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molar charge ratio (R±) was found to be 3.27. This value 



Veículos nanoterapêuticos baseados em lipídios são uma solução promissora para superar as limitações atuais dos sistemas convencionais de administração de medicamentos seu vasto potencial, suas aplicações clínicas ainda são limitadas devido a impedimentos técnicos em síntese eficiente. A demanda pelo desenvolvimento de plataformas tecnológicas eficazes para a produção stos está aumentando rapidamente. Nesse contexto, a microfluídica emerg como uma ferramenta tecnológica robusta na síntese contínua de sistemas vetoriais baseados em lipídios para entrega de medicamentos ento tecnológico de sistemas microfluídicos para incorporar pequenos RNA interferentes (siRNA) em lipossomas catiônicos (CLs) com propriedades furtivas transfecção nanoterapêuticos de siRNA esferóides multicelulareso efeito da razão molar de cargas s. Após análise através dinâmic zão molar de cargas (R ±) Nesta condição foram realizados ensaios . A multilamelaridade dos lipossomas foi confirmada por microscopia Crioeletrônica. Um efeito < = icativo da atividade da luciferase nas células HeLa foi obtido sem efeito citotóxico nas célulaplataforma microfluídica de alto rendimento (baseada em advecção caótica) e avafísico químicos, estruturais, morfológicos e biológicos desses sistemas lipídicos. As análises baixo ângulo ( TEM confirmaram a unilamelaridade dos CLs e os estudos de transfecção rnecer pDNA às células cancerígenas. desenvolvido alcançou uma produtividade 70 vezes maior na produção de CL em comparação com o alização hidrodinâmic microfluídic . Além disso, sucesso a formação de micelas nos microcanais, o que era inevitável em dispositivos de foco de fluxo hidrodinâmico. Também da a técnica de ção à vácuo centrífugo como processo alternativo de destilação para remover o excesso de etanol na formulação lipossômica final, , uma plataforma microfluídica baseada em difusão foi usada para sintetiza lipídicos contendo siRNA com propriedades furtivasavaliando duas estratégias de processo: uma etapa (fosfolipídios e polímero PEG com siRNAautoagregação lipídica e complexação com material genético simultaneamentes pré para associação com siRNA). Abordagens de uma e duas etapas levaram à síntese de nanocarreadores lipídicos com diferentes propriedades físico químicas, estruturais e morfológicas. A análise SAXS confirmou que a inserção do PEG na formulação teve um impacto Na última parteformação e transfeção de esferoides de células em condição  estáticadinâmica . Os esferóides foram transfectadosistema estático. Os esferóides produzidos foram caracterizados morfologicamente utilizando técnicas avançadas de microscopia e os níveis de transfecção foram determinados pela avaliação da P. Os estudos de transfecção mostraram que plataformas microfluídicas estáticas não eram eficazes para testar formulações de fámacos genes. Portanto, novas estratégias são propostas para superar a limitação dos microdispositivos estáticos. Esta dissertação fornece contribuições originais de grande importância no campo da microfluídica e sua aplicação na 
: microfluídica, lipossomas, siRNA, entrega de genes, esferóide



th barriers in the microchannels (B). The microchannels are 140 μm wide and 100 μm deep 

approximately 375 µm.



164.0 ± 13.3 nm, zeta 

49.1 ± 1.8 mV, and polydispersity index of 0.117 ± 0.016.

