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Abstract 

In recent years, tremendous efforts have been devoted in pharmaceutical research area 

to the development of future Nano medicines that can be used as an effective drug 

delivery system (DDS). Polyelectrolyte capsule (PEC) formed through layer-by-layer 

(LbL) technology has emerged as a potential technique for different cargo encapsulation 

and successful release of cargo at desired site. In case of drug delivery application, 

despite of having several advantages, bigger size (>2µm) of capsule limits from any real 

application. Therefore, one of the aim of my research work was to synthesize small PEC 

based DDS through completely biocompatible process.  Here we have reported 

formation of a small PEC (˂1µm) made of biodegradable polymers, alginate (ALGI) and 

Poly-L-arginine (PARG) with a pH sensitive outer layer of EUDRAGIT L 100 (EuL) 

polymer.  As a model drug, a natural hydrophobic extract curcumin was used. Curcumin 

possesses a wide range of biological activities including antioxidant, anti-inflammatory, 

anticancer and antimicrobial effects. In case of poor water soluble drug like curcumin, 

one of the major issues is reduced bioavailability after internalization into body. 

Encapsulation inside capsule protected the therapeutic activity and also increases 

bioavailability of these kinds of drugs. The viability study and uptake study of these drug 

loaded Nano capsule supports potentiality of this system for drug delivery. 

Another aspect that highlighted in my research work is potentiality of PEC based sensor 

for intracellular pH analysis using high throughput analysis techniques Flow cytometry 

(FACS). Investigation of change in different ion concentration inside cell can reveal 

many unknown facts regarding various intracellular processes that can be induced by 

some external or internal factors. Different nanomedicine exposed to cell is also an 

external factor that can trigger different intracellular ion changes and understanding 

these facts will help us to design better pharmaceutical compounds. Most of these Nano 

carriers enters into cell through different endocytic process and have a tendency to get 

entrapped into lysosome which is the enzyme factory of cell. For effective intracellular 

delivery from Nano carriers containing different biopharmaceuticals requires release of it 

into cytosol by endosomal escape. Longer entrapment into lysosome will destroy 
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reactivity of therapeutics. Various researches are going on to develop efficient Nano 

carriers made of different pH sensitive polymers which can trigger endosomal escape 

by pH-induced structural change of lysosome. Polyethyleneimine (PEI) is one of such 

pH-sensitive polymer which has been widely explored for non-viral gene delivery and 

also for designing Nano carriers, efficient for therapeutic release to cytosol. The 

mechanism behind high efficiency of PEI for endosomal escape has been explained by 

the well accepted ‘Proton-sponge hypotheses. This hypothesis emphasizes high 

buffering capacity of PEI inside lysosome along with subsequent increase in lysosomal 

pH which is considered as one of the main factor behind endosomal escape. However, 

the experimental evidence to prove lysosomal pH change occurring in presence of PEI, 

is not satisfactory. Herein we have used SNARF loaded polyelectrolyte capsule as an 

intracellular pH sensor to investigate this phenomenon by monitoring lysosomal pH 

change in presence of different PEI exposed to cell. SNARF is a pH sensitive dye and it 

has dual emission property which enables ratio metric pH sensing without using any 

further reference fluorophore. The pH-sensor capsules were formed using polystyrene 

sulfonate (PSS) and polyallylamine hydrochloride (PAH) polymer by L-b-L method. In 

addition to exposing free PEI to cell, the outer layers of pH-sensor capsule were also 

modified with PEI in order to measure pH of lysosome (pHlyso). A detailed quantitative 

analysis of pHlyso has revealed influence of PEI on lysosomal pH rise.  The 

comprehensive uptake study of PEI modified sensor capsule as compared to non-

modified  sensor capsule (control system) has also supported this result. 
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Zusammenfassung 

In den letzten Jahren wurden im Bereich der pharmazeutischen Forschung enorme 

Anstrengungen unternommen, um zukünftige Nanomedizin zu entwickeln, die als 

wirksames Wirkstoffabgabesystem (DDS) eingesetzt werden kann. Polyelektrolyt-

Kapseln (PEC), die durch Schicht für Schicht (LbL) -Technologie gebildet werden, 

haben sich als potentieller Träger für die unterschiedliche Einkapselung von Fracht und 

das erfolgreiche Freisetzen von Fracht an der gewünschten Stelle herausgebildet. Im 

Falle einer Medikamentenabgabe ist ihre größere Größe (> 2 & mgr; m) von jeder 

realen Anwendung abhängig, obwohl sie mehrere Vorteile hat. Daher bestand das Ziel 

meiner Doktorarbeit darin, kleine PEC-basierte DDS durch ein vollständig 

biokompatibles Verfahren zu synthetisieren. Hier haben wir die Bildung von kleinem 

PEC (~ 1µm) aus biologisch abbaubaren Polymeren, Alginat (ALGI) und Poly-L-Arginin 

(PARG) mit einer pH-empfindlichen äußeren Schicht aus EUDRAGIT L 100 (EuL) -

Polymer beschrieben. Als Modellarzneimittel wurde ein natürlicher hydrophober Extrakt 

Curcumin verwendet. Curcumin verfügt über ein breites Spektrum an biologischen 

Aktivitäten, einschließlich antioxidativer, entzündungshemmender, antimikrobieller und 

antimikrobieller Wirkungen. Bei schlecht wasserlöslichen Arzneimitteln ist eines der 

Hauptprobleme die verminderte Bioverfügbarkeit nach der Internalisierung im Körper. 

Die Verkapselung des wasserunlöslichen Modellarzneimittels Curcumin in der Kapsel 

schützte deren therapeutische Aktivität und steigerte auch die Bioverfügbarkeit. Die 

Durchführbarkeitsstudie und die Aufnahmestudie dieser mit Wirkstoff beladenen 

Nanokapseln unterstützen das Potenzial dieses Systems für die Wirkstoffabgabe. 

Ein weiterer Aspekt, der in meiner Forschungsarbeit hervorgehoben wurde, ist das 

Potenzial eines PEC-basierten Sensors für die intrazelluläre pH-Analyse durch 

Hochdurchsatz-Analysetechniken unter Verwendung von Durchflusszytometrie (FACS). 

Die Untersuchung der Veränderung der unterschiedlichen Ionenkonzentration innerhalb 

einer Zelle kann viele unbekannte Tatsachen bezüglich verschiedener intrazellulärer 

Prozesse aufdecken, die durch externe oder interne Faktoren ausgelöst werden 

können. Unterschiedliche Nanomedizin, die der Zelle ausgesetzt ist, ist auch ein 

externer Faktor, der verschiedene intrazelluläre Ionenveränderungen auslösen kann, 
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und das Verständnis dieser Fakten wird uns dabei helfen, bessere pharmazeutische 

Verbindungen zu entwickeln. Die meisten dieser Nanotransporter dringen durch 

unterschiedliche endozytische Prozesse in die Zelle ein und neigen dazu, im Lysosom 

eingeschlossen zu sein, das die Enzymfabrik der Zelle ist. Für eine effektive 

intrazelluläre Abgabe von Nanocarriern, die verschiedenen Biopharmaka enthalten, ist 

die Freisetzung in Cytosol durch endosomale Flucht erforderlich. Ein längerer 

Einschluss in das Lysosom zerstört die Reaktivität von Therapeutika. Verschiedene 

Forschungen arbeiten an der Entwicklung effizienter Nanotransporter aus 

verschiedenen pH-empfindlichen Polymeren, die durch pH-induzierte strukturelle 

Veränderungen des Lysosoms das endosomale Entweichen auslösen können. 

Polyethylenimin (PEI) ist ein solches pH-empfindliches Polymer, das für die nicht-virale 

Genabgabe und auch für das Design von Nanoträgern, die für die therapeutische 

Freisetzung von Cytosol wirksam sind, vielfach erforscht wurde. Der Mechanismus 

hinter der hohen Effizienz von PEI für die endosomale Flucht wurde durch die allgemein 

akzeptierte "Proton-Schwamm-Hypothese" erklärt. Diese Hypothese hebt die hohe 

Pufferkapazität von PEI im Lysosom und die anschließende Erhöhung des lysosomalen 

pH-Werts hervor, die als einer der Hauptfaktoren für das endosomale Entweichen 

angesehen wird. Die experimentellen Beweise für den Nachweis der Veränderung des 

lysosomalen pH-Werts in Gegenwart von PEI sind jedoch nicht zufriedenstellend. Hier 

haben wir eine mit SNARF beladene Polyelektrolytkapsel als intrazellulären pH-Sensor 

verwendet, um dieses Phänomen zu untersuchen, indem die Veränderung des 

lysosomalen pH-Werts in Gegenwart von verschiedenen PEI-Zellen überwacht wird. 

