraction because each protein is conjugated with one ssDNA. 
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2.2.2- In vitro release of proteins from AuNR-protein conjugates after NIR laser 
activation 

To study the release profiles of proteins, we have used AuNRs hybridized with: (i) 

DyLight488-BSA conjugated with ssDNA with a melting temperature of 51.7 ºC (DL488-BSA-

ssDNA51.7), (ii) BSA-DyLight550 conjugated with ssDNA with a melting temperature of 68.9 

ºC (DL550-BSA-ssDNA68.9), and (iii) both DL488-BSA-ssDNA51.7 and DL550-BSA-ssDNA68.9 

(Figure 2.4). Each of the AuNR formulation has approximately 90 BSA molecules per NR. 

The AuNRs absorb the light and converted it into heat, which then disrupts the physical 

bonds between the double stranded DNA containing the proteins. BSA release correlated 

with laser power, i.e., higher concentration of BSA was released from AuNRs exposed to 

higher laser powers. Approximately 95% and 50% of the immobilized protein was released 

from DL550-BSA-dsDNA68.9-AuNR after a 5 min exposure to a laser power of 2 Wcm-2 and 
1.25 Wcm-2, respectively (Figure 2.4 b).  

 

Figure 2.4 - In vitro release of BSA-ssDNA or β-Gal-ssDNA from AuNRs conjugated with complementary 
ssDNA. (a) Schematic representation of the in vitro release experiments. Fluorescently-labeled-protein-dsDNA-

AuNR were irradiated by a NIR laser (780 nm) up to 15 min after which the suspension was centrifuged and the 

protein fluorescence (BSA) or the enzyme activity (β-Gal) measured both in the supernatant and pellet. (b) 

Release profile of BSA from DL550-BSA-dsDNA68.9-AuNR irradiated with different NIR laser powers up to 15 min. 

(c) Release profiles of BSA from DL550-BSA-dsDNA68.9-AuNR or DL488-BSA-dsDNA51.7-AuNR, irradiated with a 

NIR laser (780 nm; laser power: 1.25 Wcm-2) up to 5 min. (d) Relative β-Gal activity in the supernatant and in 

the pellet after release from β-Gal-dsDNA51.7-AuNR. Each β-Gal activity after laser irradiation was normalized by 

the total enzyme activity before laser irradiation. In b, c and d, results are Average ± SD (n=3).  



50 
 

In addition, for the same laser power, release of BSA correlated with the melting 

temperature of the ssDNA, i.e., higher concentration of BSA was released from AuNRs 

conjugated with ssDNA with low (DL488-BSA-ssDNA51.7-AuNR) than with high (DL550-BSA-

dsDNA68.9-AuNR) melting temperature (Figure 2.4 c).  

To demonstrate the dual release of proteins, we have immobilized both DL550-BSA-

ssDNA68.9 and DL488-BSA-ssDNA51.7 in the same AuNR. The samples were irradiated for 2 

min at 1.25 Wcm-2, centrifuged, the pellet resuspended and irradiated for 3.5 min at 2 Wcm-

2 (Figure 2.5 a). Our results show that in each laser exposure, one of the proteins was 

preferentially released (Figure 2.5 b). The release of the first protein (DL488-BSA-ssDNA51.7) 

was 86%, which is higher than the value achieved in the single protein system. This may be 

due to a hindrance effect promoted by the other protein (DL550-BSA-ssDNA68.9) that is not 

released by the first stimulus and thus decreasing the possibility of re-hybridization of the 

released conjugate. Alternatively, a change in the melting transition of the DNA strands in 

the dual protein system versus single protein system may account for the differences 

observed.284 

A recent study has inferred about the stability of proteins released from a NIR-activated 

Au nanoshell but definitive evidence about its stability was not provided.122 To investigate 

whether the photothermal effect observed in AuNRs could reduce the activity of the attached 

protein, we immobilized a model enzyme, β-galactosidase (β-Gal), in the AuNRs and 

quantified its activity before and after light activation. The conjugation of β-Gal with 

ssDNA51.7 was not deleterious for the enzymatic activity of β-Gal (Figure 2.3 a.4). Each of 

the NR formulation has a final amount of approximately 5 β-Gal molecules per AuNR due to 

the large molecular weight of the protein (464 KDa). Enzymatic activity was observed in the 

released enzyme (88% activity in the supernatant and 6% in the NR suspension after 2 min 

at 2 Wcm-2, relatively to the initial enzymatic activity), which indicates that the photothermal 
effect in AuNRs had a minimal impact in the enzyme activity (Figure 2.4 d). 
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Figure 2.5 - Sequential release of DL488-BSA-ssDNA51.7 and DL550-BSA-ssDNA68.9 from AuNRs after light 
activation. (a.1) Scheme illustrating dual release experiment. A suspension of DL488-BSAdsDNA51.7-AuNR-

DL550-BSA-dsDNA68.9 was first irradiated for 2 min at 1.25 Wcm-2 and then centrifuged in order to collect the 

supernatant. The NR were resuspended and irradiated again at 2 Wcm-2 for 3.5 min and then centrifuged. AuNRs 

used in this experiment were conjugated with 32 molecules of DL488-BSA-ssDNA51.7 and 34 molecules of DL550-

BSA-ssDNA68.9. (a.2) The fluorescence of both supernatants was measured in a fluorimeter using an excitation 

wavelength at 480 nm for DL488-BSA or 530 nm for DL550-BSA. The first stimulus caused the release of 86% of 

DL488-BSA and 7% of DL550-BSA. The second stimulus released 14% of DL488-BSA and 93% of DL550-BSA. 

 
 
 

2.2.3 - Uptake and cytotoxicity of AuNRs 

Next, we evaluated the interaction of AuNRs with cells. We have selected fibroblasts 

as a cell model since many of reprogramming protocols used fibroblasts as a starting 

point.117 Initially, we evaluated potential cytotoxic effects of AuNRs (we have used BSA-

dsDNA51.7-AuNR as a model) and light in cells. AuNRs (up to 50 µg mL-1, with or without 

light activation) and light (up to 2 Wcm-2) alone had a low cytotoxic effect (below 20%) 

(Figure 2.6). Then, we quantified cellular uptake of AuNRs using inductively coupled mass 
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spectrometry (ICP-MS) (Figure 2.6 b.1). Cells were incubated with AuNRs (50 µg mL-1) for 

different times in DMEM (with 10% FBS), washed and finally characterized by ICP-MS. Each 

single cell internalized approximately 3.9 pg of AuNRs during the first 4 h (Figure 2.6 b.1). 

Cell uptake of NRs was not substantially improved for exposure times above 4 h. In addition, 

the intracellular accumulation of AuNRs depends on cell proliferation. If cell proliferation was 

inhibited with mitomycin C, 75% of the initial content of AuNRs remained in the cytoplasm 
after 24 h of cell culture (Figure 2.6 b.2).  

 

 
Figure 2.6 - Cytotoxicity and uptake of protein-conjugated AuNRs. Fibroblasts were incubated with different 

concentrations of BSA-dsDNA51.7-AuNR for 4 h, washed, incubated in cell culture media for 20 h, after which cell 

metabolism (a and b) or cell viability (c) was evaluated by an ATP (a and b) or annexin V/PI (c) assays. Control 

are cells cultured without AuNRs. (a and b) Cytotoxicity of non-irradiated BSA-dsDNA51.7-AuNR (a) and irradiated 

BSA-dsDNA51.7-AuNR (780 nm laser for 2 min; laser powers: 1.25 and 2 Wcm-2) (b) as evaluated by an ATP 

assay. (c) Cytotoxicity of non-irradiated and irradiated BSA-dsDNA51.7-AuNR as measured by an annexin V/PI 

assay.  b.1) Amount of Au in cells incubated with β-Gal-dsDNA51.7-AuNR (50 μg mL-1) for different times. At 

each incubation time, cells were washed to remove non-internalized AuNRs and then trypsinized, counted and 

freeze-dried for ICP-MS analysis. (b) Amount of internalized Au during fibroblast proliferation. Cells were 

incubated with β-Gal-dsDNA51.7-AuNR (50 μg mL-1) for 4 h, washed to remove the non-internalized AuNR, and 

cultured for additional 0, 3, 6, 12 and 24 h in cell culture media. In a set of experiments, cells were treated with 

mitomycin for 150 min after the 4 h uptake period. To determine the Au amount in the cells treated or not with 

mitomycin, cells were trypsinized, counted and freeze-dried for ICP-MS analysis. (b.1) Intracellular content of Au 

as quantified by ICP-MS. (b.3) Cell number relative to time 0 h (end of the incubation with NR). Results are 

Average ± SD, n=3. In b.2, unpaired t-test was used to compare both groups. * and ** mean p<0.05 and p<0.01. 
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2.2.4 - Intracellular release of a single protein from AuNR-protein conjugates 
after NIR laser activation  

To demonstrate the release of proteins within the cell after light activation, fibroblasts 

were incubated with DL488-BSA-ssDNA68.9-AuNRs-TRITC (TRITC was attached to the Au 

core of the NR by a polyethylene glycol linker) for 4 h, washed to remove non-internalized 

AuNRs and finally activated by a NIR laser with variable power (1.25 or 2 Wcm-2) for 2 min 

(Figure 2.7 a). Irradiated fibroblasts showed higher fluorescence (in the green and red 

channel) as compared to non-irradiated cells (Figure 2.7 b.1). This result confirms the laser-

induced release of the protein, which results in less proximity between DL488-BSA-ssDNA68.9 

and AuNRs and a decrease in the quenching effect.285 Our results further show that an 

increase in laser power correlates with an increase in fluorescence (i.e. “corrected total cell 

fluorescence”) (Figure 2.7 b.2), supporting the thesis that more protein is released for higher 

laser powers. To gain further insights about the release of the protein, the coefficient of 

variation (CV) of protein signal (Figure 2.7 b.3) and Manders’ colocalization coefficient 

(Figure 2.7 b.4) between AuNR-TRITC and DL488-BSA-ssDNA68.9 were determined. Both 

Manders’ colocalization coefficient and CV of the total cell fluorescence decreased for higher 

laser powers, which is an indication of protein diffusion in the cells. However, in the non-

irradiated cells, the Manders’ colocalization coefficient between AuNR and BSA is not 100% 

probably due to the proximity between TRITC and the AuNR surface, which may result in a 

quenching of TRITC fluorescence.285, 286 Therefore, part of the AuNR-TRITC fluorescence is 

not detected under confocal microscope, decreasing the colocalization coefficient between 

DyLight and TRITC. 

To understand the fluorescence overlap we used the Forster Resonance Energy 

Transfer (FRET) acceptor photobleaching method (Figure 2.8). This technique measures 

the donor fluorescence (DL488-BSA-ssDNA68.9) before and after photobleaching the acceptor 

(AuNR-TRITC). The efficiency of FRET is mainly based on the donor-acceptor separation 

distance 287. If the molecules are close enough (2-10 nm), a resultant increased fluorescence 

will occur on the donor (DL488-BSA-ssDNA68.9). Confocal images in fibroblasts show an 

increase in DL488-BSA-ssDNA68.9 fluorescence after photobleaching the acceptor (AuNR-

TRITC) (Fig. 4b). The FRET efficiency in non-irradiated cells is higher than in irradiated cells 

indicating that the distance between AuNR-TRITC and DL488-BSA in non-irradiated cells is 

shorter than in irradiated cells. These results suggest that, although the protein and the 

AuNR core co-localize within cells, the protein is not bound to the AuNR in the irradiated 

cells. 
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Figure 2.7 - Intracellular release of proteins. Fibroblasts were incubated with DL488-BSA-dsDNA68.9-AuNR-

TRITC for 4 h, washed, new cell culture media added and finally irradiated with a laser at 780 nm (laser power: 

1.25 or 2 Wcm-2) for 2 min. (a) Schematic representation for the preparation of DL488-BSA-dsDNA68.9-AuNR-

TRITC. The stoichiometry between ssDNA and TRITC is 1:4.5. (b.1) Representative confocal images of 

fibroblasts after incubation with DL488-BSA-dsDNA68.9-AuNR with and without laser irradiation. Scale bar is 30 

µm. (b.2 and b.3) Intensity and coefficient of variation of the signal of DL488-BSA-ssDNA68.9. (b.4) Colocalization 

between AuNR-TRITC and DL488-BSA-ssDNA68.9 expressed as Manders’ overlap coefficient assessed by 

ImageJ analysis. In b.2-b.4, the results are expressed as Average ± SD (n=3). *** denotes statistical significance 

(p<0.001) assessed by one-way ANOVA followed by Tukey’s post-hoc test.  
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Figure 2.8 - FRET analysis to evaluate the proximity of the protein to the AuNR-TRITC. (a.1 and a.2) 

Schematic representation of the acceptor photobleaching FRET method. DL488 works as donor, transferring 

energy to the acceptor (TRITC). If the distance between the pair is less than 10 nm, when the acceptor is 

photobleached, the fluorescence of the donor increases. (b) Fibroblasts were incubated with DL488-BSA-

dsDNA68.9-AuNR-TRITC (50 µg mL-1) for 4 h, washed, feeded with new cell culture media, and either irradiated 

or not with a 780 nm laser for 2 min (2 Wcm-2). (b.1 and b.2) Confocal images of AuNR-TRITC and DL488-BSA-

ssDNA68.9 before and after photobleaching TRITC within a region of interest (ROI, each ROI corresponds to one 

cell) with confocal 561 nm laser (80% of intensity). Scale bar is 6 µm. (b.3) Quantification of FRET efficiency. 

FRET efficiency (FRETeff) was calculated as FRETeff = ([Dafter]-[Dbefore])/[Dafter])x100, where Dafter is the 

fluorescence intensity of the donor (DL488) after photobleaching the acceptor (TRITC), and Dbefore is the 

fluorescence intensity of the donor before photobleaching the acceptor. Results are Average ± SD (n=10 cells, 

***p < 0.001). 
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Next, we studied whether the protein cargo after light activation was entrapped in the 

endolysosomal compartment or released in the cytoplasm. Fibroblasts were incubated with 

BSA-dsDNA51.7-AuNRs for 4 h, washed, activated or not by a NIR laser (1.25 Wcm-2) for 2 

min and then fixed. The intracellular trafficking of NRs was then studied by transmission 

electron microscopy (TEM) (Figure 2.9 a). In the absence of laser irradiation, BSA-

dsDNA51.7-AuNRs accumulated in vesicles (almost 90%) specifically in endosomes (67.0% 

± 1.0%) and lysosomes (21.2% ± 1.0%). After laser irradiation (2 Wcm-2), most BSA-

dsDNA51.7-AuNRs accumulated in the cytoplasm (57.8% ± 3.4%) while the remaining AuNRs 

were entrapped in endosomes (35.7% ± 3.0%) and lysosomes (6.5% ± 0.8%) (Figure 2.9 
b). In a separate experiment, using the previous incubation protocol, we monitored the 

intracellular trafficking of BSA-dsDNA51.7-AuNR-TRITC using an endolysosomal dye, 

Lysotracker (Figure 2.10). In the absence of light, the number of AuNRs in the cytoplasm 

was 34.8 ± 5.5% (more than observed by TEM; however, this dye might not take into account 

the AuNRs accumulated in early endosomes 288)  while after laser irradiation, the number of 

AuNRs in the cytoplasm was 62.4 ± 6.4%. 