2.80, 3.27, and 3.74 was found after Tukey´s test and t

applied (p<0.05). <NS= means not significant for given R

Lipofectamine®, which was used as the control group. <CL (10 nM)= refers to cationic liposomes without 

the group <LF= separately comparing with <CL (10 nM)= and <CL (25 nM)= or <LF + siRNA= compared with 

<CL + siRNA (10 nM)= and <CL + siRNA (35 nM)=. The difference between <CL + siRNA (10 nM)= and <CL + 

siRNA (35 nM)= was ignorable. Luciferase activity for <CL (35 nM)= was significantly different compared to 

ell viability (HeLa cells only). <CL 10,= <CL 25,= and <CL 35= refer to cationic 



μL/min in the D 1500 μL/min in the other devices. Q

). The central (10.92 μL/min) and lateral flows (54.6 μL/min each inlet) are PEG

MD with three inlets at FRR = 1 and TFR = 500 μL/min. The lines in each size distribution represent the 

MD with two and three inlets at a total flow rate of 500 μL/min and subm

00 μL/min) and CVC. Scale bars indicate 



(right panel). The graphs show mean ± SD 

µL/min 

lipid concentration was found to be 0.2 mM. Total flow rate was set to 300 μL/min and molar charge ratio 



at FRR 2.5 with TFR of 300 μL/min and molar charge ratio of 3. The lines in each size distribution represent 

represents 1000 µm) (A). Dynamic microdevice: CAD representation of dynamic microdevice 



Ability of forming spheroids of different cell lines tested in Corning® 96

µ µ



two inlets and TFR of 500 μL/min and processed with centrifugal vacuum concentrators (CVC) for ethanol 
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that occur along with the patient’s life. The latter eventuateenvironmental exposure that damages the gene’s instructions that control the way our cells 
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was Alnylam’s Onpattro used for the treatment of the polyneuropathy of hereditary The second one was Alnylam’s Givlaari 





but present lower health risk (Nyamay’Antu et al. 
 



13 µL whereas this volume for large unilamellar 9 µL and for the giant unilamellar vesicles (GUV) as 3 µL (Rideau et al. 2018). Hence, understanding the mechanics that underlie vesicle 



 



 



 

hydrophilic polymer <poly (ethylene glycol)= (PEG) (Zhang et al. 2012). Surface PEG coating 

(Bergström et al. 1992). Consequently, this



(Eş et al. 2020, in preparation)



that PEG’s chain folding and water binding capacity explains why there is a critical MW range, (Bergström et al. 1992). In other words, surfaces with PEG at MW varying between 300 and 1000 couldn’t resist the 

related to the use of PEG <PEG dilemma= must be addressed. Although PEG has promising 
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ks or Autodesk Inventor. The drawings must be saved as <.STL= format in order to 

 



range of 10 to 100 μm, and flow rates are between 10 and 1000 nl/s. This leads to one of the 





μm wide and 100 μm deep (Adapted from Balbino et al., 2013).





 





µm (Zanoni et al. 2016).



microscopy. The size of spheroid is approximately 375 µm.
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Besides the study of liposomes’ composition and potential as therapeutics, novel 





 

 

(São Paulo, Brazil). The Sylgard®

Biotechnology (São Paulo, Brazil).
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th a depth of 100 µm and a width of 140 µm (Balbino et al. 2013a).
 

 anded RNA (ssRNA) sequences targeting the luciferase GL3 gene, (5’3’ and 3’ 5’), which was 
μ

ted) using a single cycle treatment of 90 ºC for 1 min followed by 60 min at 37 ºC in a PTC
 

+/2
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C) and humidity (100%) in order to avoid evaporation of specimens. 3 µL 
4 µm. Images were obtained using a F



 

The mass of siRNA to run on agarose gel was fixed at 0.1 µg. The gel was visualized using a ChemiDoc# XRS+ System with Image Lab# Software (Bio
 

) and mass of siRNA at 3.27 and 0.2 µg, respvarying the concentration of EtBr, adding 100 µL EtBr to the same volume of lipoplexes. Then, a working solution was similarly prepared by adding 100 µL of 6.75 mM EtBr to lipoplexes 

 

 

humidified environment at 37 °C. Once cells reached a confluence of 70well culture plates (5×10



incubated at 37 °C in a 5% CO μ ®
incubated for an additional 5 hours at 37 °C in a 5% CO

®

®without the dsRNA. Cells were further incubated for an additional 6 hours at 37 °C in a 5% 

manufacturer’s instructions. Luminescence intensity was 
 

well plate (1×10

n each well. Cells were further incubated at 37 °C in a 5% CO



 

deviation (SD). Tukey’s test was used to make a single
 

 

164.0 ± 13.3 nm, zeta potential 49.1 ± 1.8 mV, and ersity index of 0.117 ± 0.016. These results were in accordance with other similar 



 

164.0 ± 13.3 nm, zeta potential 49.1 ± 1.8 mV, and polydispersity index of 0.117 ± 0.016.