SNARF ist ein pH-empfindlicher Farbstoff und besitzt eine duale Emissionseigenschaft, 

die eine pH-Messung des Verhältnismaßes ohne Verwendung eines weiteren 

Referenzfluorophors ermöglicht. Die pH-Sensorkapseln wurden unter Verwendung von 

Polystyrolsulfonat- (PSS) und Polyallylaminhydrochlorid- (PAH) -Polymer durch das L-b-

L-Verfahren gebildet. Zusätzlich zur Freisetzung von freiem PEI für Zellen wurden die 

äußeren Schichten der pH-Sensorkapsel auch mit PEI modifiziert, um den pH-Wert des 

Lysosoms (pHlyso) zu messen. Eine detaillierte quantitative Analyse von pHlyso hat 

den Einfluss von PEI auf den pH-Anstieg von Lysosomen gezeigt. Die umfassende 
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Aufnahmestudie der PEI-modifizierten Sensorkapsel im Vergleich zu einer nicht 

modifizierten Sensorkapsel (Kontrollsystem) hat dieses Ergebnis ebenfalls unterstützt. 
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1. Introduction  

1.1 Polyelectrolyte capsule 

Since the revolutionary work by Caruso and Mo¨hwald et al. at 1998, research on 

developing hollow capsule structure with distinct properties compare to solid nano/micro 

particles has received tremendous interest and shows significant promise in wide range 

of applications.[1] Polyelectrolyte capsules are hollow structures synthesized by adding 

different polyelectrolyte layers around a template core and subsequent removal of the 

core via etching. The void space inside the capsule acts as a storage system that can 

encapsulate a variety of substances and can be used for different applications, including 

protections of therapeutics, controlled cargo release, catalysis and sensing. 

1.1.1 Synthesis of template core 

Formation of a stable hollow capsule structure is highly dependent on the size, 

morphology and texture of template core. Various inorganic and organic templates can 

be used for the fabrication of capsules like, melamine formaldehyde (MF),[2] 

polystyrene (PS),[3]  carbonates (MnCO3, CaCO3, CdCO3)[4-6] , silica particles, and 

even cells. [7] Among them, calcium carbonate (CaCO3) is the most promising 

candidate as a template because of its great biocompatibility and high porosity. 

Nevertheless, the inside core is easily removal after the capsule formation using 

nontoxic chelating agent ethylene diamine tetra acetic acid (EDTA), in contrary to the 

hares chemicals used for the removal of MF [acid, pH = 1.3], silica [alkaline or 

hydrofluoric acid(HF) etching] and PS [Tetrahydrofuran (THF)] cores. The simplest 

synthesis method of mixing CaCl2 and Na2CO3 salt solutions lead to precipitation of 

three anhydrous polymorphs (calcite, aragonite, and vaterite) of CaCO3 particles. The 

vaterite form of CaCO3 particle holds great potential in different biomedical applications 

due to its high water solubility, porous nature and biological inertness. However, calcite 

is the most stable CaCO3 polymorphs. As stated by Ostwald’s rule of stages, the least 

stable polymorphs crystallize first to form more stable polymorph, the least stable 

vaterite CaCO3 are prone to further recrystallization. Uniform, nearly spherical, vaterite 

CaCO3 micro particles has be synthesized by rapid mixing of supersaturated aqueous 

solution (alkaline pH) of CaCl2 and Na2CO3 under thorough agitation on magnetic stirrer 

followed by leaving the reaction mixture without stirring for few minutes at room 
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temperature (25- 45 °C).[8] The high abundance of vaterite polymorphs is extensively 

dependent upon several factors such as reactant (CaCl2 and Na2CO3) concentration, 

pH, temperature, speed and intensity of agitation. For instance, high pH (pH 7-11) leads 

to super saturation of reactant carbonate ion, leading to formation of more vaterite 

particles. Control over crystal nucleation is possible by adjusting different parameters. 

 

1.1.2 Layer-by-Layer assembly of polyelectrolytes 

LbL technology for micro- and Nano encapsulation was introduced about 20 years 

ago.[9-13]. This technique brings the possibility of assembling therapeutics in between 

polyelectrolyte layers protecting the cargo, and, at the same time, introducing multiple 

functional groups available in the polyelectrolyte, which can be engineered to generate 

a stealth coating or for targeting delivery. Different types of biodegradable and 

nonbiodegradable polyelectrolyte capsules have been prepared by depositing 

oppositely charged layers onto the spherical template. The most common 

nonbiodegradable polymers used for capsule synthesis are negatively charge 

poly(styrene sulfonate) and positively charged poly(allylamine hydrochloride) (PSS/ 

PAH). A variety of biodegradable polymers has been explored for making layers, such 

as, positively/ negatively charged poly-L-arginine hydrochloride/ dextran sulfate sodium 

salt (PARG/ DEXS), chitosan/ alginate (CHI/ ALGI) etc. These polyelectrolyte layers are 

self-assembled onto solid surface mostly by electrostatic interaction force. The 

fabrication of layers is highly dependent upon different physicochemical properties of 

the polymer solutions like, ionic strength, pH, temperature etc. This kind of 

biodegradable capsules are very much efficient for delivering active pharmaceutical 

ingredients into cell. However, high semipermeable property of the L-b-L layers makes 

encapsulation of small molecules challenging. Even for the very dense polyelectrolyte 

system polyallylamine/ polystyrene sulfonate (PAH/PSS), high release rates were found 

for water soluble molecules with molecular weights below 5 kDa.[14] In contrary large 

molecules of molecular weights above 10 kDa can be permanently immobilized in 

capsules. Sukhorukov et al. have reported a biodegradable composite 

polyelectrolytes/silica capsules that showed great potential for successful encapsulation 

of small molecules.[15] This composite silica capsules were synthesized by adding a 
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last layer of silica around as synthesized biodegradable (PARG/DEX) capsule of 

predetermined numbers of layers. Addition of silica coating is a typical sol-gel synthesis 

where silica forms concrete layers around PEC upon addition of Tetraethyl ortho silicate 

(TEOS) which then hydrolyzed and condensed to form a strong shell. Nowadays, LbL 

technology still has its potential in particular in the areas where other technologies are 

not available. A number of studies demonstrated on various cell types ranging from 

macrophages, dendritic cells to neurons, and stem cells, that internalization of capsules 

in cells showed no significant effect on cell viability. [16, 17] Whereas mechanical 

properties of capsules facilitate their uptake as the capsules can be easily deformed 

during internalization.[18-20] In another word, the cells are tolerant to capsule intake, 

which is not always a case for many other delivery systems. In this way polyelectrolyte 

capsule offers a good platform to deliver encapsulated cargo inside cells, which will be 

discussed in terms of application of LbL capsule in the following paragraphs.  

 

 

Figure 1. LbL polyelectrolyte capsule used as platform for delivery purpose.[21] 
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1.1.3 Tuning the size and shape of capsule by controlled growth of 

CaCO3 core  

The template core mostly governs the size and shape of polyelectrolyte capsules. 

Therefore, synthesis of monodisperse template core with distinct size distribution is an 

essential factor. In aqueous solution, CaCO3 forms three anhydrous polymorphs, 

calcite, aragonite, and vaterite.  Among them vaterite particles are most effective for 

loading cargo due to high porous nature and for adding different polymer layers. 