 

 

Figure 2.9 - Laser induced endosomal escape. (a) TEM images of fibroblasts incubated with BSA-dsDNA51.7-

AuNR for 4 h before (a.1) and after (a.2 and (a.3) laser irradiation (2 min at 1.25 Wcm-2). In a.1, white arrows 

indicate the presence of AuNR accumulated in vesicles. Figures a.2 and a.3 are representative TEM images of 

endosomal damage induced by laser irradiation with rupture of the endosomal membrane and consequent 

escape of the AuNR to the cytoplasm. In a.1, a.2 and a.3, N means cell nuclei. Scale bar is 500 nm in a.1 and 

a.2 and 200 nm in a.3. (b) Quantification of the amount of AuNR present in the cytoplasm and vesicles 

(endosomes and lysosomes). The percentage of AuNRs in each cell compartment was calculated after counting 

all the AuNRs accumulated within the cell. Results are Average ± SD (n = 30 images of amplification between 

20000X and 80000X for 0 W and n = 20 images of amplification between 20000X and 80000X for 1.25 W) (c.1 

and c.2) Intracellular delivery of two proteins.  
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To further demonstrate that NIR irradiation triggers AuNR endolysosomal escape, 

fibroblasts were incubated with BSA-dsDNA51.7-AuNR in the presence of calcein, a 

membrane-impermeable fluorophore289, followed by the incubation with Lysotracker (Figure 
2.11). Cells treated with AuNRs and calcein, but without NIR laser activation, showed a 

punctuate distribution of fluorescence indicative of endolysosomal retention of the dye. In 

contrast, cells exposed to AuNRs and calcein and activated with NIR laser showed a diffuse 

signal (confirmed by the fluorescence profile plots) of the calcein in the cell cytoplasm and 

a decrease in Manders’ colocalization coefficient between calcein and endolysosomal 

compartment. Both results indicate that calcein escaped the endolysosomal compartment. 

It is possible that endosomal membrane damage by radical species generated by AuNRs 

after NIR laser activation142, 243, 290 favours the escape of calcein from endolysosomal 

compartment. 

Figure 2.10 - Intracellular trafficking of BSA-dsDNA51.7-AuNR-TRITC. (a.1) Confocal images of cells stained 

with lysotracker green after 4 h of incubation with BSA-dsDNA51.7-AuNR-TRITC (50 μg mL-1) and laser irradiation 

(2 Wcm-2, 2 min). Scale bar corresponds to 30 μm. (a.2) Percentage of AuNR-TRITC outside the endolysosomal 

compartment, determined by calculating the overlap coefficient between TRITC and lysotracker green in ImageJ. 

Results are Average ± SD, n=9 (3 samples, 3 microscope fields per sample). *,**, *** denote statistical 

significance (p<0.01; p<0.001) assessed by one-way ANOVA followed by a Tukey’s post-hoc test.  

 

 

 

 

 

a.2 

a.1 
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Figure 2.11 - Effect of the NIR irradiation in the endolysomal escape of AuNRs. Cells were incubated with 

BSA-dsDNA51.7-AuNR (50 μg mL-1) and calcein (25 mM) for 4 h. After replacing the medium, cells were 

incubated with lysotracker red (100 nM) for 15 min and then irradiated for 2 min with a laser at 780 nm (power: 

1.25 or 2 Wcm-2). Cells were then observed in a confocal microscope. (b) Co-localization between calcein and 

lysotracker red in cells incubated with BSA-dsDNA51.7-AuNR. Scale bar 10 μm. Fluorescence intensity plots were 

obtained from cell regions labeled with a dash. (c) Co-localization between calcein and lysotracker red expressed 

as Manders' overlap coefficient (calculated using ImageJ). The results are expressed as Average ± SD, n=3 (3 

samples, 4 microscope fields per sample). **, *** denote statistical significance (p<0.01; p<0.001) assessed by 

one-way ANOVA followed by Tukey’s post-hoc test. 

 

 

2.2.5 - Intracellular release of two proteins from AuNR-protein conjugates after 
NIR laser activation: functional activity and temporal control of release 

To investigate the intracellular delivery of two proteins within cells with temporal 

control, we have immobilized both DL650-BSA-ssDNA51.7 and DL488-BSA-ssDNA68.9 in AuNRs 

conjugated with TRITC followed by their incubation with cells for 4 h.  Cells were then 

washed, activated with a NIR laser and fluorescence (co-localization of AuNR-TRITC with 

each fluorescent protein; see experimental section) monitored by a confocal microscope 

(Figure 2.12 b). The first stimulus (1.25 Wcm-2, 2 min) induced primarily the release of DL650-

BSA-ssDNA51.7 while the second stimulus (2 Wcm-2, 2 min) induced primarily the release of 

b 

a c 
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DL488-BSA-ssDNA68.9 (Figure 2.12 c). After the 2 stimuli the total of each protein released 

was lower than 50% likely due to the spatial confinement in the endolysosomal compartment 

and potential re-hybridization. 

 

 
Figure 2.12 - Sequential release of two proteins from AuNRs in cells. a) Schematic representation of the 

experiment. Fibroblasts were incubated with AuNR-TRITC conjugated with DL650-BSA-dsDNA51.7 and DL488-

BSA-dsDNA68.9 for 4 h. Cells were then washed with cell culture media and irradiated for 2 min at 1.25 Wcm-2. A 

subset of samples was fixed with 4% PFA after irradiation and the other group was incubated for additional 5 

min before being irradiated for 2 min at 2 Wcm-2 and fixed afterwards. b) High magnification confocal images of 

fibroblasts subjected to different laser stimuli. White arrows indicate areas where the signal is more diffuse and 

does not colocalize with AuNR-TRITC c) The amount of protein released was calculated as %BSAR= 100 x 

(MCbefore - MCafter)/MCbefore, where MCbefore is the Manders' colocalization coefficient before irradiation 

and MCafter is the Manders' colocalization coefficient after irradiation. Results are Average ± SEM, n=3 (3 

samples, 5 microscope fields per sample). Images for colocalization analysis were obtained with 40x objective. 

Unpaired t-test was used to compare each condition (p value ≤ 0.0001).  
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To show the capacity of AuNRs to deliver a functional protein to cells, we used β-Gal as a 

model enzyme. Fibroblasts were incubated with β-Gal-dsDNA51.7-AuNR for 4 h, washed, and 

then activated by a NIR laser with variable power. The activity of β-Gal was immediately 

measured by confocal microscopy using a fluorescent substrate291 (Figure 2.13 a.1). 

Irradiated cells showed a higher fluorescence and thus a higher intracellular enzyme activity 

(Figure 2.13 a.2). We attributed the increase of enzyme activity to a change in the 

intracellular localization of the enzyme. With laser irradiation, it is expected that most of 

enzyme and AuNR escape the endolysosomal compartment (see before) to the cytosol. The 

pH conditions (pH ≈ 7.2292) in the cytosol favours an increase in enzyme activity as compared 

to the pH conditions in the endolysomal compartment (pH between 6.3 and 5.5 292) (Figure 
2.13 b). The possible effect of laser irradiation on alteration of cell fluorescence was tested 

with AuNRs modified with denatured β-Gal (Figure 2.13 a.4). Moreover, irradiated cells 

showed a lower co-localization between the enzyme and the AuNR by immunofluorescence 

(Figure 2.14) suggesting the release of the enzyme from the AuNR. Next, we evaluated the 

possibility of controlling the release of the protein from AuNRs accumulated within the cell 

for at least one day. Therefore, cells were incubated with β-Gal-dsDNA51.7-AuNR for 4 h, 

cultured for additional 24 h and finally activated by a NIR laser (1.25 Wcm-2, 2 min). Irradiated 

cells showed a higher fluorescence, and thus a higher intracellular enzyme activity, than 

non-irradiated cells (Figure 2.13 a.3). This indicates that protein carriers may accumulate 

within cells for at least 1 day without decreasing significantly the enzyme activity. It is likely 

that β-Gal benefits from a protective environment against proteolytic degradation while 

immobilized on the AuNRs. 
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Figure 2.13 - Intracellular activity of a protein released from AuNR-dsDNA51.7-βGal. Fibroblasts were 
incubated with AuNR-dsDNA51.7-βGal (50 µg mL-1) for 4 h, after which were washed, new culture media was 
added, and then were irradiated for 2 min (wavelength: 780 nm; laser powers: 0.57, 1.25 and 2 Wcm-2). Then, 
cells were immediately fixed and exposed to a β-Gal substrate (X-Gal) followed by confocal microscopy 
evaluation. (a.1) Representative confocal microscopy images. Scale bar is 30 μm. (a.2) Quantification of β-Gal 
activity. Cell fluorescence was corrected to the corresponding background fluorescence and thus named as 
corrected total cell fluorescence. The group "cells" means cells without AuNRs. (a.3) Quantification β-Gal activity. 
After 4 h incubation, medium was replaced and cells were irradiated immediately (0 h), 12 h or 24 h after. a.4) 
Enzymatic activity quantified after 4 h of incubation with AuNRs conjugated with denatured β-Gal (AuNR-
dsDNA51.7-βGalD) (50 μg mL-1) followed by irradiation for 2 min at 1.25 Wcm-2. (b) Enzymatic activity of β-Gal at 
different pHs. β-Gal (50 μL, 0.4 μg mL-1) prepared in 0.1 M phosphate buffer (pH 5.0, 6.0, 6.8, 7.0 and 7.4) was 
added to ONPG (100 μL, 13 mg mL-1) also prepared in 0.1 M phosphate buffer (pH 5.0, 6.0, 6.8, 7.0 and 7.4). 
The absorbance at 420 nm was measured for 30 min at 37 ºC in a 96 well plate using a Synergy HT microplate 
reader. One unit corresponds to the hydrolysis of 1 μmol of substrate (ONPG) per minute per mg of enzyme 
powder. In a.2 and a.3, results are expressed as Average ± SD, n=3 (3 samples, 5 microscope fields per sample). 
**, *** denote statistical significance (p<0.01; p<0.001) assessed by one-way ANOVA followed by a Tukey’s post-
hoc test.  
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Figure 2.14. Intracellular levels of β-Gal assessed by immunocytochemistry. (a) Confocal images of 

fibroblasts incubated with βGal-dsDNA51.7-AuNR-TRITC. Cells were incubated for 4 h with βGaldsDNA51.7-

AuNR-TRITC (50 μg mL-1), washed to remove the non-internalized AuNRs and irradiated for 2 min with a 780 

nm laser (power: 1.25 Wcm-2). Cells were fixed immediately after laser treatment (0 min) using a β-Gal antibody. 

Scale bar is 30 μm. (b.1) The co-localization between AuNR-TRITC and β-Gal was determined using ImageJ 

and is expressed as Manders' co-localization coefficient. After irradiation, and immediate (time 0 min) evaluation 

of the co-localization between β-Gal and AuNR-TRITC, our results show a decrease in the co-localization of both 

entities, which indicates the release of the protein from the AuNR. (b.2) Cell fluorescence in each experimental 

condition was corrected to the corresponding background fluorescence and thus designed as corrected total cell 

fluorescence. Results are Average ± SD, n=9 (3 samples, 3 microscope fields per sample). ** denotes statistical 

significance (p<0.01) assessed by an unpaired t-test. 
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2.3 - Discussion 
The current work reports a NIR light-activatable nanomaterial for the intracellular 

release of more than one protein, with independent release profiles. The novelty of the 

present work relies in the (i) development of an approach for the intracellular delivery of 

more than one active protein using NIR as a trigger, (ii) the demonstration that NIR light 

activates the release of the protein from the plasmonic carrier and the endolysosomal 

escape of both carrier and protein, and (iii) the demonstration of protein release from a 

carrier that has been accumulated within the cell between 4 h and at least 1 day (temporal 

control). The system documented here is based on the hybridization of a protein-modified 

with a single strand DNA (with a specific melting temperature) to a complementary single 

strand DNA immobilized on the surface of the AuNR. Upon NIR illumination at 780 nm, a 

photothermal effect occurs, leading to the melting of the double strand DNA and consequent 

release of the protein. We have demonstrated this principle for the controlled release of two 

proteins from the same carrier using a single NIR laser wavelength. Previous studies have 

demonstrated the release of siRNA and small oligonucleotides from AuNRs91, 103, 139; 

however, it was unclear whether the same principle could be extended to proteins that are 

very sensitive to temperature. Our results show that the selection of specific single strand 

DNAs (and thus melting temperature range) as well as spacer lengths between the 

oligonucleotide and the thiol group for AuNR, leads to the development of a system that is 

responsive to NIR light and has minimal122 impact in the activity of the protein after release.  

Although the release of proteins from light-triggerable nanoformulations 122, 125 has 

been documented, this is the first reported demonstrating the sequential release of more 

than one protein. In one study122, the authors have conjugated a model protein (green 

fluorescent protein) with a histidine tag to a linker containing in one terminal a nickel chelator 

and in the other terminal a thiol group for the conjugation to a hollow gold nanoshell. The 

release of the protein was demonstrated after exposure to a NIR pulsed laser that melted 

the gold-thiol bonds. The authors have demonstrated the intracellular release of the protein 

but not its intracellular activity. Moreover, the formulation reported was not permissive to the 

release of more than one protein with an independent release profile. Another study 

described the intracellular delivery of a functional enzyme using  upconversion nanoparticles 

(UNPs) conjugated with a spiropyran (SP), a photoisomerizable compound125. After 

immobilization, SP was irradiated with UV light to convert it into merocyanine (MC) form, 

which is positively charged at neutral pH and could be used to immobilize β-Gal through 

electrostatic interactions. NIR irradiation leads to the emission of visible light by UNPs, 

converting MC form to SP and decreasing the electrostatic interaction with the protein, 

releasing β-Gal in its active form. Although the authors have demonstrated the intracellular 
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delivery of proteins, the formulations reported were not permissive to the release of more 

than one protein with an independent release profile in any of the cases. 