Compared to <empty= CLs, complexation increased the average size (189.1 nm) and 
Based on PdI results of <empty= CLs and those complexed with siRNA, 



applications (Buñuales et al. 2011).



104.2 nm). Rodríguez

gene delivery studies (Buñuales et al. 2011). However, the size of lipoplexes varies 



(Spagnou et al. 2004; Ásgeirsdóttir et al. 2010; Li et al. 2010). However, it must be noted that 
 



 

 



of <empty= liposomes (DOTAP/Chol, 4:1) and liposomes complexed with ODNs, separately. 





 



 

 

3.74 was found after Tukey´s test and t test were applied (p<0.05). <NS= means not significa
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refers to Lipofectamine®, which was used as the control group. <CL (10 nM)= refers to 
(p<0.05), no significant difference was found between the group <LF= separately comparing with <CL (10 nM)= and <CL (25 nM)= or <LF + siRNA= compared with <CL + siRNA (10 nM)= and <CL + siRNA (35 nM)=. The difference between <CL + siRNA (10 nM)= and <CL + siRNA (35 nM)= was ignorable. Luciferase activity for <CL (35 nM)= was significantly different compared 
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 quantified as a percentage of the control cell viability (HeLa cells only). <CL 10,= <CL 25,= and <CL 35= refer to cationic liposomes at the same concentration as in the 
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ifugal vacuum concentrators (CVC) at low pressure and 43 °C as 



 

great importance for delivering genetic material inside specific cells (Eş et al. 2018; Heuts et 





(Phospholipon®90G lipids and purified phosphatidylcholine from soybean lecithin) was 
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the produced CL properties. Finally, we assessed the conventional and stealth CLs’ abilities 

 

 



Labsynth (São Paulo, Brazil) and used after the dehydration process to disperse ®
obtained from Samtec Biotechnology (São Paulo, Brazil).

 

®

MD (Hood and DeVoe, 2015; Tóth et al. 2015). A similar method 

μ μμm (height) × 200 μm (width). The grooves are patterned at a 45° angle 



μ

 

tion was sonicated for 15 min at 35 °C (Ultrasonic Cleaner 

120.12 µL/min (Reynolds number of 13.98). Different flow configurations and their effects 



μ μ

μ



was only evaluated using FRR = 10. TFR was set to 120.12 μL/min in the D1500 μL/min in the other devices. Q
 

at approximately 43 °C and the equipment can provide a maximal vacuum of <10
 

backscattering configuration was set with a detection angle of 173°. The He/Ne laser 

Henry’s equation. The analyses were performed in triplicates in water at 25 °C (Zetasizer 
 



λ

π θ λ θ

λ2 2
et al. 2012; Balbino et al. 2013; Tóth et al. 2015). We assumed that the system was composed 

–) is the Modified Caillé structure factor (Trevisan et al. 2011).
 