However, calcite is the most stable polymorphs. CaCO3 particles are formed by mixing 

CaCl2 and Na2CO3 solution. Vigorous mixing of reactants, initially results into solid 

dispersion of CaCO3, followed by transformation and dissolution-recrystallization 

resulting in a mixture of different CaCO3 polymorphs.[22] High abundance of vaterite 

particles can be achieved by controlling different reaction conditions. The different 

parameters responsible for tuning the size, shape and morphologies are, stoichiometric 

ratio of mixing reactants, pH of reaction medium, temperature, speed of mixing and 

nucleation time. The CaCO3 particles of 2 to 15 µm size are highly reproducible from 

saturated mixture of reactants, at alkaline pH and RT. Different additives are also 

responsible for modification of size and shape of CaCO3 particles. For e.g.. CaCO3 

particles of 150 nm to 500 nm can be produced in presence of poly (vinyl sulfonic acid) 

whereas in n-butyl alcohol and hexadecyl trimethylammonium bromide, particles of 100 

to 400 nm are forms. Although high polydispersity is a matter of concern here. Trushina 

et al. studied the influence of Polyols (ethylene glycol (EG), glycerol, and erythritol) on 

the particle size.[8] The higher viscosity of reaction medium in presence of polyols 

increases the super saturation and facilitates nucleation making the nucleation 

predominant over the particle growth process. In a detailed investigation by Parak et al. 

demonstrated the ratio of water/EG, pH of the mixture, stirring time and aspect ratio of 

CaCl2 and Na2CO3 mixture, can initiate anisotropic growth of particles.[23] Different 

polymers also affect this nucleation and growth process. Polymers such as poly (sodium 

4-styrenesulfonate) (PSS) and poly (allylamine hydrochloride) (PAH), helps to block the 

growth stage of particles and produces smaller particles of 600 nm to 1 µm size.[22] In 

principle, small particles are able to produce smaller hollow capsules after adding 

different layers of polymers by L-b-L assembly. However, different physiochemical 
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parameters also need optimization to make successful assembly of layers around 

particles avoiding aggregation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Anisotropic growth of CaCO3 particles under variation of different parameters 

(a, b, c, d). All particles have symmetry in the x–y plane. d1 describes the extension of 

the particles along the axis of symmetry, and d2 the extension perpendicular to this axis. 

(e) SEM (1st row) and TEM (2nd row) images of the different particles formed from (a) 

through (d). The scale bars in all images correspond to 2 μm and 1 μm for SEM and 

TEM images respectively. (f, g) Tuning the sizes of particles. (f) The size variation (d = 
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d1 = d2) of spherical CaCO3 particles by varying the stirring time (ts) of the CaCl2 and 

Na2CO3 mixture at different pH values with a sodium carbonate to calcium chloride ratio 

(S) = 1. (g) Tuning the length (d1) of ellipsoidal CaCO3 particles by varying the ts at 

different salt concentration ratios (S) in water/ethylene glycol = 1/5 solutions of pH = 9.5. 

Adapted with permission from Parak et al. [23] 

1.2 Different applications of polyelectrolyte capsule 

1.2.1. Delivery of cargo (Therapeutic agent or fluorescent dye)  

Polyelectrolyte capsules possess excellent potential to be used as a drug delivery 

system. Different therapeutics or fluorophore can be easily loaded into these capsules 

and by various techniques, it is possible to release the cargo at a particular site inside 

cell. 

Capsule disintegration and endo/ lysosomal escape of molecular cargo 

The multilayered system must degrade in order to deliver, encapsulated therapeutics 

into cell. PEC are internalized by cells via endocytosis process [24] and eventually 

reach lysosomes, [16, 18, 25]which is the most acidic compartment of the cell having 

several enzymes. Therefore, the most effective and simple strategy to release the 

payload from capsule by enzymatic degradation inside cell. Biodegradable capsules 

made of dextran sulfate/poly-L-arginine (DEXS/PARG), are capable to release 

molecular cargo through enzymatic degradation. As an example, self-quenched DQ-

ovalbumin (DQ-OVA, ~ 45 kDa, Thermofisher), [26] known to be a fluorogenic substrate 

for proteases, was encapsulated into both non-degradable poly(styrene sulfonate)/ 

poly(allylamine hydrochloride) (PSS/PAH) and bio-degradable dextran sulfate/poly-L-

arginine (DEXS/PARG) microcapsules. DQ-OVA comprises ovalbumin heavily labelled 

with BODIPY dyes. The green fluorescence of DQ-OVA is self-quenched due to close 

proximity of BODIPY molecules, which may restore upon enzymatic degradation of DQ-

OVA into peptide fragments. After internalization into cell, for PSS/PAH capsules no 

green fluorescence appeared due to enzymatic degradation of DQ-OVA. Whereas 

DEXS/PARG capsules and encapsulated DQ-OVA were almost completely degraded 

after 3–5 days. This phenomenon was confirmed by reappearance of green 

fluorescence due to release of BODIPY molecules. (Fig. 3a, b). However, most of DQ-
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OVA fragments were still trapped inside lysosomes, which eventually will lead to 

exocytosis. Specially for delivering genetically modified plasmid molecules, lysosomal 

entrapment is a major issue. In another work, degradable silica capsules were prepared 

and found highly efficient to deliver intact mRNA (mGFP) able to serve as a template for 

the synthesis of proteins in the cytosol. This properties makes capsule system 

interesting for the delivery of sensitive molecules that otherwise will be degraded before 

reaching the target cells.[27]  

 

 

 

 

 

 

Figure 3. Release of protein cargo from capsule, through enzymatic cleavage. 

Embryonic NIH/3 T3 fibroblasts were incubated with (a) nondegradable PSS/PAH or (b) 

degradable DEXS/PARG capsules encapsulating DQ-OVA. Images were taken 0 h and 

120 h after capsules exposure.[28]  

Light-mediated capsule opening 

Light-mediated photo thermal release of molecular cargo from a capsule can be 

achieved by embedding plasmonic NPs into the polyelectrolyte shell of the vehicle, 

inside which the molecular cargo is embedded. Employed plasmonic NPs include silver 

NPs [29, 30], gold sulfide NPs [31], spherical gold NPs [32],[33], agglomerated gold 

NPs [27],[34],[35], gold nanorods [36],[37] and gold nanostars [38], as also non-

plasmonic NPs such as magnetite NPs [39].  As first example live cell imaging based on 

intracellular immunostaining with impermeable fluorescence reporters has been 

described. Fluorescent labeling of intracellular organelles for live cell imaging is 

challenging. Specially for immunostaining, it requires fixation and permibilization of cell 
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as many fluorescent reporters, e.g. fluorescence-labelled antibodies targeting specific 

intracellular organelles cannot penetrate the cell membrane. In addition, single cell 

staining within a cell culture is almost impossible.  

 

 

 

 

 

 

 

 

 

 

Figure 4. Multiplexed intracellular opening of capsules with different encapsulated 

fluorescent reporters. a) Combination of propidium iodide (PI) and (4′,6-diamidino-2-

phenylindole) (DAPI). The sale bars indicate 20 μm. b) Combination of phalloidin-ATTO-

565 and DAPI. The scale bars correspond to 10 μm. c) Combination of phalloidin-ATTO-

488 and DAPI. The scale indicate 20 μm.[28]  

In a recent study by Parak.et al. reported specific staining of single cell in a controlled 

manner by light triggered capsule opening process. For that membrane-impermeable 

ATTO-488 labelled phalloidin, propidium iodide (PI), and 4,6-diamidino-2-phenylidole 

(DAPI) were encapsulated in PSS/PAH polyelectrolyte capsules decorated with gold 

stars. As shown in Fig.4, multiplexed NIR opening of capsules loaded with different 

fluorophores enabled dual staining of the nuclei and F-actin within single live cells in a 

controlled and specific manner.  
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1.2.2 Ion-sensor   

In different biomedical application, sensing analyte concentrations inside cell under the 

influence of various external conditions is very important. Inside cell, a huge variation in 

different ion concentration can be observed between the intracellular and extracellular 

environment.[40] Variation of these ion concentrations in our body can lead to 

pathological disturbances. Typical analysis technique involves ion-sensitive sensor 

based on optical detection.[41] Fluorescence ion-sensitive dyes show change in their 

spectral property upon chemical interaction with respective ions. One of the major 

drawback of using free dye as ion sensor is it’s high cytotoxicity effect to the cell.[42] 

Encapsulation of these dyes into capsule system restricts direct interaction to the cell 

which reduces toxic effects at the same time protects it from intracellular 

degradation.[42] Polyelectrolyte capsules are made of different polymer layers. 

Fluorescent dyes when connected to dextran moiety it cannot get out of the system 

whereas the ions can easily pass through the permeable layers of capsule. Apart from 

this, multiple ion-sensitive fluorophores are also possible to load into same capsule. For 

instance, PEC was loaded with pH sensitive dye FITC and reference dye AF594 i.e. pH 

insensitive, and both dyes were conjugated with dextran in order to avoid any leakage. 