In conclusion, we have developed a new approach for the intracellular delivery of 

multiple proteins. The intracellular delivery of proteins has been demonstrated by 

microscopy localization studies, FRET acceptor photobleaching studies and enzyme 

intracellular activity measurements. Our results show that the NIR laser triggers the release 

of the protein from the AuNR and the escape of both AuNRs and protein from the 

endolysosomal compartment. Overall, the current work opens new possibilities for the 

design of materials to control the release of proteins, which may have implications in the 

areas of cellular reprogramming, cell modulation and gene editing.   
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2.4 - Materials and Methods 
 

Materials. β-Galactosidase (β-Gal) from Escherichia coli, thiolated oligonucleotide strands, 
hexadecyltrimethylammonium bromide (CTAB), sodium borohydride (NaBH4), silver nitrate 

(AgNO3), hexanethiol and mercaptohexanoic acid, and other chemicals were all purchased 

from Sigma-Aldrich and used as received without further purification. Sodium dodecyl sulfate 

(SDS) was purchased from VWR.  Bovine Serum Albumin (BSA), DyLight-NHS ester, N-[γ-

maleimidobutyryloxy] sulfosuccinimide ester (sulfo-GMBS), LysoTracker® Green DND-26, 

LysoTracker® Red DND-99, fetal bovine serum (FBS) and trypsin-EDTA solution were 

purchased from Thermo Fisher Scientific. Dulbecco’s Modified Essential Medium (DMEM) 

is a commercial product of Merck Millipore. Purified water with resistivity above 18.2 MΩ.cm-

1 was obtained by reverse osmosis (MilliQ, Millipore). Other reagents were analytical grade. 

 

AuNR synthesis. AuNRs were prepared using the seed mediated method.155 For the 

preparation of the seed solution, gold(III) chloride hydrate (HAuCl4, 0.1 M, 12.5 μL) was 

added to a hexadecyltrimethylammonium bromide (CTAB) solution (0.1 M, 5 mL) and stirred 

vigorously for 5 min, after which an ice-cold sodium borohydride solution (NaBH4, 10 mM, 

0.3 mL) was added. After stirring for 2 min the solution was kept at 25 ºC. For the preparation 

of growth solution, silver nitrate (AgNO3, 5 mM, 3.2 mL) was added to CTAB solution (0.1 M, 

200 mL) and mixed gently, after which HAuCl4 (50 mM, 2 mL) was added. After mixing, 

ascorbic acid (0.1 M; 1.5 mL) was added. The solution changed from dark yellow to 

colourless. Finally, 1.5 mL of the seed solution (aged for 8 min at 25 ºC) was added to the 

growth solution. The solution was kept at 28 ºC for 2 h. The NRs were washed by 

centrifugation at 9000 g and resuspended in water.  

The CTAB on the AuNR surface was replaced using a method already reported with some 

modifications.191 Hexanethiol (1.5 mL) was added to the NR-CTAB suspension (2.5 nM; 1 

mL). Then, acetone (3 mL) was added and the mixture was swirled for a few seconds. The 

aqueous phase became clear indicating ligand exchange and the organic phase containing 

the AuNRs was extracted.  Then, a mixture of toluene (2 mL) and methanol (5 mL) was 

added to the organic phase. The solution was centrifuged at 5000 g, 10 min, and the pellet 

was resuspended in 0.5 mL of toluene by brief sonication. The organic to aqueous phase 

was performed as follows. AuNR-hexanethiol (1 mL) in toluene was added to 9 mL of 

mercaptohexanoic acid (MHA, 5 mM, 9 mL) in toluene at 95 ºC. The reaction proceeded 

under reflux with magnetic stirring for 15 min. The precipitation of AuNRs indicated 

successful coating by MHA. After cooling to room temperature, the aggregates were washed 

twice with toluene by decantation. Finally, the NRs were washed with isopropanol to 
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deprotonate the carboxylic groups and then the aggregates were redispersed in 1× TBE.  

The ligand exchange was confirmed by zeta potential measurements.  

 

Functionalization of NR-MHA with single strand DNA (ssDNA). Thiolated ssDNA 

(sequence A 5’-HS-C6-TTTTTTTTTTTTTTTATAACTTCGTATA-3’ or sequence B 5’- HS-

C6-TTTTTTTTTTTGTCCGGGTCCAGGGC-3’, purchased from Sigma-Aldrich) were 

reduced for 1 h with 100-fold excess of Tris(2-carboxyethyl)phosphine (TCEP) over ssDNA. 

The NR suspension (0.5 nM; 0.5 mL) was incubated with the thiolated ssDNA for 3 h in a 

molar ratio of 1:400 in 10 mM phosphate buffer pH 7.4 containing 0.3% (w/v) of sodium 

dodecyl sulfate (SDS). Afterwards, a NaCl solution (22.5 μL; 0.45 M) was added every 60 

min to the AuNR suspension. This operation was repeated four times and the suspension 

shaked overnight to improve the reaction yield. In the following day, the NR suspension was 

centrifuged at 9000 g, the supernatant was collected and the pellet was resuspended in 10 

mM phosphate buffer with 30 mM NaCl. The amount of oligonucleotides was determined by 

measuring absorbance at 260 nm in the supernatant. The ssDNA-AuNRs obtained were 

stored at 4 ºC before use (not more than one week).  

 

 
Table 2.1 – DNA sequences used for AuNR modification and conjugation with proteins 

 

 

Labelling of BSA with a fluorescent dye. BSA was labelled with DyLight-NHS ester 

(Thermo Fisher Scientific). For this purpose, a solution of BSA (2 mg mL-1, 4.8 nmol, in PBS) 

was mixed with DyLight 488 NHS ester (50 µg, 49.4 nmol) or DyLight 550 NHS ester (50 µg, 

48.07 nmol) or DyLight 650 NHS ester (50 µg, 46.9 nmol) and kept under orbital shaking for 

2 h. After reaction, the solution was dialyzed against PBS in a dialysis cassette (MWCO 10 

kDa) for 48 h at 4 ºC. The final protein concentration and degree of labelling were determined 

by measuring the absorbance in Nanodrop at 280 nm (A280) and at the DyLight absorbance 

maximum (Amax; Amax = 493 nm for DyLight 488; 562 nm for DyLight 550 and 652 nm for 

DyLight 650). The protein concentration was calculated according to the following equation: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑀𝑀) = (𝐴𝐴280 − (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × 𝐶𝐶𝐶𝐶)) 𝜀𝜀⁄ , where CF is the correction factor 

(0.147 for DyLight488, 0.0806 for DyLight550 and 0.0371 for DyLight 650) and ε is the molar 
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extinction coefficient of BSA. The number of fluorophores per BSA was calculated from 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝜀𝜀′ × 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)⁄  where ε’ is the molar extinction coefficient of the dye 

(70000 M-1 cm-1 for DyLight 488; 150000 M-1 cm-1 for DyLight 550 and 250000 M-1 cm-1 for 

DyLight 650). After purification each protein had in average 5 fluorophores.  

 

Preparation of protein conjugated with ssDNA. Protein-ssDNA conjugates were 

prepared using N-[γ-maleimidobutyryloxy]sulfosuccinimide ester (sulfo-GMBS, Thermo 

Scientific) as linker. Briefly, a solution of protein (BSA-DyLight at 7.5 µM or β-Gal at 3.5 µM 

in PBS pH 7.4) was reacted with sulfo-GMBS in a 20-fold molar ratio for 30 min at room 

temperature. The excess of linker was removed by ultrafiltration with Nanosep 30 kDa (Pall 

Corporation) and the purified protein (7.5 µM; 1.12 nmol in PBS) was reacted with thiolated 

DNA (22.5 µM; 3.36 nmol in PBS) in a final volume of 150 µL of PBS for 2 h at room 

temperature. DNA strands were complementary to the strands immobilized on the NR 

surface (complementary sequence A: 5’-HS-C6-TATACGAAGTTATAAAAAAAAAA; 

complementary sequence B: 5’-HS-C6-TGCCCTGGACCCGGAC). BSA-ssDNA and β-Gal 

conjugates were purified by size exclusion HPLC using a Shimadzu-LC-20AD system. β-

Gal-ssDNA was purified with a superdex 200 5/150GL column (GE Healthcare) and BSA-

ssDNA was purified with a BIOBASIC SEC-300 300 x 7.8mm, 5 μm particle size (Thermo 

Scientific). PBS was used as eluent at a flow rate of 0.3 mL min-1.  

 

Characterization of protein conjugated with ssDNA by non-denaturing PAGE. The 

reaction mixture obtained after reacting the proteins with ssDNA and the fractions obtained 

after HPLC purification of the reaction mixture were analysed by gel electrophoresis. 

Reaction mixture (15 µL) and reaction mixture fractions obtained after HPLC purification (15 

µL) were mixed with glycerol (5 µL; glycerol in 50% v/v of H2O), loaded in a polyacrylamide 

gel (12%, w/v) and run for 45 min in 0.5 x TBE at 140 V. The gel was stained with SyBr Gold 

(1:5000 in 1 x TBE) for 10 min and imaged in a UV transilluminator (Molecular Imager Gel 

DOC, Biorad). 
 

Labelling of NR-ssDNA with TRITC. Thiol-PEG-amine 1 kDa (Creative PEGworks, 20 

nmol) was reacted with TRITC (20 nmol) in 1 mL of 10 mM carbonate buffer at pH 9.0 for 2 

h at room temperature. Then 500 µL of NR-ssDNA (0.5 nM) were incubated overnight with 

thiol-PEG-TRITC in a molar ratio of 1:1000. The excess of fluorophore was removed in two 

steps of centrifugation at 9000 g. The supernatants were then quantified for the presence of 

TRITC by fluorescence spectroscopy. According to our calculations, we have 540 PEG-

TRITC chains immobilized per AuNR. Therefore, the stoichiometry between ssDNA and 

TRITC in the AuNRs is 1:4.5. 
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Immobilization of protein-ssDNA conjugates in AuNRs. For the hybridization of 

complementary oligonucleotide strands conjugated with a protein, a suspension of AuNR-

ssDNA (0.5 nM) was incubated with DNA-protein conjugates (150 nM) for 1 h at 37 ºC and 

then the temperature was slowly decreased to 25 ºC. The excess of DNA-protein conjugate 

was removed by centrifugation. The amount of DyLight-BSA (DL-BSA) immobilized on the 

AuNRs was determined indirectly by measuring the fluorescence in the supernatant. The 

amount of β-Gal immobilized was determined by measuring the enzymatic activity in the 

supernatant. Briefly, 50 µL of supernatant or NR suspension were added to 100 µL of o-

nitrophenyl β-d-galactopyranoside (ONPG, 13 mg mL-1 in 0.1 M phosphate buffer pH 7.0) 

and incubated at 37 ºC for 30 min in a Synergy HT microplate reader. The absorbance at 

420 nm was measured every 3 min. 

 

Light-induced release proteins from AuNRs. A suspension of DL-BSA-dsDNA-AuNR (20 

µg mL-1 in 10 mM phosphate buffer supplemented with 30 mM of NaCl, pH 7.4) was placed 

in a 96 well plate and irradiated with a fibercoupled Roithner laser (continuous wave at 780 

nm) with different laser powers (0.8, 1.25 or 2 Wcm-2) placed at 10 cm from the sample. The 

power of the laser beam in the sample was measured using a thermal power sensor from 

Thorlabs. After irradiation, the suspension was immediately centrifuged at 9000 g. The 

fluorescence of the supernatant was measured in order to determine the amount of protein 

released.  

To test the multiple release system, AuNRs conjugated with DL488-BSA and DL550-BSA were 

first irradiated for 2 min at 1.25 Wcm-2. The supernatant was collected and after 

resuspending the pellet, the suspension was irradiated for further 3.5 min at 2 Wcm-2. 

The light induced release of β-galactosidase conjugated to AuNRs (20 µg mL-1 in 10 mM 

phosphate buffer supplemented with 30 mM of NaCl, pH 7.4) was also studied. For that 

purpose, after 2 min of irradiation at 0.57, 1.25 or 2 Wcm-2, the supernatant was collected, 

the pellet was resuspended and the enzymatic activity of the supernatant and the 

suspension was measured using ONPG as substrate. For that purpose, 50 µL of supernatant 

or β-Gal-dsDNA-AuNR suspension were added to 100 µL of o-nitrophenyl β-d-

galactopyranoside (ONPG, 13 mg mL-1 in 0.1 M phosphate buffer pH 7.0) and incubated at 

37 ºC for 30 min in a Synergy HT microplate reader. The absorbance at 420 nm was 

measured every 3 min. The reaction rate was calculated in the linear region of the curve 

(less than 10% of substrate conversion).  

 

Cell culture. SC-1 mouse fibroblasts were kindly offered by Dr. Carol Stocking. Cells were 

cultured in 60 mm culture dishes at 37 ºC in a humidified atmosphere of 5% CO2 in DMEM 

cell culture media containing 10% fetal bovine serum (FBS) and 0.5% penicillin-
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streptomycin. Passages 5-25 were used for the experiments; cells were typically grown to 

80-90% confluency before splitting and re-seeding 24 h before the experiment.  

 

Uptake kinetics of βGal-dsDNA-AuNR. SC-1 cells were plated in a 24 well plate at a 

density of 5x104 cells/well and left to adhere overnight. The cells were incubated with βGal-

dsDNA-AuNR (50 µg mL-1) for 1, 2, 4, 6 and 24 h. After incubation, in order to remove non-

internalized nanorods, the cells were washed three times with PBS, dissociated with trypsin 

and counted. Finally, the samples were freeze-dried and the amount of gold was determined 

by inductive coupled plasma mass spectrometry (ICP-MS). In order to evaluate the levels of 

internalized AuNRs along the time, cells were incubated with βGal-dsDNA-AuNR for 4 h and 

after washing three times with PBS, cells were left in the incubator for 3, 6, 12 or 24 h. In a 

subset of samples, after incubation with βGal-dsDNA-AuNR, cells were treated with 

Mitomycin C (8 µg mL-1, Sigma) for 2h30, to inhibit cell proliferation. 

 

Cytotoxicity of BSA-dsDNA-AuNR. To assess the cytotoxicity of AuNRs, SC-1 fibroblasts 

were seeded on a 96 well plate (4 x 103 cells/well), left to adhere for 24 h and then incubated 

with BSA-dsDNA51.7-AuNR (concentrations between 10 and 200 µg mL-1) for 4 h. After 

incubation, cells were washed with medium to remove non-internalized AuNRs. In some 

conditions, after incubation with BSA-dsDNA-AuNR, cells were washed and irradiated with 

a fibercoupled Roithner laser (780 nm). Each well was placed below the end of the fibre and 

irradiated with a power density of 1.25 or 2 Wcm-2 for 2 min. Then cells were left in the 

incubator for 24 h and the ATP production was measured by a Celltiter-Glo Luminescent 

Cell Viability Assay (Promega).  