Samples were prepared at controlled temperature (22 °C) and humidity (100%) to avoid specimen evaporation. Three µL of each sample was dropped on a carbon
4 µm. Images were obtained 



 

37 °C and 5% CO
purified using PureLink# HiPure Plasmid pDNA Purification 

manufacturer’s instructions. pDNA quality and quantity 
well plate and allowing them to adhere overnight. On the next day, 4.6 µL of either lth CL liposomes were diluted to 25µL/well water, while 1.6 µg of the plasmid was added to another 25 µL/well of water. The liposomes were added to the DNA

washed once with PBS and incubated with 400 µL of antibiotic

was used, only changing the total volume of sample/well. In this case, 40 µL solution was produced by diluting 4.6 µL of CA MD liposomes or 26.2 µL of DLiposomes were added to 40 µL of DNA solution in water containing 1.6 µg of the plasmid. 
 

deviation (SD). Tukey’s test was used to make a singleobtained for different flow rates. Student’s 



 

 

μ
verage diameter of 146.8 ± 4.9 nm, PdI of 0.12 ± 0.04 and ζ potential of 55.5 ± 2.1 mV, confirming the high reproducibility of this procedure. 

et al. 2013; Balbino et al. 2016; Balbino et al. 2017) and small interfering RNA (siRNA) (Eş et 
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(10.92 μL/min) and lateral flows (54.6 μL/min each inlet) are PEG
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reported <Staggered Herringbone Micromixer= (Belliveau et al. 2012) to investigate 

μ

μ ζ



μ

properties of both conventional and stealth CLs, we made alterations to the system’s FRR. 
ζμ

ζconventional CLs were 200 ± 14 nm, 0.120 ± 0.008, and 61.3 ± 2.7 mV, respectively. 
ζ

ζ



ζ potential were 168 ± 1 nm, 0.08 ± 0.03, and 57.0 ± 1.8 mV, respectively. The intensity and volume

μ



MD with three inlets at FRR = 1 and TFR = 500 μL/min. The lines in each 

dence time in this segment. Assuming a flow rate of 500 µL/min, residence time of the 
τ

���� ~ ��24�  ≈ �029�(1+1�)2



�0 μ ττ

μ
to the concentration increase <12.5/2.27=, and 12.5 times due to the TFR increase, 1500/120) 

ζ





50% v/v since an excessive amount of solvent can be incorporated to the vesicles’ bilayer 
–μ

ζ potential of 163 ± 13 nm, 0.13 ± 0.03, and 62 ± 1 mM, respectively, whereas stealth CLs ζ potential of 153 ± 5 nm, 0.11 ± 0.01, and 60 ± 2 mV. After t
ζ

ζ

³ ³



ue to the stealth action (Fröhlich, 2012). However, this decrease also depends on 

ζ potential of stealth CLs (5% PEG) were 145.1 ± 1.5 nm, 0.11 ± 0.01, and 61.0 ± 1.8 mV, 
inlets, stealth CLs presented an average size of 144 ± 3 nm, PdI of 0.12 ± 0.01 and ζof 51.4 ± 4.4 mV. Compared to the CAζof conventional and stealth CLs were originally of 61.3 ± 2.7 mV and 62 ± 1 mM, respectively. 
51.4 ± 4.4



 

MD with two inlets and TFR of 500 μL/min



ΩSize (nm) ± SD 187±28.3 185±17.4ΩPdI ± SD 0.12±0.03 0.14±0.04ΔZeta Potential (mV) ± SD 59.8±0.7 50.4±5.4ΩSize (nm) ± SD 187±25 183±22ΔPdI ± SD 0.09±0.04 0.24±0.01ΔZeta Potential (mV) ± SD 58.4±3.4 48.8±2.8

ΩΔ

ζ

ζ
ζ ζon animal cells (Fröhlich, 2012).



 



d without PEGylated lipids produced on microdevices <CAtwo or three inlets=. Curve fitting (not shown) using a model described elsewhere (Balbino 



MD with two and three inlets at a total flow rate of 500 μL/min 
 



–1). Due to the small size of the PEG and its minor influence on liposomes’ 

–



500 μL/min) and CVC. Scale bars indicate 200 nm. Arrows indicate liposomes.
 