The pH quantification was possible by making a ratio of change in FITC fluorescence 

w.r.t pH to fluorescence of pH insensitive dye AF594.[43] Other than that, The sodium 

sensitive dye, sodium-binding benzofuran isophthalate (SBFI), and the potassium 

sensitive dye, potassium-binding benzofuran isophthalate (PBFI), were also loaded into 

capsule and used as ion indicators for the fluorimetric determination of intracellular 

concentrations of Na+ and K+ , respectively. In a study by Parak et al. showed quantum 

dot (QD) barcoded capsule acts like a smart multiple ion sensor.[44] Here different 

capsules were loaded with different ion sensitive dyes (FITC, SBFI and PBFI which 

responds to H+, Na+, and K+ ions respectively) along with a reference dye. Each 

different capsule was tagged with QD barcode in the wall using combination of three 

different QD colors. (fig 5) QDs are organic fluorophores with broad excitation spectrum 

and a narrow, sharply defined emission peak, which enables excitation of multicolor 

QDs simultaneously with single light source. In case of multiple ion sensing, cross-talk 

among different dyes is a major issue, like sodium and potassium sensitive fluorophores 
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SBFI and PBFI shows huge cross-talk with different ion concentrations. However, due 

to presence of additional barcode with QD, it was possible to quantify response of 

different dyes w.r.t respective ions. In such a configuration, the sensor and reference 

fluorophores conjugated to dextran molecules are loaded within the inner cavity, 

whereas the QDs tags are embedded in the outer shell. The empty cavities beyond 

inside core serve as spacers which physically and optically separate the fluorescence 

signals of the inner fluorophores from the fluorescence signal of the QDs. This region 

avoids overlay of fluorescence signals and therefore the cross-talk between them. 

 

 

Figure 5. Synthetic Scheme of LbL assembly of a multilayer polyelectrolyte double-wall 

sensor capsule loaded with sensor and reference fluorophore. The resulting core-shell 

particles, formed after 2nd step, are subjected to a second co-precipitation leading to the 

formation of a second CaCO3 compartment. At step (v) a third CaCO3 compartment 

was formed that accompanied by LbL absorption of a multilayer polyelectrolyte and one 

layer of QDs. Finally, CaCO3 compartments are removed by dissolution with EDTA in 

order to obtain multilayer capsules with double cavities and double shells. Adapted with 

permission from Parak et al.[44]  
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1.3 Alginate: A potential biodegradable polymer for pharmaceutical applications  

1.3.1 Overview of alginate 

Alginate is a naturally occurring anionic polysaccharide composed of (1-4)-β-D-

mannuronic acid (M) and α-L-guluronic acid (G) in various sequence. It is a block 

copolymers containing blocks of consecutive G residues (GGGG), consecutive M 

residues (MMMM) or alternating M/G residues (GMGMGM). The physicochemical 

properties of alginate are highly dependent on their Mw and M/G ratio which is further 

dependent on their source. Typically most commercially available alginates are 

extracted by chemical process from brown seaweeds for e.g. Laminaria hyperborean, 

Laminaria digtata etc. [45] However, alginate with more defined chemical structure and 

physical properties can be also produced from bacterial biosynthesis including two 

bacterial genera, Azotobactervineladii and Pseudomonas spp. Recent development in 

bacterial alginate production may enable more tailor-made synthesis of alginate. Unlike 

alginate extracted from seaweeds, having no acetylation, bacterial alginate show high 

degree of actylation and slightly higher M/G ratio. High acetyl group correspond to 

higher viscosity and flexibility of alginate, whereas gelling property is governed by the 

presence of G subunits in alginate. All these tunable characteristic of alginate allowed 

it’s applications as biomaterials in many different biomedical applications.[46]  
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Figure 6. Components of alginates: (A) M–M, (B) G–G, and (C) M–G blocks. Block 

structure homopolymeric M- and G-, and MG- block heteropolymeric, constitute the 

molecule of alginate. Adapted with permission from Chan et. al.[46] 

1.3.2 Advantages and applications of alginate-based vehicle 

Alginate has received tremendous attention in microencapsulation and biomedical 

applications due to its high biocompatibility and unique physicochemical properties.[47] 

Aqueous solutions of alginate can easily form gels in presence of divalent cationic 

cross-linkers.[46, 48] The most commonly used agent for ionic cross-linking is calcium 

chloride (CaCl2). The Ca+2 ions can form high coordination with G block of alginate, 

which is explained by ‘egg-box model’. That G block of one polymer then form junction 

with other G block of another polymer, resulting in a gel structure. Therefore, different 

macromolecules or drugs can be loaded into such ionically cross-linked alginate 

networks. [47, 49, 50] For instance, a multifunctional hollow alginate capsule synthesis 

using CaCO3 as a templet recently reported. On top of the alginate network, silver NP 

was grown that showed great potential for drug delivery as well as SERS detection.[49] 

Furthermore, alginate gels have interesting swelling properties dependent on the pH of 

the environment, which has been extensively explored to prepare drug delivery systems 

enabling controlled release.[51]  
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Figure 7. Synthesis scheme of hollow silver alginate hydrogel microspheres using 

CaCO3 as a templet. The growth of the silver nanoparticles is accomplished using 

ascorbic acid that also eliminates calcium carbonate forming the hollow structure. SEM 

images corresponding to (a) calcium carbonate; (b) calcium carbonate covered with 

sodium alginate; (c) calcium carbonate covered with sodium alginate after the injection 

of silver nitrate; (d) silver alginate hydrogel microspheres. The scale bars correspond to 

1 μm. Adapted with permission from Parakhonskiy et. al.[49] 

1.4 Polyethyleneimine (PEI) for efficient Intracellular Delivery of therapeutic 

macromolecules  

1.4.1 Physicochemical properties of PEI 

PEI is a cationic polymer and it has two configurations, branched (BPEI) and linear 

(LPEI) structure. (fig 8) Acid-catalyzed polymerization of aziridine monomer produces 

BPEI and ring-opening polymerization of 2-ethyl-2-oxazoline followed by hydrolysis 

gives rise to LPEI.[52] Several BPEI and LPEI of different molecular weights are 

commercially available. All BPEIs are found as liquid under R.T whereas LPEI are 

available as solid at R.T. BPEI contains all primary, secondary and tertiary amine 

groups on contrary LPEI only have primary and secondary amine groups. All the 

primary, secondary and tertiary amine groups are present as 1:2:1 ratio into BPEI 

molecule. The pKa value of these amine groups covers the physiological pH range and 

can act as a buffer. As the pH decreases from 7.4 to 5.0, the degree of protonation of 

these amine groups changes from 20% to 45%.[53] 

 

 

 

 

 

Figure 8. Chemical structure of branched and linear PEI. 
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1.4.2 Advantages of PEI in Therapeutics  

PEI is one of the most effective and commonly used nonviral vectors for gene 

transfection.[54] Gene transfection is a process of transferring externally modified 

nucleic acids into specific cells of patients. It is a very effective and promising approach 

for treating genetically related diseases. Successful gene therapy is dependent upon 

safe, efficient and controlled delivery of nucleic acids/ plasmid molecules into cell. Viral 

vectors, such as adenovirus, retrovirus are highly efficient for that purpose but it also 

causes severe side effects. In contrary to viral vectors, non-viral vectors are safer and 

economically advantageous [55, 56]. Different cationic polymers like PEI is found to be 

more efficient transfecting agent, although their toxicity effect is also a matter of 

concern.[57] However, ketalized linear polyethylenimine (KL-PEI) was found efficient for 

intracellular target-specific and biocompatible siRNA delivery. The siRNA/KL-PEI 

polyplexes is acid-degradable. This modification of PEI resulted in much higher RNA 

interference efficiency than unmodified L-PEI via selective cytoplasmic localization of 

the polyplexes and efficient disassembly of siRNA from the polyplexes, which were 

promoted upon acid-hydrolysis of amino ketal linkages.[58]. In another study it was 

shown, modification of amine moiety in PEI by acetylation or succinylation reduces it’s 

toxicity resulting in efficient SiRNA carrier.[52] Not only gene therapy, potentiality of PEI 

is also explored to modify and stabilize NP surface as well as for stimuli responsive drug 

delivery. For instance, Lee et al. reported a cysteamine modified gold nanoparticles 

(AuCM)/siRNA/polyethyleneimine, (PEI)/hyaluronic acid (HA) complex, developed 

through a layer-by-layer method for target-specific intracellular delivery of siRNA by HA 

receptor mediated endocytosis. [59] Moreover, this system was found highly efficient as 

a target-specific siRNA therapeutics for the treatment of various liver diseases.  