In a separate experiment, the cytotoxicity of AuNRs was evaluated by an Annexin/PI assay. 

Cells were seeded in a 48 well plate (20000 cells/well), left to adhere for 24 h and incubated 

with BSA-dsDNA51.7-AuNR at 20, 50 and 100 µg mL-1, for 4 h. After washing to remove non-

internalized AuNRs, cells were irradiated at 1.25 or 2 Wcm-2 for 2 min. After 24 h incubation 

at 37 ºC, the medium containing detached cells was collected and the adherent cells were 

rinsed with PBS and trypsinized. After centrifuging, the pellet was resuspended in 100 µL of 

binding buffer containing 2.5 µL of Annexin V-FITC conjugate (Invitrogen). After 15 min 

incubation, 100 µL of propidium iodide (2 µg mL-1) were added to each tube and then the 

cells were kept on ice until analysis by flow cytometry. 

 
Confocal microscopy. Images were acquired on a Zeiss LSM 710 confocal microscope 

(Carl Zeiss, Jena, Germany) using a 40x objective/ 1.4 numerical aperture oil 

PlanApochromat immersion lens. DL488 and Lysotraker Green fluorescence was detected 

using the 488 nm laser line of an Ar laser (25 mW nominal output) and an LP 505 filter. 
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TRITC and Lysotracker Red fluorescence was detected using a 561 nm HeNe laser (1 mW) 

and an LP 560 filter. DL650 and XGal fluorescence was detected using a 633 nm HeNe laser. 

The pinhole aperture was set to 1 Airy unit. Live cells were imaged at 37 °C and 5% CO2. 

Image acquisition and analyses were performed using the Zen Black 2012 software.  

Fluorescence resonance energy transfer (FRET) was measured by the acceptor 

photobleaching method 293. Images were acquired before and after photobleaching TRITC. 

TRITC was photobleached using the 561 nm laser line with 80% intensity.  FRET efficiency 

was calculated as FRETeff = [(Dafter)-Dbefore)]/Dafter x 100 where Dafter is the fluorescence 

intensity of the donor (DL488) after acceptor photobleaching, and Dbefore the fuorescence 

intensity of the donor before acceptor photobleaching. Corrected total cell fluorescence was 

determined by the subtracting the background fluorescence to the cell fluorescence. The 

coefficient of variation (CV) of the fluorescence signal was calculated as CV = σ/µ where σ 

is the standard deviation and µ is the mean. Manders’ colocalization coefficient is a measure 

of pixel overlap, independent of pixel intensities. The value of the coefficient is 1 if all the 

pixels with fluorescence in the channel (ex. red) overlap with pixels in the other channel (ex. 

green). A value of zero means that the signal in both channels is mutually exclusive. 294 
 

Light-induced release of fluorescent BSA in cells. SC-1 cells were seeded in an IBIDI 

15 well slide (5000 cells/well), left to adhere for 24 h and then incubated with 50 µg mL-1 of 

AuNR-TRITC conjugated with one fluorescent protein (DL488-BSA Tm 68.9 ºC) or two 

fluorescent proteins (DL650-BSA Tm 51 ºC; DL488-BSA Tm 68.9 ºC). After 4 h incubation, the 

medium was replaced and cells were irradiated with a fibercoupled laser (780 nm) at 1.25 

or 2 Wcm-2 for 2 min. Then, the cells were fixed for 15 min with 4% (v/v) paraformaldehyde 

and washed three times with PBS. The nucleus was stained with DAPI (1µg mL-1) for 5 min. 

The release of proteins was studied using the Manders’ colocalization coefficient between 

the fluorescent protein and the AuNR-TRITC. 

For the dual release experiment, cells were exposed for 4 h to the nanomaterials, washed 

and then irradiated at 1.25 Wcm-2 for 2 min. A group of samples was immediately fixed and 

the other group was incubated for 5 min at 37 ºC until second irradiation at 2 Wcm-2 for 2 

min. Then, the cells were fixed for 15 min with paraformaldehyde 4% (v/v) and washed three 

times with PBS. The nucleus was stained with DAPI (1µg mL-1) for 5 min.  The percentage 

of release of each protein after each stimulus (1.25 Wcm-2 or 2 Wcm-2) was inferred from the 

colocalization between each fluorescent protein and AuNR-TRITC using the following 

equation: % release = 100 x (MCbefore – MCafter)/MCbefore, where MCbefore is the 

Manders’ colocalization coefficient before each laser stimulus (1.25 Wcm-2 or 2 Wcm-2) and 

MCafter is the Manders’ colocalization coefficient after the stimulus. 
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Light-induced release of β-galactosidase in cells. Enzymatic assay. For the transfection 

studies with βGal-dsDNA51.7-AuNR, cells were grown in a 15 well IBIDI slide at an initial 

density of 5000 cells/well for 24 h. After 4 h incubation with βGal-dsDNA51.7-AuNR (50 µg 

mL-1), medium was replaced and the cells were irradiated with different laser power densities 

(0.57, 1.25 and 2 Wcm-2) for 2 min. After irradiation cells were fixed and the activity of β-Gal 

was determined with a Senescence Detection Kit (Abcam) following the manufacturer’s 

protocol. After overnight incubation with XGal substrate, cells were observed under confocal 

microscope. To test the intracellular stability of the released enzyme after laser activation 

(1.25 Wcm-2 for 2 min), cells were incubated up to 60 min at 37 ºC until β-Gal activity 

measurement. To test the stability of internalized AuNRs, after 4 h incubation with βGal-

dsDNA51.7-AuNR, cells were rinsed with PBS and incubated for 12 h or 24 h before laser 

irradiation (1.25 Wcm-2 for 2 min). Immediately after irradiation, cells were fixed and the 

enzymatic activity was determined as described before. 

 

Immunocytochemistry. Cells were seeded in gelatin coated coverslips and left to adhere 

for 24 h. After 4 h incubation with βGal-dsDNA-AuNR (50 µg mL-1), cells were irradiated with 

780 nm laser at 1.25 Wcm-2. The samples were immediately fixed after irradiation with 

paraformaldehyde 4% (v/v) for 15 min at room temperature followed by the washing (3 times) 

with PBS. After blocking (PBS solution with 1% BSA), cells were incubated with a rabbit anti-

β-galactosidase antibody (Invitrogen) for 60 min, washed three times with blocking buffer 

and incubated with alexa-fluor488 conjugated goat anti-rabbit IgG (dilution 1:1000) for 60 

min. The excess of antibody was removed by washing with PBS before staining with DAPI 

(1 µg mL-1) for 5 min. Coverslips were analysed in a confocal microscope (LSM 710, Carl 

Zeiss). The corrected total cell fluorescence was quantified with ImageJ and corrected for 

background fluorescence. Manders’ colocalization coefficient was calculated using Image J 

and JACoP plugin.  
 

Intracellular localization of AuNR-TRITC. Cells were seeded in an IBIDI 15 well slide 

(5000 cells/well), left to adhere for 24 h and then incubated with BSA-dsDNA-AuNR-TRITC 

(50 µg mL-1) for 4 h. After incubation, cells were washed with medium to remove non-

internalized AuNRs. Then, the cells were incubated with LysoTracker® Green (100 nM) for 

30 min to stain the endosomes and with Hoechst 33342 (1µg mL-1) to stain the nuclei. Cells 

were observed under confocal microscope, immediately after laser irradiation at 780 nm 

(1.25 and 2 Wcm-2). The images were analysed in ImageJ and the colocalization was 

determined by calculating the Manders’ colocalization coefficient between AuNR-TRITC and 

Lysotracker green. 
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Light-induced endosomal escape. To study endosomal escape, cells were incubated with 

BSA-dsDNA-AuNR in the presence of a membrane impermeable molecule, calcein. Briefly, 

5000 cells/well in a IBIDI slide were incubated with 50 µg mL-1 of BSA-dsDNA-AuNR and 

0.25 mM calcein for 4 h. After removing AuNRs, cells were incubated with lysotracker red 

(100 nM) for 30 min. Then, medium was replaced and cells were irradiated with 780 nm 

laser for 2 min (1.25 and 2 Wcm-2) and analysed under confocal microscope.  
 

Transmission electron microscopy (TEM). TEM was used to evaluate endosomal escape 

of AuNRs. Cells were seeded in a petri dish (60 mm of diameter), left to adhere for 24 h to 

90% of confluency and then incubated with DL488-BSA-dsDNA68.9-AuNR (50 µg mL-1). After 

4 h incubation, the medium was replaced and cells were irradiated with a fibercoupled 

Roithner laser (780 nm) at 2 Wcm-2 for 2 min. The culture medium was then removed without 

allowing the cells to dry. The cells were washed with PBS and 3 mL of fixative (2.5% (v/v) 

glutaraldehyde in 0.1 M phosphate buffer pH 7.4) was added at room temperature for 45 

min by gently shaking. Then the fixative was changed for 0.8 mL of fresh fixative at 4 ºC, the 

cells were scraped and the suspension was transferred to an Eppendorf. The suspension 

was centrifuged at 3000 rpm for 4 min at 4 ºC in order to obtain a pellet and 500 µL of fixative 

were added and left to rest for 15 min at 4 ºC. The fixative was changed by 0.1 M phosphate 

buffer and the pellet was resuspended. Afterwards the cells were centrifuged at 3000 rpm 

for 4 min at 4 ºC. The last two steeps were repeated three times in order to completely 

eliminate the fixative. The samples were then post-fixed with 1% OsO4 0.8% C6N6FeK4 in 

0.1 M PBS for 2 h at room temperature, washed with PBS 0.1 M, and finally dehydrated (in 

a graded concentration of acetone). The dehydrated samples were then embedded in resin 

and sliced in blocs for visualization. TEM images were recorded with a Tecnai Spirit 

microscope (EM) (FEI, Eindhoven, The Netherlands) equipped with a LaB6 cathode. Images 

were acquired at 120 kV and room temperature with a 1376 x 1024 pixel CCD camera (FEI, 

Eindhoven, The Netherlands). Images were acquired with a magnification between 20000X 

and 80000X. In each image, the number of AuNRs in cell compartments (endosomes, 

lysosomes and cytosol) was counted and divided by the total number of AuNRs per image 

to obtain percentage of AuNRs per compartment. 

 
Statistical analysis. An unpaired t-test or one-way ANOVA analysis of variance with 

Tukey´s post-test was performed for statistical tests using GraphPad Prism software (San 

Diego, CA, USA, http://www.graphpad.com/). Results were considered significant when 

P<0.05. 
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Abstract 
The combinatorial delivery of miRNAs holds great promise to modulate cell activity in 

the context of angiogenesis. Yet, the delivery of multiple miRNAs with spatio-temporal 

control remains elusive. Here, we developed a plasmonic nanocarrier to control the release 

of two microRNAs. The nanocarrier is formed by gold nanorods (AuNRs) modified with single 

stranded DNA (ssDNA) for hybridization of complementary DNA-conjugated microRNAs. 

DNA strands with distinct melting temperatures allow independent release of each 

microRNA with a near infrared (NIR) laser using the same wavelength but with different 

powers. Tests in human outgrowth endothelial cells indicate that this system can be used to 

silence different targets sequentially and to modulate cell activity with spatio-temporal 

resolution. 

. 

 

Keywords. nanoparticles, microRNA, light-triggerable materials, modulation of cell activity 
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3.1- Introduction 
Ischemic diseases are a leading cause of morbidity and mortality in the contemporary 

world. Several pre-clinical and clinical trials are exploring the therapeutic effect of cell-based 

therapies, including endothelial progenitor cells in ischemic diseases.295-297 Outgrowth 

endothelial cells (OECs), a sub-population of endothelial progenitor cells298, are of particular 

interest in the treatment of ischemic diseases299, 300 and in tissue engineering applications301, 

contributing to the vascularization of tissue constructs. It is now established that the rates of 

survival and vascular engraftment of transplanted cells are very poor, thus forcing 

transplanted cells to work mainly via time-limited paracrine actions. Therefore, the 

development of strategies to modulate the activity of these cells (e.g. proliferation, survival, 

etc.) is highly desirable to enhance their therapeutic effect. In this setting, the transplantation 

of cells transfected with modulators that are activated at specific times during cell homing 

and engraftment can be seen as a promising strategy. 

MicroRNAs (miRNAs) are non-coding single-stranded RNAs that function as 

endogenous pos-transcription regulators of gene expression and have the ability to affect 

several biological processes, including differentiation, cell proliferation and survival.2 

Previous studies have demonstrated that miRNAs are powerful modulators of 

angiogenesis302, that may act cooperatively to regulate angiogenic factors such as VEGF.303 

The hypothesis of this work is that the intracellular delivery of two miRNAs (miR-302a-3p 

and miR-155-5p) may regulate either cell proliferation or cell survival depending in their 

temporal delivery. MiR-302a-3p regulates cell cycle304 while miR-155-5p regulates cell 

survival by targeting hypoxia inducible factor 1 alpha.305 To control the intracellular delivery 

of miRNAs we have developed a nanocarrier that is triggerable by near infrared light (NIR). 

Previous studies have demonstrated the use of these nanocarriers for the spatio-temporal 

delivery of single miRNAs306 and siRNAs91, 95, 168, 175 to modulate cell activity. In this case, 

the RNA molecules were encapsulated in nanocarriers306 or immobilized in the surface of 

the nanocarrier by electrostatic95, 103 or hybridization168, 175 with complementary 

oligonucleotides. The release was induced by the photodisassembly of the NP306, thermal 

de-hybridization of the RNA molecules175, thermal dissociation from a polycationic linker91, 

or the cleavage of the linker containing the RNA from the nanoparticle surface.95 However, 

so far, no light-responsive formulation has shown the precise control over the release of 

more than one miRNA. 

In this study we developed a platform for the intracellular delivery of more than one 

miRNA that combines high nanocarrier uptake, efficient endolysomal escape and rapid 

delivery of each miRNA varying the power of a single pulse laser. The plasmonic gold 

nanocarrier (AuNRs) was modified with different single stranded DNA (ssDNA) that act as 
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linkers to immobilize miRNAs on the gold surface through hybridization of complementary 

strands. Upon excitation at 780 nm, a photothermal effect induces dehybridization of 

complementary strands.103 The chemistry and the density of the ssDNA linkers were 

optimized to have sequences with specific melting temperatures and distinct release profiles 

after activation by a unique NIR laser source. To enhance the uptake of the nanocarriers 

and destabilize the endolysomal membranes during the intracellular uptake of nanocarriers 

we have used a peptide with membrane-perturbing abilities222, 229, cecropin mellitin (CM). 