μ



panel). The graphs show mean ± SD means; n = 9. (



 

microfluidic device (~4 cm × 7 cm), it could be possible to produce around 100 mL of CLs in 
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c efficiency of siRNA on cancer cells. Ethanol was obtained from Labsynth (São 
dehydration process with molecular sieves (3Å beads). The Sylgard® 184 Silicone Elastomer 
United States). Deionized water was obtained from Samtec Biotechnology (São Paulo, Brazil). Ambion® Silencer® GFP (eGFP) siRNA was obtained from ThermoFisher Scientific

Escherichia coli and purified using PureLink# HiPure Plasmid pDNA Purification Kit 
 

. (2000) and Eş et al. (2020) using Sylgard® 184 Silicone 



projected in Autodesk® AutoCAD 2018. After photolithography, the mask layouts were 

2013a, 2013b, Eş et al. 2018). Unlike the microfabrication of CAsection with a depth of 100 μm and a width of 140 μm. The central channe
 

method previously reported by Eş 

MD. The flow rate was set to 500 μL/min for both CL and S
 



or siRNA is introduced from the central channel), total flow rate (TFR, μL/min) and 



LPXs. The total flow rate was set to 300 μL/Molar charge ratio (R±), which is the ratio between the number of positive charges 
Eş et al. 2018



 



study (Eş dn’t lead to any foam formation. The same 

 

 

λ Å) and a sample to detector distance 
π θ λ θ λÅ2 Å2

 

C) and humidity (100%). 3 µL of the sample was dropped on a carbon



4 µm. Due to 
taken using Talos# transmission electron microscope (Thermo Scientific) Images were 

 

deviation (SD). Tukey’s test was used to make a single
confidence level (³) of 0.05.

 

 

 

–



<DOTAP=. Recently, strategies on gene silencing by the intracel
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± 3 at the process exit by altering the amount of 



µL/min and molar charge ratio of 3 were used in this production

μ



P>0.05, confirming no significant difference between the following groups: ξ and ξ ; ξξ § , § , and § ; ¥¥ , and ¥ ; ξ and ξ

was found to be 0.2 mM. Total flow rate was set to 300 μL/min and molar charge ratio (R

decreasing trend as we decrease FRR for LNPs. At FRR 5, particle size was 383.1±20 nm and as we decrease FRR to 2.5 and then 1, the particle size reduced to 342.8±8.6 nm and at 



250.6±16 nm, respectively. Each value was found to be s

diameter and zeta potential to 263±43.7 nm and 30.3±9.3 mV, respectively (Table 
insertion of PEG didn’t affect the polydispersity. The results obtained with LN



 

studies (Eş 

TFR of 300 µL/min, FRR of 2.5, and R± of 3. We employed the flow configuration shown in 

±34 nm, 0.18±0.08, and 33.7±4.4 mV, respectively. Electrostatic association between siRNA and 
decreased to 204±4.3 nm and 52.1±1.1 mV, respectively while PdI significantly increased to 0.4±0.02



MD at FRR 2.5 with TFR of 300 μL/min and molar charge ratio of 3. The lines 



¥1312.4±38 ¥20.15.4±0.05 ¥339.1±5
¥1263.5±43 ¥20.17±0.03 ¥330.3±9
§1212.4±34 §20.18±0.08 §333.7±4.4
§1208.5±8 §20.31±0.05 §354.3±1.6

¥2 §1;
¥1, ¥3, §2, §3

(Cieślak 



 

(aqui cabe a referência do capítulo de livro da 

aillé parameter (2 for with/without PEG), and number of 
organized into bilayer and didn’t show presence of any micelle

0.40±0.01 of phospholipids selfaverage of 7.1±0.5 lamella, whereas the fraction of 0.15±0.01 of the 



LNPs had a multilamellar fraction of 0.29±0.01 with an average lamella number of 4.0±0.5, proving the stacking effect of PEG owas found to be 6.64±0.05 nm, which was similar to the value obtained for LNP. 47% of the 
bilayer was 0.24±0.01. The average distance of the bilayer (without siRNA) is 7.58±0.05 nm, 