1.4.3 Endosomal escape: ‘Proton-sponge hypothesis’ 

The gene-delivery through non-viral vectors or in case of designing nano-drug delivery 

system one of the major challenge is to successfully release therapeutic to the 

cytosol.[60] As mentioned before these kind of delivery vehicle need to pass through 

different intracellular vesicles like endosome and lysosome. Lysosome is the acidic 

compartments of cell containing different enzymes. Long-term entrapment into these 

vesicles will destroy the activity of therapeutic. Therefore, different cationic polymers like 
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PEI are used for gene transfection as well as NP surface modification.[61] First tested 

cationic polymer for gene transfection was polylysine (PLL), although it could only 

transfect cell in presence of chloroquine which can initiate endosome disruption.  In 

1995 Boussif et al. tested efficiency of PEI as a transfecting agent. It was found that 

these kind of cationic polymers, specially containing multiple amine groups, have high 

buffering capacity and can cause efficient transfection without adding any membrane 

disruptive agents. This mechanism is theoretically explained by well-accepted ‘Proton-

sponge hypothesis.’[62] In 1997, Behr and colleagues summarized the concept of the 

proton sponge hypothesis as follows: “The accumulation of protons brought in by the 

endosomal ATPase is coupled to an influx of chloride anions. In the presence of PEI 

there will be a large increase in the ionic concentration within the endosome resulting in 

osmotic swelling of the endosome.[60] Moreover, PEI protonation will also expand its 

polymeric network by internal charge repulsion. Therefore, due to the two phenomena 

occurring simultaneously, it is expected that endosomal life expectancy is sorely 

reduced. Considering the protonation profile of PEI we can expect that about a third of 

the N-atoms in the molecule participate in the swelling action, making the molecule a 

virtual proton sponge.” A schematic representation of the proton sponge hypothesis is 

depicted in Figure 9.[63] The  ‘Proton-sponge hypothesis’ states due to presence of 

nonprotonated amine groups at physiological pH, these polymers can act as a buffer 

inside endocytic vesicles. The buffering capacity will allow entry of more numbers of 

protons through V-ATPase proton-pump along with an influx of chloride ions in it. This 

will inhibit lysosomal nuclease activity, which have an acidic optimal pH.  Finally, this will 

cause disruption of the lysosome and release the therapeutic to cytosol. Altogether, this 

hypothesis well explains the possible mechanism behind high transfection efficiency of 

PEI.[64] However, this hypothesis is not supported with any experimental proof. Infect a 

lot of contradictory research finding regarding this topic, has been reported over the 

year. This part has been elaborated in the section 2 (objective). 
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Figure 9. Protonation of the proton-sponge polymer like PEI (green) causes increased 

influx of protons (and counter-ions) into endocytic vesicles. Increasing osmotic pressure 

causes the vesicle to swell and rupture. Adopted with permission from Stayton et. al.[63] 

2. Objective 

The capsules made out of different biodegradable or nonbiodegradable polymers by the 

Layer-by-Layer (LbL) technique poses huge potential for effective encapsulation and in 

vitro delivery of therapeutics.[28, 65-67] Also encapsulation of different ion sensitive 

fluorophores allows sensing of ion alteration during different intracellular processes. The 

objective of my research was to develop new biocompatible delivery vehicles aimed for 

drug delivery and establish a high throughput intracellular pH-sensing protocol with pH 

sensor capsules. 

Monodisperse spherical CaCO3 particles of 4-12 um size are easily synthesized by 

mixing different equivalent ratios of calcium chloride and sodium carbonate 

solutions.[68]  The capsules prepared from these micron size particles have been tested 

towards in vivo delivery of drugs[69] and vaccines[70]. However, for drug delivery 

applications a smaller overall size is preferable and also use of biocompatible 

polyelectrolytes for the capsule assembly is advantageous. In one of my research work, 

a new biocompatible polymer capsule system was developed for active transport and 

controlled release of drug into cell by enzymatic degradation. One interesting 

pharmaceutical agent curcumin was used as model drug. It is a naturally occurring 
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polyphenolic compound having huge clinical advantages. Despite its possible 

therapeutic effects, the poor solubility of curcumin limits it clinical applicability. For this 

reason, different approaches have been utilized to enhance the solubility of curcumin, 

including solid dispersion techniques[71], nanoparticle encapsulation[72] and others, 

which enables the use of curcumin for treatment of several diseases. For instance, 

Priya et al. encapsulated curcumin into carboxymethyl cellulose and casein nanogels 

and studied its potent anticancer effect in a melanoma skin cancer cell model.[73] 

Herein a solid dispersion of curcumin was prepared by making complex with PVP in 

order to increase its aqueous solubility. The encapsulation of it into capsules also 

enhances bioavailability of the drug.  A fully biocompatible synthetic route was explored 

for preparing polyelectrolyte capsules with diameters below 1 μm made of the 

biocompatible polyelectrolytes alginate (ALGI) and poly-L-arginine (PARG) based on 

LbL assembly. These capsules were further modified with a pH-sensitive outer layer of 

Eudragit L 100 (EuL). Capsule stability, capsule degradation, and drug release from 

capsules were studied as a function of pH.  

Another important application of capsule is to sense intracellular ion change associated 

to different diseased conditions. Capsule as sensor possess many advantages compare 

to free ion sensitive dye, such as reduced toxic effect of dye, protecting dye from 

leakage and increasing noise to signal ratio enabling more sensitive quantification.[42, 

74] Here we have established a new high throughput quantitative analysis protocol, for 

sensing intracellular pH alteration in response to different physicochemical changes, by 

Flow Cytometry. Ions play a very important role in different intracellular process. 

Understanding the fundamentals of these processes can help us to better design 

different therapeutic agents for e.g. Cationic polymers for non-viral transfection. One of 

my major research objective was focused on validating ‘Proton Sponge Hypothesis’ a 

well-accepted theory, supporting high transfection efficiency of polyethylene imines 

(PEI). As mentioned in sec 1.4.3, PEI facilitates endosomal escape process during 

transfection. The proton sponge hypothesis theoretically explains the mechanism of this 

process. Although the claim of this hypothesis regarding lysosomal pH change need 

experimental validation.[75] For instance, Wilson et al. prepared a Triple-fluorophore-

labeled nucleic acid pH nanosensor to monitor post-transfection intracellular pH around 
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the delivered DNA using PEI and PLL (poly-L-lysine) separately.[61] This study showed 

highly cationic polymer such as PEI can avoid acidification of lysosome during post-

transfection periods. Whereas Andresen et al. carried out quantitative measurements of 

lysosomal pH as a function of PEI content using Triple-fluorophore labeled 

polyacrylamide matrix based nanosensors and correlate the results to the “proton 

sponge” hypothesis. According to his study, PEI did not influence lysosomal pH.[76] 

Therefore, these contradictory results accelerate the urgent need for detailed 

investigation of this hypothesis.  

3. Materials  

3.1 Materials used for synthesis and application of alginate capsule 

Calcium chloride dihydrate (CaCl2. 2H2O, Sigma), sodium carbonate (Na2CO3, Merck, 

Germany), sodium poly-(styrene sulfonate) (PSS, molecular weight Mw = 70 kDa, 

Sigma), poly-L-arginine hydrochloride (PARG, Mw = 15,000-70,000 kDa, Sigma), alginic 

acid sodium salt (ALGI, Sigma), eudragit L 100 (EuL, Evonik), 

ethylenediaminetetraacetic acid disodium salt (EDTA, Sigma), phosphate-buffered 

saline (PBS, Biochrom AG), curcumin (cur, Sigma), polyvinyl pyrrolidone (PVP, Mw = 55 

kDa, Sigma), polyethylene glycol (PEG, Mw = 50 kDa ), and sodium dodecyl sulfate 

(Sigma) were used as received.  

 

3.2 Materials used for pH-sensor capsule synthesis and intracellular pH 

measurement 

Poly(sodium 4-styrenesulfonate) (PSS, Mw 70 kDa, #243051), poly(allylamine 

hydrochloride) (PAH, Mw 56 kDa, #283223), calcium chloride dehydrate (CaCl2, 

#223506), sodium carbonate (Na2CO3, #S7795), ethylenediaminetetraacetic acid 

disodium salt dihydrate (EDTA disodium salt, #E5134), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES; #H3375), Linear Poly(ethyleneimine)  (LPEI, 

Mw 250kDa, #24314), Branched Poly(ethyleneimine) (BPEI, 25kDa, #408727), Linear 

Poly(ethyleneimine) (LPEI, Mw 20kDa, #764965), Poly-L-arginine hydrochloride (Mw 

15-70kDa, #P7762), Rhodamine-B isothiocyanate (Mw 536.08 Da, #283924), monensin 

sodium hydrate (#46468), nigericin sodium salt (#N7143), were purchased from Sigma-
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Aldrich (Germany). Branched Poly(ethyleneimine) (BPEI, Acros organics, Mw 60kDa, # 

9002-98-6 ), Branched Poly(ethyleneimine)  (BPEI, Acros organics, Mw 2kDa, # 

408700), DY-647-NHS ester (Dyomics, Mw 761.85, # 647-01), Sodium chloride (Roth, 

NaCl, #HN00.2). SNARF-1-dextran (Mw 170 kDa, #D3304), Cascade blue dextran (Mw 

10kDa, #D1976) from Life Technologies (Germany) and ultrapure double distilled water 

(ddH2O) with a resistivity greater than 18.2 M cm was used for all experiments. 