We have demonstrated initially the activity of the released of both miRNAs in a reporter cell 

line sensitive to miR-155-5p and miR-302a-3p. Finally we demonstrated the biological 

activity of the sequential release of both miRNAs in outgrowth endothelial cells (OECs) 

derived from human cord blood CD34+ cells. 
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3.2 Results and Discussion 
 

3.2.1 - Preparation of AuNR-miR conjugates 

The AuNRs used in this work had an average length of 46.7 ± 4.1 nm and width of 

13.8 ± 1.9 nm and showed a plasmon resonance band at 780 nm (Figure 3.2). The AuNRs 

were coated with ssDNA containing a thiol terminal group at the 5′ end to facilitate the 

covalent attachment to the AuNR surface (Figure 3.1). The two ssDNA tested in this work 

had a poly-thymine spacer (12 or 15 thymines) followed by an oligonucleotide sequence of 

15 or 13 bases, respectively (Table 3.1, Materials and Methods). The poly-thymine spacer 

was used to keep the oligonucleotide hybridization sequence distant from the AuNR 

surface.204 The number of ssDNA per AuNR was on average 475.5 ± 20, with a coupling 

efficiency of ssDNA to AuNR of nearly 60%. 

 

 

 
Figure 3.1- Preparation of miR-dsDNA-AuNR conjugates. (a) Preparation of miR-ssDNA conjugates. miR-
155-5p or miR302a were initially reacted with a heterofunctional linker (Sulfo-GMBS) by its terminal succinimide 
ester. The miR conjugate was then reacted with a ssDNA modified with a terminal thiol group (HS-ssDNA). After 
reaction, the miR-ssDNA conjugates (miR155-ssDNA51.7 or miR302a-ssDNA68.9) were purified by HPLC. (b) 
Preparation of AuNRssDNA. AuNRs were reacted with HS-ssDNA complementary to the strands of miR155-
ssDNA or miR302a-ssDNA conjugates. ssDNA-miR conjugates were then bound to the ssDNA-AuNR by 
hybridization. The surface of AuNR was then filled with 2 KDa thiol-PEG. Upon NIR irradiation, there is an 
increase in the temperature at the AuNR leading to the DNA dehybridization and the release of miRs with different 
kinetics. The release kinetic depends on the heat generated (which depends on the power of NIR laser used) 
and the melting temperature of the ssDNA. 
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Figure 3.2 - Characterization of AuNRs. (a.1 and b.1) Representative TEM image of AuNRs (a.1) and AuNRs-
dsDNA51.7-miR-155 (b.1). NR length (a.2 and b.2) and width (a.3 and b.3) distribution obtained from TEM images. 
The AuNRs showed an average length of 46.7 ± 4.1 nm, n=100 AuNRs and an average width of 13.8 ± 1.9 nm, 
n=100 AuNRs. (c) Absorbance spectra of AuNRs after conjugation with mercaptohexanoic acid (AuNR-MHA); 
after conjugation with ssDNA51.7 (AuNRssDNA51.7) and after hybridization with miR-155 (AuNR-dsDNA51.7-miR-
155). Surface plasmon resonance band does not change significantly during surface modification. d) Number of 
miR-155-ssDNA51.7 and miR-302a-ssDNA68.9 conjugates hybridized on AuNRs modified with an average of 
475 ssDNAs per AuNR (ssDNA51.7 or ssDNA68.9). The number of miR-ssDNAs hybridized on AuNRs was 
determined indirectly in the supernatant using SyBr Gold fluorescent dye. Results in b.1 and b.2 are Average ± 
SD, n=3. 

 

 

To immobilize miRNAs on AuNRs, initially miR-155-5p and miR-302a-3p modified with 

a terminal amine group were reacted with the succinimidyl ester of sulfo-GMBS and then 

with ssDNA containing a terminal thiol group (Figure 3.1 a). To prevent miRNA loss of 

activity due to conjugation with a ssDNA, each miRNA was conjugated with ssDNA through 

the sense strand, guaranteeing the structural integrity of the antisense strand, in particular 

the 5’ terminus, which is important for initiating RNA interference mechanism.307 The 

conjugation efficiency, i.e., the percentage of miRNA conjugated with thiolated ssDNA, was 

39% for miR-155-5p and 22% for miR-302a (Figure 3.3).  
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Figure 3.3- Characterization of miR-ssDNA conjugates. Chromatograms of the HPLC purification of (a) miR-
155-ssDNA51.7 and (b) miR-302a-ssDNA68.9. Integration of peaks indicate that 39% and 22% of the miR-155 and 
miR-302a were conjugated with ssDNA, respectively. (c) and (d) Characterization of HPLC fractions by 
electrophoresis. Lines a, b and c are relative to the reaction mixture, control miRNA and control ssDNA, 
respectively. Lines 1-5 are relative to the HPLC fractions represented in each chromatogram. Fraction 4 
corresponds to miR-ssDNA conjugates. 

 

 

 

The activity of each miRNA was monitored before and after conjugation with ssDNA, 

using lipofectamine RNAimax as transfection agent in a reporter cell line (HEK-293T).  In 

the concentration range tested (0.05 to 5 nM), the fluorescence of the reporter cell line 

decreases according to the concentration of miRNA used (Figure 3.4). Both miRNAs are 

active after conjugation with ssDNA, although miR-302a-ssDNA conjugate is slightly less 

active than miR-302a at the lowest concentrations tested (0.05-0.5 nM) (Figure 3.4).  

To hybridize miR-ssDNA conjugates to ssDNA-AuNRs, the conjugates were incubated 

in large excess with ssDNA-AuNRs (400 or 800-molar fold ratio) at 37 ºC leading to the 

immobilization of 202 (400-molar fold ratio) and 390 (800-molar fold ratio) ssDNA-miR-155 

conjugates per AuNR or 226 and 404 ssDNA-miR-302a per AuNR (Figure 3.2). Therefore 

the hybridization efficiency of ssDNA-miR conjugates to ssDNA-AuNRs was between 48.75 

and 56.5%. For subsequent experiments we have used AuNRs with ca. 400 miR-ssDNA 

conjugates because this number was large enough for biological output (see below). Our 

results show that hybridization of the miRNA-ssDNA conjugate does not cause significant 

changes in the absorbance spectrum of the AuNRs (Figure 3.2 c). In addition, the size of 
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the nanocarrier was not substantially different from the non-conjugated one (Figure 3.2 a 
and 3.2 b).  

 

 
Figure 3.4 - Transfection of miRNAs and ssDNA-miR conjugates with lipofectamine. (a) Fluorescence 
microscopy images of HEK-293T cells transfected with different miR-ssDNA conjugates. Images correspond to 
24 h transfection with 2.5 nM miR-ssDNA conjugates (60 h after transfection). Scale bar corresponds to 50 μm. 
(b and c) HEK-293T cells were transfected with lipofectamine RNAimax complexed with miR-155-ssDNA51.7 or 
miR-302a-ssDNA68.9. Cells were exposed to the conjugates for 4 h or 24 h and their fluorescence was monitored 
afterwards in a high content fluorescence microscope. EGFP and mCherry fluorescence were normalized to the 
control (cells transfected with scramble miRNA). 

 

 

 

 



82 
 

3.2.2 - Release profiles of ssDNA-miR conjugates from miR-dsDNA-AuNR 

Collectively, in the current work we have used ssDNA with different melting 

temperatures as linkers for miRNA immobilization. The distinct melting temperatures allow 

us differential release profiles for each miRNA with the possibility of delivering sequentially 

two miRNAs. The use of ssDNA has been reported for the immobilization of siRNAs on 

plasmonic nanocarriers; however, the ssDNA did not confer a specific release profile to the 

biomolecule, since the release was obtained through the cleavage of thiol-gold bonds.168 

The controllable aspect ratio of gold nanorods allows the differential release of different 

biomolecules, such as DNA oligonucleotides, from carriers of different sizes, although it 

requires lasers with different wavelengths.169 In the present work, the differential release is 

modulated by varying the linkers that attach the miRNA to the gold surface and not by 

changing the size of the nanocarrier, allowing the use of a single wavelength. Therefore, 

different stimuli can be applied by tuning the time and power of the laser. 

To study the release profiles of miRNAs, we have used AuNRs hybridized with: (i) 

miR-155-5p conjugated with ssDNA with a melting temperature of 51.7 ºC (miR-155-

ssDNA51.7) and (ii) miR-302a conjugated with ssDNA with a melting temperature of 68.9 ºC 

(miR-302a-ssDNA68.9) (Figure 3.5). Each suspension of miR-dsDNA-AuNR was irradiated 

for 2 or 5 min and immediately centrifuged. Our results show that miR-155 is released at 

1.25 Wcm-2 (miR-155: 76% and 99% for 2 and 5 min; miR-302a: 9.6% and 18% for 2 and 5 

min) while miR-302a is largely released at 2 Wcm-2 (2 min: 54.9%; 5 min: 87.4%) (Figure 
3.5 b). The supernatants of each formulation were then complexed for 20 min with 

lipofectamine RNAimax and added to HEK-293T cells for 4 h (Figure 3.5 a). The 

concentration of miR-155-ssDNA51.7 released with a laser stimulus of 1.25 Wcm-2 for 2 min 

is able to induce 80% decrease in mCherry fluorescence (Figure 3.5 d). Increasing the time 

or the power of the laser does not decrease significantly mCherry fluorescence when 

compared to 2 min laser stimulus at 1.25 Wcm-2. In contrast, the concentration of miR-302a 

released with a laser stimulus for 2 or 5 min at 1.25 Wcm-2 does not induce a significant 

decrease in EGFP fluorescence 48 h after transfection (Figure 3.5 f). Yet, the increase of 

laser power from 1.25 Wcm-2 to 2 Wcm-2 for 2 min leads to almost 40% decrease in EGFP 

fluorescence signal. NIR laser-induced release of miR-ssDNA conjugates correlates with the 

power of the laser and the melting temperature of the DNA strands, i. e. miR conjugated with 

higher melting temperature ssDNA (68.9 ºC) requires a higher laser power to be released 

from the AuNR surface. In each case, the fluorescence of the protein that is not targeted by 

each miRNA remains constant (EGFP for miR-155-dsDNA-AuNR and mCherry for miR-

302a-dsDNA-AuNR), meaning that cell fluorescence did not change significantly as a 

consequence of the transfection procedure. 
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Figure 3.5 - EGFP and mCherry knockdown in HEK-293T after laser induced release of miRssDNA 
conjugates. (a) schematic representation of the experimental protocol. Suspensions of miR-155-dsDNA51.7-
AuNR or miR-302a-sDNA68.9-AuNR were exposed to different laser stimuli at 1.25 Wcm-2 (2 and 5 min) and at 2 
Wcm-2 (2 and 5 min). Immediately after irradiation, suspensions were centrifuged and the supernatants were 
complexed with Lipofectamine RNAimax and incubated in HEK-293T. (b) Percentage of miR-ssDNA released 
from AuNR surface. The amount of miR-ssDNA was determined using SyBr Gold fluorescent dye. (c and e) 
Fluorescence microscopy images of HEK-293T exposed to ssDNA-miR-155/RNAimax or ssDNA-miR-
302a/RNAimax complexes for 4 h. 48 h after incubation, mCherry and EGFP fluorescence were monitored by a 
high content fluorescence microscope. (d and f) mCherry and EGFP fluorescence normalized to the control 
(supernatant of non-irradiated miR-dsDNA-AuNRs). Results are expressed as average ± SEM (n=3, with 6 
microscope fields per sample) 
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3.2.3 - Uptake and endosomal escape of miR-dsDNA-AuNR  

Intracellular delivery of miRNAs presents some challenges, since these biomolecules 

must reach the cytoplasm in order to initiate RNA interference mechanism.2 To enhance cell 

uptake and endosomal escape of miR155-dsDNA51.7-AuNRs we have used CM, a cell 

penetrating peptide. CM is a cationic amphiphilic peptide with membrane-perturbing 

capacity230, leading to endosomal escape of membrane-impermeable molecules.212 The 

effect of CM in the uptake and intracellular localization of miR155-dsDNA51.7-AuNRs labelled 

with TRITC was studied using confocal microscopy and transmission electron microscopy 

(Figure 3.6). Cells were incubated with miR155-dsDNA51.7-AuNR-TRITC (50 µg mL-1) for 4 

h in DMEM (without FBS), washed and finally characterized by confocal microscopy and 

inductive coupled plasma mass spectrometry (ICP-MS). Our results show that increasing 

intracellular levels of miR155-dsDNA51.7-AuNR-TRITC were observed for increasing CM 

concentrations by confocal microscopy (Figure 3.6 b) and ICP-MS analyses (Figure 3.6 d). 

The colocalization of miR155-dsDNA51.7-AuNR-TRITC with Lysotracker is lower in the 

presence of CM than in the absence of the peptide showing that the peptide contributes for 

the endolysosomal escape of the nanocarrier (Figure 3.6 d). However, increasing the 

concentration of the peptide from 5 µM to 10 µM does not decrease the coefficient of 

colocalization (Figure 3.6 c). Our results also suggest a cumulative effect of CM and laser 

irradiation in the endosomal escape of the miR155-dsDNA51.7-AuNR-TRITC. The peptide 

destabilizes the endosomal membrane allowing the escape of part of the nanocarriers. As 

confirmed by TEM (Figures 3.6 f and 3.6 g), the NIR laser also promotes the escape of 

AuNRs that are still inside the endosomes, probably via a photochemical process through 

generation of radical species.243 The endosomal escape promoted by CM, rather than the 

escape promoted by laser irradiation may be a way of expanding the time window for laser 

activation of AuNRs, since we reduce the chance of degradation of the cargo, assuring the 

integrity of the miR-dsDNA-AuNR conjugates until laser activation.  
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Figure 3.6 - Uptake and intracellular localization of miR-dsDNA-AuNRs. (a) Representative microscopy 
confocal images of cells stained with lysotracker green after 4 h incubation with miR-155-dsDNA51.7-AuNR-
TRITC (50 μg mL-1) and cecropin-melittin (concentration is given in each lane). Scale bar is 30 μm. (b) Intensity 
of the signal of AuNR-TRITC per cell. (c) Colocalization between AuNR-TRITC and lysotracker green expressed 
as Manders’ overlap coefficient assessed by ImageJ analysis. (d) Amount of Au per cell quantified by ICP-MS. 
(e) TEM image of HEK-293T incubated with miR-155-dsDNA51.7-AuNR (50 μg mL-1) and CM (10 μM). White 
arrows indicate the presence of AuNRs in the cytoplasm. Scale bar corresponds to 500 nm. (f) TEM image of 
HEK-293T incubated with miR-155-dsDNA-AuNR (50 μg mL-1) and cecropin-melittin (10 μM) after 2 min 
irradiation at 1.25 Wcm-2. White arrow indicates the site of rupture of the endosomal membrane. Scale bar 
corresponds to 200 nm. (g) Percentage of AuNRs present in the cytoplasm and vesicles (endosomes and 
lysosomes). Quantification results from the analysis of 30 images/condition. In b, c, d and g, results are 
expressed as Average ± SD (n=3). *,** and *** denote statistical significance (p<0.05, p< 0.01and p<0.001) 
assessed by one-way ANOVA followed by Tukey’s post-hoc test. 