(4), intensity (2; one for each curve), Caillé factor (1; the same for both curves), average 
average number of stacking bilayer (2). We didn’t find any evidence of a possible micelle
0.41±0.01, indicating that 59% of the sof multilamellar particles was 0.28±0.01, indicating that 72% of the system was unilamellar.
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(Sultan et al. 2017). The <top down= approach is employed by seeding cells together with 3D 

l et al. 2017). To overcome these challenges, <bottom up= approach emerged as a 



signaling processes such as activation of transmembrane receptors <integrins= that facilitate 1 transmembrane protein <cadherin= (Klymenko et 

(Freedman et al. 2017), in drug metabolism to understand drug’s mechanis

Eş et al. 2018). To precisely evaluate the potential of siRNA
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Slide A8# was purchased from Chemometec and used to analyze the 
 

<Form 2= (FormLabs) using the stereolithography technique. The molds were printed with 
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like structure varied between 400 and 800 µm (r
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culture flask with the Thermo Scientific# Nunclon# Delta cell culture surface (Thermo 
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AggreWell# Rinsing Solution (500 µL) that prevents cell adhesion and promotes efficient 
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µL of enzyme solution. The sphero

 

well plates with the Nunclon# Delta surface treatment. Prior to transfection, each 



µL of collagen, 14 µL of acetic acid and 10 mL of PBS. 1 mL of working solution was added into each well and 

confluency. 3 µL of siRNA (50 µM) was separately complexed with 7.5 µL of Lipofectamine® 3000 and DharmaFECT 1 and left for 20 min in room temperature 

For spheroid transfection, only Lipofectamine® 3000 reagent was used. Spheroids 
added in the well. The concentration of siRNA and Lipofectamine® 3000 was estimated 

TrypLE# Select Enzyme (10X) solution and knock
 

calculated using the Student’s T
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µL (Supplementary material 6.1). After 
value was fixed to 800 µm since 

should be performed in platforms that don’t require excessive use of the genetic material. 

siRNA transfection had the same diameter (800 µm) and geometry (sphere

determined to be 400 µm. However, different distances were also tested (0.8 –

step using microwells with 0.8 mm of distance. After 0.8 mm of distance, the cells didn’t fall 
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microscope imaging, the spheroids could achieve considerably bigger sizes (over 500 µm) in 
 

Lipofectamine® 3000 showed that complexing 3 µL of siRNA (50 µM) with 7.5 µL of Lipofectamine® 3000 was sufficient to knockdown GFP expression of ~300.000 cells. The 
didn’t show a significant effect on the viability of the cells as the cell viability was





 

was found to be around 300 µm and cell intensity is ~8000 cells/spheroid. Considering that 



 



 

visualized, however, we couldn’t penetrate inside the spheroid. Moreover, the spheroid 
~400 µm and at least half of the spheroid (~200 µm) had to be visualized so the entire 



was over 600 µm, but around 200 µm was still observable. 
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TFR 120.12 μL . <Q= represents the volumetric flow rate of the given inlet as shown in 



10 TFR varying from 100 to 1500 μL/min.





MD with two inlets at TFR = 500 μL/min. The lines 



5.6% (±1.8). It is important to note that the previous transfection studie

 

 



to 1.468 µL.





fabricate negative molds. Each microwell has an approximate volume of 0.5 µL. Total volume of 



600, and 800 µm). The horizontal columns represent the tested 







device in day 1. The scale bar is 500 µm.



based vector system: Lipofectamine® 3000 from 
However, such a technique doesn’t give precise drug testing results hence, our objective is testing 

 well plates with the Nunclon# Delta surface 
 

 The solution was prepared by mixing 150 µL of collagen, 14 µL of acetic acid and 10 mL 

 

 3 µL of siRNA (50 µM) and 7.5 µL of Lipofectamine® 3000 and DharmaFECT 1 were 

 



 