3.3 Materials used for cell culture 

Human cervical adenocarcinoma cells (HeLa) were obtained from American Type 

Culture Collection (ATCC) (Manassas, USA). Cells were cultured in Dulbecco's Modified 

Eagle's medium Minimum (DMEM Fisher Scientific) supplemented with 10% fetal 

bovine serum (FBS, Biochrom, Germany), and 1% penicillin/streptomycin (P/S, Fisher 

Scientific, Germany). The cells were kept at 37 °C in a humidified atmosphere of 5% 

CO2 in air. When cells reached 90% of confluence, cells were washed once with PBS 

and detached with 0.05 % trypsin ethylenediaminetetraacetic acid (EDTA) solution 

(Fisher Scientific, Germany). Cells were then seeded in flasks for cell passaging or 

seeded in plates for performing the in vitro experiments. 

4. Experimental section 

4.11 Synthesis and Characterization of biodegradable alginate capsules. 

4.1.1 Synthesis of initial calcium carbonate cores  

Calcium carbonate cores (PSS-CaCO3) [65] were prepared by mixing 0.615 mL of 0.33 

M aqueous solution of  calcium chloride (CaCl2) and 0.75 mL of 25 mg/mL polystyrene 

sulfonate (PSS) solution under magnetic stirring (1000 rpm, stirrer "Magnetrührer IKA-

                                                             
1 Parts of this work have been published in “Biodegradable alginate polyelectrolyte 

capsules as plausible biocompatible delivery carriers.” S. Roy, N. Elbaz, W. J. Parak 

and N. Feliu (2019), ACS Applied Bio Materials. (Just accepted, DOI: 

10.1021/acsabm.9b00203). Part of the capsule synthesis and characterization was 

performed by Nancy Elbaz. 

 
 

https://doi.org/10.1021/acsabm.9b00203
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RO 5 power") at room temperature (RT) for 5 min. Next, 0.615 mL of 0.33 M aqueous 

solution of sodium carbonate (Na2CO3) was added to the mixture under vigorous stirring 

(1000 rpm, "Magnetrührer IKA-RO 5 power") and stirred for 60 s at RT. Then the 

solution was transferred into an Eppendorf tube of 2 mL. PSS-CaCO3 particles of 800 – 

1000 nm size were formed. The solution was centrifuged at 1400 rcf for 2 min to 

separate the precipitate. The precipitated PSS-CaCO3 particles were then washed three 

times with 1 mL Millie-Q water to remove unreacted salts and were then re-suspended 

in 1 mL of Millie-Q water. The PSS-CaCO3 cores were used to synthesize the capsules 

by the layer by layer (LbL) approach [77] as described in the following. 

 

4.1.2 Synthesis of biodegradable alginate capsules 

Biodegradable polyelectrolyte capsules prepared by LbL assembly of oppositely 

charged polyelectrolytes around small PSS-CaCO3 cores. Two different types of 

capsules were prepared, i.e. (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL). A general 

sketch of the synthesis route is depicted in Figure1. Capsules were prepared using a 

modified synthesis from literature[43],[78]. Briefly, 0.5 mL of poly-L-arginine solution (8 

mg/mL) dissolved in 0.05 M NaCl (pH 6) was mixed with the as-synthesized PSS-

CaCO3 cores in a 2 mL Eppendorf tube and sonicated for 5 min, followed by shaking for 

20 min at RT. Then, the excess polyelectrolyte solution was removed by centrifugation 

at 1400 rcf for 2 min at RT. Capsules were washed three times with 1 mL Millie-Q water 

and by centrifugation, similar to the washing procedure as described before for the 

PSS-CaCO3 particles. Afterwards, 0.5 mL of alginate solution (8 mg/mL) dissolved in 

0.05 M NaCl (pH 6) was added [79] and a similar washing process was followed as 

described before. These synthesis steps of adding alternately charged polyelectrolyte 

layers were repeated until forming 2-bilayered (PARG/ALGI)2 capsules.  Next, hollow 

microcapsules were obtained by dissolving the CaCO3 cores in 0.2 M aqueous EDTA 

buffer (pH 7.4) overnight at 4 °C. Finally, the sample was centrifuged at 175 rcf for 40 

min and washed twice with 1 mL of Millie-Q water as described before. The capsules 

were then re-dispersed in 1 mL of Millie-Q water and kept at 4 °C until further use. 

(PARG/ALGI)2 PARG capsules were prepared as described above, with an additional 

layer of PARG added. Then 0.5 mL of Eudragit-100 (8 mg/mL) dissolved in 0.05 M NaCl 
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(pH 7) was added to the (PARG/ALGI)2PARG capsules in an Eppendorf tube, followed 

by 5 min sonication and 20 min shaking at RT. The excess of polyelectrolyte was 

separated by performing three washing steps as described before. Finally, the CaCO3 

core was removed by incubation with EDTA buffer (pH 7.4) overnight at 4 °C. The 

sample was finally centrifuged at 175 rcf for 40 min and washed twice with 1 mL of 

Millie-Q water. Then the capsules were re-dispersed in 1 mL of Millie-Q water and kept 

at 4 °C until further use. 

 

4.1.3 Structural characterization 

The fluorescence of the capsules was measured with a Horiba FluoroLog fluorimeter 

upon excitation at λex = 420 nm and 488 nm (cf. Figure 2(A)-(B)). The geometry of the 

different capsules was analyzed with transmission electron microscopy (TEM, cf. Figure 

2(C)-(F)) and CLSM (cf. Figure 2(G)-(H)). TEM images of the curcumin-loaded capsules 

were taken by using a field emission gun JEM 2100F UHR (JEOL, Japan) TEM 

equipped with a high angle annular dark field (HAADF) detector. The TEM was 

operated at an accelerating voltage of 200 kV along the full study. Fluorescence images 

of curcumin-loaded capsules were taken with a LSM 510 META confocal microscope 

from Zeiss, equipped with lasers allowing excitation at 405, 488, 543, and 633 nm. 

Capsules were excited with the 488 nm laser and a band pass (BP) filter of 500 - 580 

nm was used to collect the emission at 540 ± 20 nm. The hydrodynamic diameters dh of 

the spherical capsules was measured by dynamic light scattering (DLS) and the zeta-

potential (ζ) with laser Doppler anemometry, as carried out in a Malvern ZetasizerNano 

particle analyzer ZEN 3600 instrument (cf. Figure 2(I)-(N)).  The results summarized in 

Table 1. 

 

4.1.4 Determination of capsule concentrations 

Capsule concentrations were determined as average number ncapsules of capsule/mL 

from three independent dilution series by counting. The dilutions were prepared from 

the stocks solution. For the counting, 10 μL of curcumin-loaded capsule solution was 

evaluated by using a Hemocytometer (counting chamber (Neubauer-improved 0.1 mm), 
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Marienfeld) under the confocal microscope, using 488 nm laser excitation and a BP filter 

500-580 nm, and the capsules were counted. Results shown in Figure 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Determination of capsule concentrations. Results from the counting of 

capsules from three different dilutions of (A) (PARG/ALGI)2(PARG/EuL) and (B) 

(PARG/ALGI)2 capsules, as quantify by confocal microscopy (CLSM). Nd (= 1,2,3) in the 

x-axis corresponds to 100, 200, and 400 times dilution of the original stock solution from 

each capsule (n= 4). ncapsules [mL-1] provides the number of capsules per mL of solution. 

(C) Confocal image of curcumin-loaded (PARG/ALGI)2 capsules inside the counting 

chamber, in which 10 µL of diluted capsule solution is analyzed. 