 

 

3.2.4 - Cytotoxicity of miR-dsDNA-AuNR 

To evaluate the cytotoxicity of miR-dsDNA-AuNR (we have used miR155-dsDNA51.7-

AuNR as a model), co-incubated with CM, and NIR laser radiation (up to 2 Wcm-2), HEK-

293T cells were exposed for 4 h to the nanocarrier, washed followed by their activation or 

not with a NIR laser for 2 min, and finally incubated for 24 h. Cell viability was measured by 
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a cell viability assay (Celltiter-Glo Luminescent). At 10 µM, CM causes only 8% decrease in 

ATP production. Moreover, in all the concentrations tested, there is no significant effect of 

the irradiation in cell viability (Figure 3.7 a). The toxicity of AuNRs and CM was also 

evaluated in OECs (Figure 3.7 b). In contrast to the results observed for HEK-293T cells, 

CM is cytotoxic at 10 µM, causing a significant decrease in ATP production. Likewise,  it has 

already been described a higher cytotoxicity of this peptide and nanoparticles in endothelial 

cells in relation to other cell types 308, Therefore, for subsequent assays with OECs, a 

concentration of 5 µM of peptide was used. In agreement with what was observed in HEK-

293T cells, irradiation does not have a cytotoxic effect.  

 

 
Figure 3.7 - Cytotoxicity of AuNR-dsDNA51.7-miR155. (a) HEK-293T cells were incubated with DNA51.7-AuNR 
(50 μg mL-1) with or without cecropin-melittin (5 and 10 μM) for 4 h. Cells were then washed and new medium 
was added (DMEM with 10% FBS). Subsequently, cells were irradiated for 2 min at 1.25 Wcm-2 and left in the 
incubator. After 2 h, cells were irradiated for 2 min at 2 Wcm-2 and then incubated for additional 24 h at 37º C. 
(b) OECs were incubated with AuNR-dsDNA51.7 (50 μg mL-1) without or with CM (2.5, 5 and 10 μM) for 4 h. Then 
cells were washed and new medium was added (EGM-2). Subsequently, cells were irradiated for 2 min at 2 
Wcm-2 and left in the incubator for 24 h. Cell metabolism was evaluated by an ATP assay (Promega). Results 
are expressed as average ± SD (n=4). 

 
 

3.2.5 – Light-induced release of miRNAs in a dual reporter cell line 

To test the laser-induced release of miR-ssDNA conjugates in cells, HEK-293T cells 

were incubated for 4 h with miR155-dsDNA51.7-AuNR or miR302a-dsDNA68.9-AuNR (50 µg 

mL-1).  Cells were then irradiated for 2 min with different laser powers (1.25 or 2 Wcm-2). 

Although 5 min of irradiation was able to release higher amount of miR-302a (Figure 3.5b), 

it induced more toxicity. Cells incubated with miR155-dsDNA51.7-AuNR and activated with a 

laser stimuli of 1.25 Wcm-2 or 2 Wcm-2 showed a reduction in mCherry fluorescence around 

50% after 48 h (Figure 3.8c). On the other hand, cells incubated with miR302a-dsDNA68.9-

AuNR and activated with a laser stimuli of 2 Wcm-2 showed a higher reduction in EGFP 

fluorescence than cells irradiated at 1.25 Wcm-2 (Figure 3.8 d).  
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Figure 3.8- mCherry and EGFP knockdown after laser induced release of miR-ssDNA conjugates in HEK-
293T. Fluorescence microscopy images of HEK-293T cells incubated with miR-155-dsDNA51.7-AuNR  (a) or with 
miR-302a-dsDNA68.9-AuNR (b). HEK-293T were incubated with miR-155-dsDNA51.7-AuNR or miR-302a-
dsDNA68.9-AuNR (50 μg mL-1) and CM (10 µM) for 4 h and then irradiated at 1.25 or 2 Wcm-2 for 2 min. 48 h after 
irradiation, cell fluorescence was monitored in a high-content fluorescence microscope. Scale bar corresponds 
to 100 µm. c) Normalization of mCherry fluorescence in cells incubated with miR-155-dsDNA51.7-AuNR. d) 
Normalization of EGFP fluorescence in cells incubated with miR-302adsDNA68.9-AuNR. Results are expressed 
as average ± SEM (n=3, with 4 microscope fields per replica) 

 
 

 

For the sequential release of miR-155 and miR-302a, cells were incubated with 

miR155-dsDNA51.7-AuNR (25 µg mL-1) and miR302a-dsDNA68.9-AuNR (25 µg mL-1) for 4 h. 

After incubation, cells were irradiated for 2 min at 1.25 Wcm-2. A second stimulus (2 min, 2 

Wcm-2) was applied 2 h after the first stimulus (Figure 3.9 a). MiR-155-5p, which is 

conjugated to the oligonucleotide with lower melting temperature (Tm 51.7 ºC), was 

preferentially released with the first stimulus. This release of miR-155 correlates with a 42% 

decrease in mCherry fluorescence 48 h after the stimulus (Figure 3.9 c). On the other hand, 
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miR-302a which is conjugated to the oligonucleotide with higher melting temperature (Tm 

68.9 ºC), is not released with irradiation at 1.25 Wcm-2, thus, no significant decrease in EGFP 

was observed. Knockdown of EGFP (41% decrease in EGFP at t=48 h after irradiation) was 

only detected when a higher energy stimulus (2 min, 2 Wcm-2) was applied (Figure 3 c). 

 

 
 

Figure 3.9 - Sequential delivery of miRNAs in HEK-293T. (a) Schematic representation of the protocol used. 
HEK-293T were incubated with a mixture of miR155-dsDNA51.7-AuNR (25 μg mL-1) and miR302a-dsDNA68.9-
AuNR (25 μg mL-1) for 4 h. After incubation cells were exposed to one laser stimulus (2 min at 1.25 Wcm-2) or 
two laser stimuli (2 min 1.25 Wcm-2 and 2 min at 2 Wcm-2) with an interval of 2 h between each stimulus. (b) 
Fluorescence microscopy images of cells incubated with miR-155-dsDNA-AuNR and miR-302a-dsDNA-AuNR 
for 4 h in the presence of CM (10 μM). (c) Quantification of cell fluorescence 48 h after laser irradiation. Results 
are expressed as average ± SEM (n=3, with 6 microscope fields per replica). * and *** denote statistical 
significance (p<0.05 and p<0.001) assessed by one-way ANOVA followed by Tukey’s post-hoc test 
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3.2.6 – Light-induced release of miRNAs in OECs 

To test the potential of this delivery system in the modulation of cell activity, we 

incubated OECs with miR-dsDNA-AuNR (50 µg mL-1). Cell response to each miRNA was 

evaluated in terms of proliferation (by cell nuclei counting) and survival (by cell nuclei 

counting) in hypoxia (Figures 3.10 a and 3.10 b). The impact of each miRNA was first 

evaluated in transfection assays with lipofectamine. MiR-155 does not promote proliferation, 

but is able to increase survival, whereas miR-302-a promotes cell proliferation but does not 

have a positive impact in survival. The combined effect of both miRNAs induces proliferation 

and increases survival (Figure 3.11) to a level that is equivalent to the effect of vascular 

endothelial growth factor (VEGF). In endothelial cells, miR-155 has already been reported 

as being cytoprotective under stress conditions309. Relatively to the assay with miR-dsDNA-

AuNR, there is a significant increase (6.7 fold) in survival with the first stimulus (2 min at 

1.25 Wcm-2) (Figure 3.10 c), which is indicative of light-induced release of miR-155. 

Regarding proliferation (Figure 3.10 b), there is a slight increase with the first stimulus, 

increasing more with the second stimulus (2 min at 1.25 Wcm-2). This might be indicative of  

a slight release of miR-302a with the first stimulus, which is less than 10% according to the 

laser-induced release profile (Figure 3.5 b), although in HEK-293T the effect of this release 

in the knockdown of EGFP was not significant (Figure 3.9 c). 
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Figure 3.10- Sequential delivery of miRNAs in OECs. (a) Schematic representation of the experiment. OECs 
were incubated for 4 h with a mixture of miR155-dsDNA51.7-AuNR (25 μg mL-1) and miR302a-dsDNA68.9-AuNR 
(25 μg mL-1) for 4 h. After incubation, cells were exposed to one laser stimulus (2 min at 1.25 Wcm-2) or two laser 
stimuli (2 min 1.25 Wcm-2 and 2 min at 2 Wcm-2) with an interval of 2 h between each stimulus. (b) Cell 
proliferation. After irradiation, cells were kept in the incubator for 48 h, after which proliferation was assessed in 
terms of cell nuclei (DAPI staining). Then cells were incubated under hypoxic conditions for 48 h. (c) Survival 
was determined as the ratio between the final (after hypoxia) and the initial number (after hypoxia) of cells. Cells 
incubated with AuNR without miRNAs were used as control. Results are expressed as average ± SEM (n=5). * 
and ** denote statistical significance (p<0.05 and p<0.01) assessed by one-way ANOVA followed by Tukey’s 
post-hoc test. 
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Figure 3.11 - Impact of miR-155 and miR-302a on proliferation and survival of OECs. OECs were incubated 
for 48 h with miR-155 and miR-302a complexed with Lipofectamine RNAimax. (a) After incubation proliferation 
was assessed in terms of number of cells. Then cells were incubated under hypoxic conditions for additional 48 
h. (b) Survival was determined as the ratio between the final (after hypoxia) and the initial number (before 
hypoxia) of cells. c) Combined effect of 4 h incubation with miR-155 and miR-302a complexed with Lipofectamine 
on cell proliferation. Proliferation was assessed 48 h after incubation with miRNAs. Then cells were incubated 
under hypoxia for 48 h, after which (d) cell survival was determined. Cells incubated with scramble miR and 
lipofectamine were used as control. Results are expressed as average ± SEM (n=5). 
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3.3- Conclusions 
Combinatorial RNAi therapies are being explored for the treatment of different 

diseases, which has also encouraged the development of new nanocarriers for multiple 

RNAi therapeutic delivery with controlled stoichiometry.310-313 Additionally, light-sensitive 

systems have received increasing attention due to the possibility of controlling spatially and 

temporally intracellular delivery of drugs, increasing their therapeutic potential64, 65, 314 

However, there is still a lack of systems for controlled release of each therapeutic 

independently. Controllable silencing of multiple genes, either simultaneous or sequentially, 

can mimic the spatio-temporal patterns of natural biological processes and may be a 

promising strategy for therapeutic purposes and also for fundamental research, for example 

in the study of genetic interactions or in the development of phenotypic assays that require 

spatio-temporal regulation.315, 316 Angiogenesis is particularly dependent on the ordered 

expression of multiple miRNAs that control proliferation, cell survival, migration and 

mobilisation of cells317. Although some formulations have been developed for delivery of 

miRNAs to modulate the behaviour of endothelial cells and promote angiogenesis268, 270, the 

synergistic effect of multiple miRNA delivery has not been explored yet. In this work, we 

have developed a light-responsive system that, by the addition of an antimicrobial peptide, 

can be internalized in higher amounts and escape the endosomes to deliver more than one 

miRNA, working as an optical switch of biological circuits involved in cell proliferation and 

survival with spatial and temporal control. In conclusion, the important modulatory nature of 

miRNAs combined with the spatio-temporal precision in their delivery, leverages the 

potential of this technology for several biomedical applications. 
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3.4- Materials and Methods 
Materials. hsa-miR-155-5p and hsa-miR-302a-3p with a terminal amine group in the 

passenger strand  were purchased from Dharmacon (GE Healthcare), thiolated 

oligonucleotide strands, hexadecyltrimethylammonium bromide (CTAB), sodium 

borohydride (NaBH4), silver nitrate (AgNO3), hexanethiol and mercaptohexanoic acid, and 

other chemicals were all purchased from Sigma-Aldrich and used as received without further 

purification. Sodium dodecyl sulfate (SDS) was purchased from VWR.  Bovine Serum 

Albumin (BSA), DyLight-NHS ester, N-[γ-maleimidobutyryloxy] sulfosuccinimide ester (sulfo-

GMBS), LysoTracker® Green DND-26, LysoTracker® Red DND-99, fetal bovine serum 

(FBS) and trypsin-EDTA solution were purchased from Thermo Fisher Scientific. Dulbecco’s 

Modified Essential Medium (DMEM) is a commercial product of Merck Millipore. Purified 

water with resistivity above 18.2 MΩ.cm-1 was obtained by reverse osmosis (MilliQ, 

Millipore). Other reagents were analytical grade. 

 

AuNR synthesis. AuNRs were prepared using the seed mediated method.155 For the 

preparation of the seed solution, gold(III) chloride hydrate (HAuCl4, 0.1 M, 12.5 μL) was 

added to a hexadecyltrimethylammonium bromide (CTAB) solution (0.1 M, 5 mL) and stirred 

vigorously for 5 min, after which an ice-cold sodium borohydride solution (NaBH4, 10 mM, 

0.3 mL) was added. After stirring for 2 min the solution was kept at 25 ºC. For the preparation 

of growth solution, silver nitrate (AgNO3, 5 mM, 3.2 mL) was added to CTAB solution (0.1 M, 

200 mL) and mixed gently, after which HAuCl4 (50 mM, 2 mL) was added. After mixing, 

ascorbic acid (0.1 M; 1.5 mL) was added. The solution changed from dark yellow to 

colourless. Finally, 1.5 mL of the seed solution (aged for 8 min at 25 ºC) was added to the 

growth solution. The solution was kept at 28.ºC for 2 h. The NRs were washed by 

centrifugation at 9000 g and resuspended in water.  

The CTAB on the AuNR surface was replaced using a method already reported with some 

modifications.191 Hexanethiol (1.5 mL) was added to the NR-CTAB suspension (2.5 nM; 1 

mL). Then, acetone (3 mL) was added and the mixture was swirled for a few seconds. The 

aqueous phase became clear indicating ligand exchange and the organic phase containing 

the AuNRs was extracted.  Then, a mixture of toluene (2 mL) and methanol (5 mL) was 

added to the organic phase. The solution was centrifuged at 5.000 g, 10 min, and the pellet 

was resuspended in 0.5 mL of toluene by brief sonication. The organic to aqueous phase 

was performed as follows. AuNR-hexanethiol (1 mL) in toluene was added to 9 mL of 

mercaptohexanoic acid (MHA, 5 mM, 9 mL) in toluene at 95 ºC. The reaction proceeded 

under reflux with magnetic stirring for 15 min. The precipitation of AuNRs indicated 

successful coating by MHA. After cooling to room temperature, the aggregates were washed 
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twice with toluene by decantation. Finally, the NRs were washed with isopropanol to 

deprotonate the carboxylic groups and then the aggregates were redispersed in 1× TBE.  