 

4.1.5 Size distribution of capsules 

The size distribution of two different capsules (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) were measured by analysing different TEM images of 

curcumin loaded capsules by image j software. Figure SI-10, shows size distribution of 

(PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules. 
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Figure 11. The diameter of two different capsules (A) (PARG/ALGI)2 and (B) 

(PARG/ALGI)2(PARG/EuL) obtained from TEM images. The data correspomds to 

(mean ± standard deviation (SD)) from almost 50 capsule images. 

 

4.2 Drug loading and encapsulation efficiency of capsules 

The goal of the here described investigation was to enhance the aqueous solubility of 

curcumin and thus to enhance its bioavailability. Solid dispersion formulations of 

curcumin were prepared using different surfactants such as polyethylene glycol (PEG), 

sodium dodecyl sulfate (SDS), and polyvinyl pyrrolidone (PVP). Solid dispersion was 

conducted using two different methods, the melting method and the solvent evaporation 

method.[71] Briefly, the melting method includes melting 50 mg of PEG followed by 

mixing with 50 mg of curcumin at 60 °C and then drying in air. The solvent evaporation 

method was carried out by dissolving 50 mg of SDS or PVP in 20 mL ethanol in a 

beaker. 50 mg of curcumin was added and the solution was stirred overnight. 

Afterwards, the co-precipitates were air-dried for 24 h. Solubility measurements were 

performed according to the method reported by Higuchi and Connors[80] add 

reference]. The solubility of curcumin was measured spectrophotometrically at 430 nm 

using an UV–Vis absorption spectrophotometer and at 540 nm with a fluorimeter. For 

the further experiments, the PVP curcumin solid dispersion was used as it showed 

better solubility in water. 
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Curcumin was loaded into the capsules by the co-precipitation method. Briefly, 0.5 mL 

(Ccur = 1 mg/mL) of aqueous curcumin solution was mixed under stirring for 5 min (1000 

rpm, stirrer "Magnetrührer IKA-RO 5 power") with 0.615 mL 0.33 M CaCl2 and 0.75 mL 

25 mg/mL PSS solution in a glass vial. After that, 0.615 mL 0.33 M sodium carbonate 

(Na2CO3) was added to the mixture under vigorous stirring (1000 rpm, Magnetrührer 

IKA-RO 5 power) for 60 s at RT. The particle precipitate was washed 2 times with Millie-

Q water. Next, (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules were prepared 

as described in section 4.1. The encapsulation efficiency (EE) and loading capacity 

(LC) of curcumin loaded capsules were evaluated by both, indirect and direct methods, 

as described below.  

 

As indirect method, after co-precipitation the UV-Vis absorption spectra (A420) of non-

absorbed curcumin (i.e. curcumin which had not been integrated in the PSS-CaCO3 

cores) found in the supernatants was measured. From this absorption @420 nm the 

concentration of non-encapsulated curcumin ccur(non-bound), which remained free in 

solution was determined. The concentration of curcumin (ccur) was estimated hereby 

from calibration curve A420(ccur) of curcumin in Millie-Q water (cf. Figure 12B). Based on 

that, the curcumin loading was determined by subtracting the non-absorbed curcumin 

concentration ccur(non-bound) from the initial curcumin concentration ccur(added): 

ccur(bound) = ccur(added) - ccur(non-bound). Note, ccur [mole/L] is the molar 

concentration, whereas Ccur [g/L] is the mass concentration of curcumin. Ccur = ccurMW 

(cur) with the molar mass MW (cur) of curcumin. 

As direct method, 0.05 mL capsule solution incubated with 0.25 mL (2 mg/mL) pronase 

solution at 37 ˚C for 24 h. After 24 h incubation, an UV-Vis absorption spectrum of 

released curcumin from the capsules was measured and the curcumin concentration 

ccur(bound) was determined from the calibration curve A420(ccur) of curcumin in 2 mg/mL 

pronase solution (cf. Figure 11C). EE and LC determined by the following equation. 

ncapsules = Ncapsules/V is the number of capsules Ncapsules per volume V of solution. 

EE [%] = [(ccur(bound)/ccur(added)]100% 
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LC = Ccur(bound)/ncapsules 

Those results summarized in Table 4 in the section 5.1.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. (A) UV-Vis absorption spectra A() of curcumin in presence of pronase. The 

absorption spectra were measured with increasing concentration of curcumin (ccur from 

0 - 0.046 mM) in 2 mg/mL pronase solution in PBS buffer pH 7. (B) Calibration curve of 

curcumin in the presence of pronase (the average of n = 2 experiments is shown). The 

absorption maximum A420 at λ= 420 nm is plotted versus the curcumin concentration. 

(C) UV-Vis absorption spectra A() of released curcumin from (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules after 24 h incubation with pronase at 37˚C. 

Pronase only was used as control ("Ctrl"). (D) Effect of pronase on the UV-Vis 

absorption spectra and (E) the fluorescence spectra I() of curcumin after 24 h 

incubation at 37°C. Curcumin solution in Millie-Q water used as a control for the data 

shown in D and E. 
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4.3 In vitro release study of different capsules 

A release study of curcumin from (PARG/ALGI)2 and (PARG/AlGI)2(PARG/EuL) 

capsules was performed by two different methods, either using dialysis tubes 

(Spectra/Pro, Folat-A-Lyzer G2, MWCO 100 kDa) or centrifuge filters (Amicon 

centrifuge filter, Ultracel- 100 kDa) for separating released curcumin from the capsules. 

(Figures 13 - 14) Dialysis tubes containing 1 mL solution of curcumin-loaded capsule 

solution (Ccur(added) = 40 mg/mL) were immersed in 6 mL buffer solutions of different 

pH (pH 3, 5, and 7). The dialysis performed at 37 ºC under mild stirring conditions at 40 

rcf. At different time intervals (1, 2, 4, 6, 24, and 48 h), 1 mL released media was 

withdrawn for analysis and it was replaced with the same volume of buffer to maintain 

conditions. The amount of released curcumin (Ccur(released)) in the buffer solution was 

quantified by using a calibration curve of absorbance and fluorescence spectra of 

curcumin as prepared at 0 h, 24 h, and 48 h in different pH buffers.  

The release study with centrifuge filters was performed by incubating capsules in 0.5 

mL of buffers of different pH (pH 3, 5, and 7) at 37 ºC for 24 h and 48 h. After 24 h 

incubation the supernatant of the capsule solution (Ccur = 80 ugm/mL) was removed by 

centrifugation at 175 rcf for 40 min as flow through. The retained capsules re-dispersed 

in different pH buffers and incubated with fresh pH buffers for another 24 h at 37 ºC. 

The supernatant again collected by centrifugation with a centrifuge filter (1400 rcf, 15 

min) as flow through. The amount of released curcumin Ccur(released) found in the flow-

through with the different pH buffers was quantified using the above described 

calibration curves. The amount of cumulative release CR of curcumin was calculated 

using the following equation: 

CR [%] = (Ccur(released)/ Ccur(added))100% 

 

Results are shown in Figure 29, and additional data are presented in Figure 15 and 

Table 1. 
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Figure 13. Curcumin characterization at different pH values. (A) Absorption spectra 

A() of a series of curcumin concentrations Ccur (from 0 - 0.05 mg/mL) in Millie-Q water, 

pH 3, 5, and 7 at t = 0 h, 24 h, and 48 h after immersion in buffer. (B-D) Calibration 

curves of curcumin in water (Ctrl), pH 3, 5 and 7 at 0 h, 24 h, and 48 h. The absorbance 

Amax at λ = 420 nm has been used for making the calibration curve A420(Ccur). 
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Figure 14. Curcumin characterization at different pH values. (A) Fluorescence spectra 

I() of a series of curcumin concentrations Ccur (from 0 - 0.05 mg/mL) in Millie-Q water, 

pH 3, 5, and 7 at t = 0 h, 24 h, and 48 h after immersion in buffer. (B-D) Calibration 

curves of curcumin in water (Ctrl), pH 3, 5, and 7 at 0 h, 24 h, and 48 h. The integrated 

area Iint under the I() curve has been used for making the calibration curve Iint(Ccur). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Colloidal and structural characterization of biodegradable capsules 

((PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL)) after the release study carried out by 

dialysis. As control (Ctrl) the capsules before dialysis experiments (t = 0) were used. 