The ligand exchange was confirmed by zeta potential measurements.  

 

Functionalization of NR-MHA with single strand DNA (ssDNA). Thiolated ssDNA 

(sequence A 5’-HS-C6-TTTTTTTTTTTTTTTATAACTTCGTATA-3’ or sequence B 5’- HS-

C6-TTTTTTTTTTTGTCCGGGTCCAGGGC-3’, purchased from Sigma-Aldrich) were 

reduced for 1 h with 100-fold excess of Tris(2-carboxyethyl)phosphine (TCEP) over ssDNA. 

The NR suspension (0.5 nM; 0.5 mL) was incubated with the thiolated ssDNA for 3 h in a 

molar ratio of 1:800 in 10 mM phosphate buffer pH 7.4 containing 0.3% (w/v) of sodium 

dodecyl sulfate (SDS). Afterwards, a NaCl solution (22.5 μL; 0.45 M) was added every 60 

min to the AuNR suspension. This operation was repeated four times and the suspension 

shaked overnight to improve the reaction yield. In the following day, the NR suspension was 

centrifuged at 9000 g, the supernatant was collected and the pellet was resuspended in 10 

mM phosphate buffer with 30 mM NaCl. The amount of oligonucleotides was determined by 

measuring absorbance at 260 nm in the supernatant. The ssDNA-AuNRs obtained were 

stored at 4 ºC before use (not more than one week).  

 

Preparation of micro-RNAs conjugated with ssDNA. miR-ssDNA conjugates were 

prepared using N-[γ-maleimidobutyryloxy]sulfosuccinimide ester (sulfo-GMBS, Thermo 

Scientific) as linker.  miR-155 or miR-302 (60 µL at 100 µM in PBS pH 8.0) were reacted 

with sulfo-GMBS in a 100-fold molar ratio for 30 min at room temperature. The excess of 

linker was removed by ultrafiltration with Nanosep 30 kDa (Pall Corporation). The buffer was 

exchanged by PBS pH 7.0 and the purified miR (60 µL; 100 µM in PBS pH 7.0) was reacted 

with thiolated DNA (60 µL; 200 µM in PBS pH 7.0) in a final volume of 200 µL of PBS for 2 

h at room temperature. Before conjugation DNA strands were reduced with 100-fold excess 

of TCEP for 1h at 37 ºC. DNA strands were complementary to the strands immobilized on 

the NR surface (complementary sequence A: 5’-HS-C6-TATACGAAGTTATAAAAAAAAAA; 

complementary sequence B: 5’-HS-C6-TGCCCTGGACCCGGAC). miR-155 was 

conjugated with ssDNA complementary sequence A (Tm 51.7 ºC) and miR-302a was 

conjugated with ssDNA complementary sequence B (Tm 68.9 ºC). 
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Table 3.1 – ssDNA sequences used for modification of AuNRs and conjugation with miRNAs 

 
 
Purification of miR-ssDNA conjugates by reverse-phase ion-pair liquid 
chromatography. The products of miR and ssDNA conjugation were separated in a 

Shimadzu-LC-20AD system using a 4.6 x 250 mm XBridge C18 column packed with 3.5 µm 

particles, average pore diameter 130 Å (Waters). The mobile phases were as follows: 0.1 M 

TEAA pH 7.0 (A) and acetonitrile (B). The gradient started in 14% of B to 19% of B in 23 

min. The flow rate was 0.55 mL min-1. The acetonitrile present in the fraction containing the 

miR-ssDNA conjugate was removed in a rotary evaporator. The final volume was aliquoted 

and stored at -20 ºC. 

 

Characterization of miR conjugated with ssDNA by non-denaturing PAGE. The 

reaction mixture obtained after reacting miR-155 or miR-302 with ssDNA and the fractions 

obtained after HPLC purification of the reaction mixture were analysed by gel 

electrophoresis. Reaction mixture (15 µL) and reaction mixture fractions obtained after 

HPLC purification (15 µL) were mixed with glycerol (5 µL; glycerol in 50% v/v of H2O), loaded 

in a polyacrylamide gel (12%, w/v) and run for 45 min in 0.5 x TBE at 140 V. The gel was 

stained with SyBr Gold (1:5000 in 1 x TBE) for 10 min and imaged in a UV transilluminator 

(Molecular Imager Gel DOC, Biorad). 
 

Labelling of NR-ssDNA with TRITC. Thiol-PEG-amine 1 kDa (Creative PEGworks, 20 

nmol) was reacted with TRITC (20 nmol) in 1 mL of 10 mM carbonate buffer at pH 9.0 for 2 

h at room temperature. Then 500 µL of NR-ssDNA (0.5 nM) were incubated overnight with 

thiol-PEG-TRITC in a molar ratio of 1:1000. The excess of fluorophore was removed in two 

steps of centrifugation at 9000 g. The supernatants were then quantified for the presence 

of TRITC by fluorescence spectroscopy.  

 

Immobilization of miR-ssDNA conjugates in AuNRs. For the hybridization of 

complementary oligonucleotide strands conjugated with miR, a suspension of AuNR-ssDNA 

(0.5 nM) was incubated with DNA-miR conjugates (400 nM) for 1 h at 37 ºC and then the 

temperature was slowly decreased to 25 ºC. The excess of DNA-protein conjugate was 
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removed by centrifugation. The amount of miR-ssDNA immobilized on the AuNRs was 

determined indirectly by measuring the concentration in the supernatant. For that, the 

supernatant was collected and incubated with SyBr Gold (diluted 1:10000). The 

fluorescence was measured in a Synergy HT microplate reader (excitation 495 nm, emission 

537 nm) and the concentration was extrapolated from a calibration curve. 

 

Backfill with thiol-PEG. After conjugation with miR-ssDNA conjugates, the surface of 

AuNRs was backfilled with thiolated PEG (2 kDa). Briefly, a suspension of AuNR-DNA-miR 

(500 µL, 0.5 nM) was incubated with thiol-PEG at 25 µM corresponding to a ratio of 1:50000 

between AuNR and thiol-PEG. The reaction proceeded for 5 h at room temperature under 

orbital agitation. Then, the suspension was centrifuged (9000 g, 30 min) and resuspended 

in 10 mM phosphate pH 7.4 with 30 mM NaCl. The suspension was stored at 4º C. 

 

Cell culture. HEK-293T transfected with a reporter vector were kindly offered by Dr. Ricardo 

Neves and Ana Lima. The reporter vector encodes EGFP conjugated to the targets of miR-

302a-3p, and mCherry conjugated to the target of miR-155-5p. Cells were cultured in T-75 

culture flasks at 37 ºC in a humidified atmosphere of 5% CO2 in DMEM cell culture media 

containing 10% fetal bovine serum (FBS) and 0.5% penicillin-streptomycin. Cells were 

grown to 80-90% confluency before splitting and re-seeding 24 h each experiment. 

OECs cells were differentiated from CD34+ cells isolated from mononuclear cells of 

umbilical cord blood samples as previously described 318. 

 

Cytotoxicity of miR-dsDNA-AuNR and cecropin-melittin. To assess the cytotoxicity of 

AuNRs, HEK-293T cells were seeded on a 96 well plate (12 × 103 cells/well), left to adhere 

for 24 h and then incubated with dsDNA51.7-AuNR (50 µg mL-1) without or with cecropin-

melttin (5 µM and 10 µM) for 4 h in serum free medium. After incubation, cells were washed 

with PBS to remove non-internalized AuNRs. In some conditions, after incubation with 

AuNRs, cells were washed and irradiated with a 780 nm laser at 1.25 Wcm-2 for 2 min. After 

2 h in the incubator at 37 ºC, a subset of samples received a second laser stimulus for 2 min 

at 2 Wcm-2.Then, cells were left in the incubator for 24 h and the ATP production was 

measured by a Celltiter-Glo Luminescent Cell Viability Assay (Promega) according to the 

manufacturer’s instructions.  

 

Transfection of HEK293-T with miRNAs and DNA-miR conjugates and lipofectamine 
RNAimax. The ability of miR-155 and miR-302a to induce the knockdown of mCherry and 

EGFP respectively, was evaluated via transfection with lipofectamine RNAimax. HEK-293-
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T cells were seeded in a collagen coated 96 well plate (6500 cells/well) in DMEM (10% FBS, 

without antibiotics) 24 h before transfection. miR-155, miR-302a, ssDNA-miR-155 and 

ssDNA-miR-302a (35 µL, concentrations ranging from 0.05 to 5 nM) were complexed for 20 

min with lipofectamine RNAimax diluted in DMEM (0.7µL of RNAimax in 35µL of DMEM). 

Then, each of the complexes was added to cells (20 µL/well) and incubated for 4 h or 24 h. 

Finally, cells were washed, new culture medium was added and cell fluorescence was 

monitored in a high-content fluorescence microscope (IN Cell 2200, GE Healthcare) each 

12 h during 3 days. 

 

Activity of DNA-miR conjugates released from AuNRs. The activity of miR-155 and miR-

302a released from AuNR surface after irradiation was evaluated in HEK-293T cells seeded 

in a 96 well plate (6500 cells/well). In order to study the laser induced release and activity of 

miR-DNA conjugates, we used AuNRs hybridized with: I) miR-155 conjugated with ssDNA 

with a melting temperature of 51.7 ºC and II) miR-302a conjugated with ssDNA with a melting 

temperature of 68.9.ºC. Each suspension of miR-dsDNA-AuNR was irradiated and 

immediately centrifuged. Then the supernatant was complexed for 20 min with lipofectamine 

RNAimax (35 µL of supernatant complexed with 35 µL of RNAimax diluted 1:50 in DMEM) 

and 20 µL of this mixture was added to each well containing 100 µL of DMEM with 10 % 

FBS. After incubation, cells were kept in DMEM (10% FBS, 0.3 µg.mL-1 of Hoechst) and 

their fluorescence was monitored in a high-content fluorescence microscope (IN Cell 2200, 

GE Healthcare) each 12 h during 3 days. 
 
Confocal microscopy. Images were acquired on a Zeiss LSM 710 confocal microscope 

(Carl Zeiss, Jena, Germany) using a 40x objective/ 1.4 numerical aperture oil 

PlanApochromat immersion lens. DL488 and Lysotraker Green was detected using the 488 

nm laser line of an Ar laser (25 mW nominal output) and an LP 505 filter. TRITC was 

detected using a 561 nm HeNe laser (1 mW) and an LP 560 filter. The pinhole aperture was 

set to 1 Airy unit. Live cells were imaged at 37 °C and 5% CO2. Image acquisition and 

analyses were performed using the Zen Black 2012 software.  

 

Intracellular localization of miR-dsDNA-AuNR-TRITC. Cells were seeded in an IBIDI 15 

well slide (80 % confluency), left to adhere for 24 h and then incubated with miR-dsDNA-

AuNR-TRITC (50 µg mL-1) for 4 h without or with cecropin-melittin (5 or 10 µM) in DMEM 

(0.5% penstrep, without FBS). After incubation, cells were washed with medium to remove 

non-internalized AuNRs. Then, cells were incubated with LysoTracker® Green (100 nM) for 

30 min to stain the endosomes and with Hoechst 33342 (0.3 µg mL-1) to stain the nuclei. 

Cells were then observed under confocal microscope. Images were analysed in ImageJ and 
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the colocalization was determined by calculating the Manders’ colocalization coefficient 

between AuNR-TRITC and Lysotracker green. 

 

Light-induced release of DNA-miR conjugates in HEK-293T. HEK-293T cells were 

seeded in a 96 well plate (6500 cells/well), left to adhere for 24 h and then incubated with 

50 µg mL-1 of AuNR conjugated with miR-155-ssDNA or miR-302a-ssDNA. First, AuNRs 

modified with miR-155 or miR-302a were tested separately. A suspension of miR-dsDNA-

AuNR was prepared in serum free DMEM. Before adding to cells, the suspension was mixed 

with cecropin-melittin peptide (final concentration of 5 or 10 µM). After 4 h incubation, the 

medium was replaced and cells were irradiated with a fibercoupled laser (780 nm) at 0.8, 

1.25 or 2 Wcm-2 for 2 min. Then, cells were incubated in DMEM (10% FBS, 0.5% penstrep 

and 0.3 µg.mL-1 of Hoechst 34580) and cell fluorescence was monitored in a high-content 

fluorescence microscope (IN Cell 2200, GE Healthcare). 

 

Light-induced release of DNA-miR conjugates in OECs. OECs were seeded in a 96 well 

plate (10000 cells/well), left to adhere for 24 h and then incubated with 50 µg mL-1 of AuNR 

conjugated with miR-155-ssDNA or miR-302a-ssDNA. A suspension of miR-dsDNA-AuNR 

was prepared in FBS free EGM-2. Before adding to cells, the suspension was mixed with 

cecropin-melittin peptide (final concentration of 5 µM). After 4 h incubation, the medium was 

replaced for EGM-2 and cells were irradiated with a fibercoupled laser (780 nm) at 1.25 for 

2 min and 2 h later cells were subjected to a second stimulus of 2Wcm-2 for 2 min. 

 
Transfection of OECs with miRNAs and lipofectamine RNAimax. OECs were seeded in 

a 96 well plate (10000 cells/well), left to adhere for 24 h and then transfected with 50 nM of 

miR-155 and/or miR-302a or scramble using lipofectamine for 48 h. The complex was 

prepared in 10 µl of EMB-2 and added to cells on 90 µl of Gentamycin free EGM-2. 

 

Proliferation and Survival assays. For the proliferation studies, 48 h after the AuNR 

incubation, cells were incubated with 1µg mL-1 of Hoechst 34580 and nuclei were counted 

in a high-content fluorescence microscope (IN Cell 2200, GE Healthcare). 

For the survival studies, following the proliferation analysis 48 h after the AuNR incubation, 

medium was replaced for EBM-2 and plates were covered with Breathe-Easy® sealing 

membranes (Sigma). Cells were kept in hypoxia (0,1% O2) for 48 h, after which cells were 

incubated with 1µg mL-1 of Hoechst 34580 and nuclei counts were performed in a high-

content fluorescence microscope (IN Cell 2200, GE Healthcare). Cells treated with 50 

ng.mL-1 of VEGF were used as positive control of the experiment. 
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Transmission electron microscopy (TEM). TEM was used to evaluate endosomal escape 

of AuNRs. Cells were seeded in a 24 well plate, left to adhere for 24 h to 90% of confluency 

and then incubated with miR-155-dsDNA-AuNR (50 µg mL-1) with 10 µM cecropin-melittin 

or without cecropin-melittin. After 4 h incubation, the medium was replaced and cells were 

irradiated with a fibercoupled Roithner laser (780 nm) at 1.25 Wcm-2 for 2 min. The culture 

medium was then removed without allowing the cells to dry. Cells were washed with PBS 

and then fixed with a fixative solution (2.5% gluteraldehyde and 2.0% paraformaldehyde in 

0.1 mol L-1 sodium cacodylate buffer with: 0.1 mol L-1 sucrose, 50 mM KCl and 2.5 mM MgCl 

1.25 mM CaC1, pH 7.4 for 1 h. Cells were postfixed for 1 h in a 2% osmium tetroxide solution 

containing 0.8% potassium ferrocyanide in 0.1M sodium cacodylate buffer. Samples were 

washed with distilled water and soaked overnight in aqueous 1% uranyl acetate at 4 ºC and 

then dehydrated in graded ethanols. Finally samples were embedded in a resin and 

observed in a Jeol JEM 1400 electron microscope. Images were acquired with a 

magnification between 20000X and 100000X. At least 30 images in each condition were 

analysed. In each image, the number of AuNRs in cell compartments (endosomes, 

lysosomes and cytosol) was counted and divided by the total number of AuNRs per image 

to obtain percentage of AuNRs per compartment. 
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4.1 - General Conclusions 
During the last years, drug delivery has experienced a transformative phase and has 

shifted to new paradigms. Combinatorial therapies have proven to be more efficacious in the 

treatment of several diseases and also in regenerative medicine, by exploiting synergistic effects 

between drugs5. Additionally, recent advances in the cellular biology area have opened the way 

to a new collection of therapeutic agents comprised by macromolecules, such as proteins and 

non-coding RNAs, namely siRNAs and microRNAs. Therapies based on the delivery of these 

biomolecules have great potential, since they are the main components and effectors involved in 

the regulation of cellular processes. 

The multidrug delivery paradigm has been followed by the design of new delivery systems 

that can combine multiple drugs, normalizing pharmacokinetics and biodistribution. The potential 

of these systems for multidrug delivery is highly correlated with the possibility of delivering each 

drug in a controlled manner. This is a very important aspect, because a differential release of each 

molecule can mimic the spatio-temporal nature of biological processes. For example, analysis of 

the miRnome during cell differentiation or cells under external stresses shows that the expression 

of miRNAs changes overtime 319, 320. Moreover, not only the precise delivery of small drugs7 but 

also the orchestrated delivery of macromolecules, such as transcription factors321, can have great 

impact in the final outcome of the therapy. This has driven research towards the development of 

nanocarriers with controllable drug release profiles. To achieve this, most systems rely on the 

control of the nanocarrier’s degradation rates. More sophisticated systems, based on stimuli-

responsive materials to attain a higher control over the release of each drug are still very scarce.  

The current thesis focuses on the development of a new light-responsive nanocarrier for 

the delivery of more than one biomolecule with spatio-temporal control. The nanocarrier is 

constituted by a AuNR core with plasmon resonance band centered at 780 nm. In chapter II we 

demonstrated that two fluorescent proteins could be immobilized on the same AuNR and then be 

released sequentially by the application of different laser stimuli. This is the first work describing 

intracellular controlled release of two proteins from the same nanocarrier using NIR light. In our 

delivery system, although the release is achieved by a photothermal effect, a functional enzyme 

could be released from the AuNR without losing activity, which may be explained by the 

exponential decay of temperature with the distance from the AuNR surface101. Lower 

colocalization between AuNRs and fluorescent proteins and the diffuse signal in the cytoplasm 

indicated successful cytosolic delivery of proteins. Although AuNRs tend to be confined in 

endo/lysosomes, upon irradiation both AuNRs and proteins are able to reach the cytoplasm. It is 

possible that endosomal escape is mediated by photochemical generation of radicals rather than 

by photothermal effect243. Surprisingly, a laser stimulus with lower energy is able to disrupt the 

endosome membrane without inducing significant release of the protein bound to DNA with higher 
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melting temperature. Nonetheless, this fact has been crucial in achieving differential release of 

each molecule intracellularly.  

In chapter III, the same principle was adopted for the intracellular delivery of two 

microRNAs. NIR light-triggered release of microRNAs or siRNAs has already been described with 

different systems, such has gold nanoshells 168 and UCNPs95 . Independent release of two siRNAs 

was described in one system composed by two AuNRs with different aspect ratios that responded 

to two distinct wavelengths140. However, differences in nanoparticle size may have implications in 

uptake21, and consequently in intracellular bioavailability of each siRNA. The development of 

nanocarriers for intracellular delivery of multiple RNAi therapeutics has been mainly focused on 

the control of siRNA stoichiometry in the nanocarrier311, 313 and little has been done to tune the 

release of each molecule. In chapter III we demonstrate the high uptake and efficient endosomal 

escape of light-activatable nanocarriers conjugated with miRNAs. The sequential delivery of miR-

155 and miR-302a by light activation was easily evaluated using a dual-reporter HEK-293T cell 

line. Laser irradiation at 1.25 Wcm-2 induced the release of miR-155 and not miR-302a, decreasing 

mCherry fluorescence and not EGFP. An additional stimulus at 2 Wcm-2 caused a decrease in 

EGFP fluorescence by the release of miR-302a. The system was also validated in cells with 

therapeutic relevance. For that puspose, we used OECs derived from human CD34+ cells isolated 

from cord blood. We demonstrated that multistep laser activation of AuNRs could be used to 

induce cell proliferation and survival in hypoxic conditions. 

One of the innovative aspects of this work is related to the use of oligonucleotides for 

biomolecule conjugation and controlled release. Taking advantage of the photothermal effect of 

AuNRs, we designed ssDNAs with specific sequences and consequently with specific melting 

temperatures, to immobilize two different proteins or microRNAs and mediate a controlled release 

of each molecule through DNA dehybridization. Both ssDNAs immobilized directly on the gold 

surface via thiol-gold bonds have similar binding efficiencies. The sequences were designed with 

a poly(thymine) spacer to minimize non-specific interaction with the gold surface and allow an 

efficient hybridization. The length of the sequences might also be important to keep the active 

biomolecule at a certain distance from the gold surface protecting it from the photothermal effect. 

Moreover, the four ssDNA sequences used in this work were designed to achieve almost non-

overlapping release profiles and highly specific hybridization. Consequently, negligible unspecific 

hybridization of protein-ssDNA conjugates was detected. This can lead to a higher control of the 

stoichiometry of the biomolecules immobilized on the AuNR surface.  

A second innovative aspect of the present work was the development of a set of 

techniques/procedures to allow the evaluation of intracellular trafficking of light-triggerable 

formulations and their activation. For example, procedures for the fluorescent labelling of AuNRs, 

quantitative imaging, FRET analyses, TEM analyses, high-content imaging, among others. In 

addition, a dual reporter cell model has been used to monitor intracellularly two different miRNAs. 
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Previous studies have demonstrated the release of siRNAs from plasmonic NPs using 

fluorescence microscopy. The intracellular release was evaluated by the dequenching of 

fluorescent siRNAs168 which was assessed by fluorescence microscopy or flow cytometry. SiRNA 

activity assays were mainly based on silencing of one specific gene32 or knockdown of a single 

protein reporter, usually GFP 91, 168. Besides this, assessment of apoptosis and proliferation32, 143 

have been used as functional readouts of siRNA delivery. Nevertheless, most works do not provide 

information about the amount of nanocarriers that reach the cytoplasm after photo-activation and 

do not make a correlation between quantification of endosomal escape and the laser power used 

for light-triggered release. 

A third innovative aspect of the current work is the demonstration that light and some 

peptides may facilitate endolysomal escape of the nanocarriers and the biomolecules. This aspect 

is of utmost importance in drug delivery322 and also affects temporal control. Although previous 

studies have shown the escape of nanocarriers after laser activation122, 238, the current study has 

shown for the first time the effect of power in such escape. In addition, our work demonstrates for 

the first time the effect of an antimicrobial peptide for the enhanced intracellular accumulation of 

nanocarriers and endosomal escape. Low uptake levels and also endosomal sequestration of 

siRNAs or miRNAs may hamper significantly their biological effect, since they need to reach the 

cytoplasm to start RNAi mechanism. Different approaches have been reported to increase the 

uptake of siRNAs immobilized into plasmonic gold NPs. The group of Naomi Halas developed a 

gold nanoshell coated with polylysine to complex siRNA and promote uptake91. Other groups have 

used peptides, such as TAT168 or RPARPAR peptide143 to coat nanoshells. These strategies 

increased endocytosis but not endosomal escape. Endosomal escape was then promoted by 

irradiation with femtosecond laser pulses143, 168 or CW irradiation at 2.5Wcm-2  91. Another study 

reported a “bomb-like” NP to escape the endosomes and deliver miRNA306. The formulation was 

formed by thermo-responsive Pluronic PF127 and ammonium bicarbonate that could be thermally 

triggered to release carbon dioxide and ammonia gases leading to rupture of the endosome. In 

this thesis, we used cecropin-melittin, a cationic amphiphilic antimicrobial peptide. A chimeric 

conjugate of this peptide has already been used for endosomal escape212. In this work it has been 

applied to increase uptake of AuNRs, as well. Co-incubation of AuNRs with cecropin-melittin 

caused a significant increase in cell uptake as confirmed by ICP-MS analyses (63-fold higher when 

compared to AuNRs alone). TEM images confirmed the important role of cecropin-melittin in 

endosomal escape. Although AuNRs could be observed in endosomes, the percentage of AuNRs 

in lysosomes was significantly reduced when cecropin-melittin was used. This way, miRNAs 

carried by AuNRs are not subjected to endosomal acidification and lysosomal degradation. In 

agreement to what was observed with AuNR conjugated with proteins (Chapter II), laser irradiation 

also induced endosomal escape of AuNR conjugated with miRNAs. High uptake and efficient 

endosomal escape allowed cytosolic delivery of higher concentration of microRNAs enough to 
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induce protein knockdown. The sequential delivery of miR-155 and miR-302a was easily assessed 

using a dual-reporter HEK-293T cell line. Laser irradiation at 1.25 Wcm-2 induced the release of 

miR-155 and not miR-302a, decreasing mCherry fluorescence and not EGFP. An additional 

stimulus at 2 Wcm-2 caused a decrease in EGFP fluorescence by the release of miR-302a. The 

system was also validated in cells with therapeutic relevance. For that, we used OECs derived 

from human CD34+ cells isolated from cord blood. We demonstrated that multistep laser activation 

of AuNRs could be used to induce cell proliferation and survival in hypoxic conditions. 

We envision that the plasmonic nanocarrier developed in the current work might have 

unprecedented potential for modulation of cell activity, which might be beneficial in many 

applications. For example, in cell reprogramming it was shown that sequential expression of 

transcription factors can surpass the simultaneous expression, leading to better results.323 The 

sequential delivery of reprogramming factors can also be used to mimic the natural differentiation 

process, which is characterized by a coordinated and sequential expression of transcription 

factors324, 325. A system for controlled delivery of microRNAs, which are powerful molecules for 

modulation of cell activity, has great potential to be applied in the treatment of different diseases 

and in regenerative medicine. The spatial and temporal patterns of miRNA expression play an 

important role in several physiological and pathological processes, including tumorigenesis326, cell 

proliferation327, cell differentiation328, angiogenesis317, etc.  In the context of cell reprogramming 

induced by ectopic expression of transcription factors, a study revealed an ordered and sequential 

activation of miRNAs, correlating these finding with higher reprogramming efficiency.329 Likewise, 

another study reported unique miRNA signatures among reprogramming intermediates, which 

contributes to the transition from early phase stochastic to later phase deterministic behaviour in 

cell reprogramming.330  

 

 

 

4.2 - Perspectives and Future work 
We predict that low nanoparticle uptake might be one of the major problems when testing 

our nanoformulation in vivo. In vitro studies have shown that co-incubation with cecropin-melittin 

was beneficial for increased uptake and endosomal escape. Nevertheless, the immobilization of 

this peptide on the nanocarrier, rather than its administration in soluble form, seems to be more 

suitable for biomedical applications, avoiding potential side effects and toxicity.  

Regarding protein delivery, we will use the nanocarrier for the delivery of proteins that could 

have an impact in cell behaviour, such as transcription factors. Importantly, we believe that the 

versatility of this nanoformulation could be helpful to overcome some of the issues that may arise 

in the future. For example, although we have demonstrated that a functional enzyme remained 
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active after conjugation with ssDNA and further laser-induced release, that might not be true for 

other proteins. To circumvent this issue, the immobilization of synthetic mRNAs encoding specific 

proteins on the AuNR should be considered. Chemically modified mRNAs are single stranded 

nucleic acids that can be immobilized through hybridization with complementary DNA strands 

bound to the AuNR surface, thus following the same delivery principle demonstrated in this work. 

Future experiments are required to evaluate the effect of the sequential delivery of two 

miRNAs in OECs, by verifying the expression of markers for neo-angiogenesis at gene and protein 

level. The transplantation of OECs exposed to our nanoformulation should be performed in an in 

vivo model to promote neovascularization. A murine dermal excisional wound model could be 

used to evaluate different parameters, like survival of transplanted cells, new capillary formation 

and wound re-epithelization331. After internalization of AuNRs, cells will be transplanted into the 

wound, where a first light stimulus will be applied to promote release of miR-155 and consequently 

enhance cell survival. Then, a higher energy stimulus will trigger release of miR-302a to increase 

cell proliferation. The impact of the time between each activation will be one important aspect to 

study in vivo. The rate of wound closure will be assessed by measuring the area of the wound at 

different time points along a certain period (10-12 days), after which animals will be sacrificed and 

tissue biopsies will be taken for genetic analysis by RT-PCR and for histological analysis by 

immunohistochemistry. Expression of cytokines and chemokines will be evaluated by 

commercially available ELISA or multiplex kits. 

While the experimental work for this thesis was in progress, other promising application for 

our system has emerged. Recently, CRISPR/Cas9 system has shown extraordinary potential in 

precise genome editing.332 The CRISPR associated protein Cas9 is an endonuclease that uses a 

guide sequence within an RNA duplex, tracrRNA:crRNA, to form base pairs with DNA target 

sequences, enabling Cas9 to introduce a site-specific double-strand break in the DNA. We have 

already some preliminary data confirming that mRNA encoding Cas9 and tracrRNA can be 

immobilized via hybridization on AuNRs. Future studies will be performed in different cell models 

to evaluate the potential of our technology for spatio-temporal controlled gene editing.  
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