(A,B) Number distribution N(dh) of hydrodynamic diameters are determined by dynamic 

light scattering (DLS). Mean values are given in Table SI-1. (C,D) Confocal microscope 

images of (C) (PARG/ALGI)2 and (D) (PARG/ALGI)2(PARG/EuL) capsules at different 

pH (3, 5, 7) after dialysis (t = 48 h). Scale bar corresponds to 20 μm. 
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 Before Dialysis  After Dialysis  

Capsule 

Type 

Millie-Q water                pH 3 pH 5 pH 7 

 dh [nm]              [mV]  

 

dh [nm]           [mV]  

 

dh [nm]           [mV]  

 

dh [nm]                [mV]  

 

(PARG/ 

ALGI)2  

840 ± 12.27      -26.4 ± 2.4 

 

618 ± 12.4   -9.38 ± 1.34  

 

350 ± 5.98    -1.22± 0.58 

 

1150 ± 21.2    -0.059± 0.021 

 

(PARG/ALGI)

2 (PARG/ 

EuL)  

 

1100 ± 14.2      -39.2 ± 3.5  

 

635 ± 8.2     -7.28 ± 0.87 

 

450 ± 22.7     -1.26 ± 1.0 

 

750 ± 15.3       -3.17 ± 1.93 

 

 

Table 1. Hydrodynamic diameter dh and zeta potential  of curcumin-loaded 

(PARG/LGI)2 and (PARG/ALGI)2(PARG/EuL) capsules at different pH (3, 5, 7) after 

dialysis (t = 48 h). Data are represented as (mean ± standard deviation (SD)) from n = 3 

independent experiments.  

 

4.4 Degradation study of capsules 

An enzymatic degradation study of curcumin-loaded (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules was carried out using pronase as example of a 

proteolytic enzyme. 15 μL of (PARG/ALGI)2 capsules (ncapsules = 2.4108 capsules/mL) 

and (PARG/ALGI)2(PARG/EuL) capsules (ncapsules = 2108 capsules/mL) were incubated 

with 75 uL of 2 mg/mL pronase (pH = 7) at 37 ˚C for 2, 4, 6, 24, 48, and 72 h. A series 

of similar sets at different time points was prepared for each capsule at pH = 7 in PBS. 

Variation in hydrodynamic diameter and zeta potential of capsules at each time point 

were measured with a Malvern ZetasizerNano particle analyzer ZEN 3600 instrument. 

CLSM images of capsules at each time point were also taken. Data are presented in 

Figure 30.  

 

4.5 Uptake studies of alginate capsules by CLSM 

Internalization of capsules was evaluated by confocal microscopy (CLSM). For that, 

12,000 HeLa cells per well were seeded in ibidis 8-well plates (area per well: 1 cm2, 

medium per well: 300 μL). Cells were incubated overnight. The next day, cells were 

exposed to curcumin-loaded (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules at 
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concentration of Ncapsules/cell = 50 capsules/cell in complete cell medium for 24 h. After 

the exposure time, cells were stained using two different approaches. First, the cell 

membrane was stained with Wheat Germ Agglutinin, Tetramethylrhodamine conjugate 

from ThermoFisher (WGA-TMRA). For that cell with internalized capsule were washed 3 

times with 200 μL of Hank's Balanced Salt Solution (HBSS) and were then incubated 

with 70 μL of 25 μg/mL WGA-TMRA solution in HBSS buffer at 37˚C for 10 min. After 

the incubation cells were washed 3 times with 200 μL HBSS. Next, nucleus staining was 

performed with Hoechst 33342 solution by incubating with 70 μL of 5 mg/mL Hoechst 

solution in PBS at RT for 15 min. Finally, cells were washed one time with 200 μL PBS 

fresh complete medium was added. Second, lysosomes were stained. For that, cells 

were incubated with 75 nM LysoTracker red- DND 99 solution in complete media at 

37˚C for 120 min. Then, nucleus staining performed with Hoechst dye as described 

above.  

 

Fluorescence micrographs of HeLa cells with the internalized capsules were recorded 

with a confocal microscope (Zeiss LSM 510 Meta Confocal Microscope). Images were 

taken with a Plan-Apochromat 63×/1.40 Oil DIC M27 objective, and the pin hole was set 

to 0.86–1.32 airy units. A laser diode emitting at 405 nm and a bandpass BP 420-480 

emission filter were used to visualize the nucleus labelling with Hoechst. An argon laser 

with a line at 488 nm and a bandpass emission filter BP 505– 570 were used to 

visualize curcumin. A helium–neon laser for excitation at 543 nm and a BP 560–615 

emission filter was used to visualize the WGA-TAMRA. A helium–neon laser for 

excitation at 543 nm together with a BP 560–615 emission filter were used for recording 

fluorescence of LysoTracker. All images were further processed with the image J 

software to reduce background noise and to enhance contrast for clear visualization of 

cellular images. All images processed with the same settings. Images are shown in 

Figures 33 and 16.  
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Figure 16. Confocal image of cells exposed to (A) (PARG/ALGI)2 and (B) 

(PARG/ALGI)2(PARG/EuL) capsules for 24 h. WGA-TAMRA, and Hoechst were used 

for cell membrane and nucleus staining, respectively. Images represent Z-scans parallel 

to the culture plate surface of cells exposed to capsules for 24 h at the concentration of 

50 capsules/cell added. The scale bars correspond to 20 μm. 

 

4.62 Synthesis and Characterization of different pH sensor capsules 

Synthesis 

Different capsules loaded with the pH indicator SNARF (here termed as pH sensitive, 

+/- capsules, PEI capsules, PEI-end capsules) were synthesized by Layer-by-Layer 

assembly of oppositely charged polyelectrolytes onto a SNARF loaded spherical 

calcium carbonate (CaCO3) template. The carboxy-SNARF dye was covalently linked to 

170 kDa amino-dextran molecules. CaCO3 particles filled with SNARF-dextran 

produced via co-precipitation of SNARF-dextran with equivalent amount of calcium 

                                                             
2 parts of this work are currently prepared for publication: Sathi Roy, Dingcheng Zhu, 

Wolfgang J. Parak, Neus Feliu, "In situ measurements of lysosomal proton-buffering by 

pH-sensitive fluorescent polymer microcapsules". 
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chloride (CaCl2) and Sodium carbonate (Na2CO3). Briefly, 0.615 mL of 0.33 M CaCl2 

and 40 μl of 5 mg/ mL SNARF-dextran solution mixed. Next, 0.615 mL of 0.33 M 

Na2CO3 added under stirring (1000 rpm) condition and stirred for 30 s followed by 

another 2 mins standing time without stirring. SNARF loaded CaCO3 particles washed 2 

times with Millie-Q water to remove unbound SNARF. (+) Capsule, 

(CaCO3@(PAH/PSS)4PAH) & (-) capsules (CaCO3@(PAH/PSS)4 were prepared by 

adding alternate layers of negative polystyrene sulfonate, (PSS, 2 mg/ mL in 0.5 M 

NaCl, pH 6.5) and positive polyallylamine hydrochloride, (PAH, 2 mg/ mL in 0.5 M NaCl, 

pH 6.5) polymers onto the SNARF loaded micro particles until desired numbers of  

layers had been established. To make PEI capsule 

(CaCO3@(PAH/PSS)(PEI/DEX)3PARG), one bilayer of (PAH/PSS) were added and 

then 3 alternate (PEI/DEX) bilayers of BPEI 25 kDa (PEI, 4 mg/ mL in 0.05 M NaCl, pH 

5.5) & dextran sulfate (DEX, 4 mg/ mL in 0.05 M NaCl, pH 5.5) were added. The final 

layer was prepared with poly-L-arginine (PARG, 2 mg/ mL in 0.5 N NaCl, pH 6.5) 

polymer to make stable monodisperse particles. PEI-end capsule 

(CaCO3@(PAH/PSS)3(PEI/DEX)3PEI) were prepared in same way by adding 3 bilayers 

of nonbiodegradable (PAH/PSS) layers followed by one bilayer of (PEI/DEX) and the 

last layer was finished with another layer  of PEI. Finally, the CaCO3 template cores 

were chemically dissolved with ethylenediaminetetraacetic acid (EDTA, 1mL 0.1 N). The 

resulting different SNARF capsules were washed three times with ultrapure water to 

remove excess EDTA and stored at 4 ˚C. The size of the resulting capsules ranged 

between 3 to 5 μm. 

Characterization 

The fluorescence of 4 different pH sensitive capsules dispersed into Mili-Q water were 

measured with a Horiba FluoroLog fluorimeter upon excitation at λex = 561 nm.  

The fluorescence images of SNARF-loaded capsules were taken with a LSM 510 META 

confocal microscope from Zeiss, equipped with lasers allowing excitation at 405, 488, 

543, and 633 nm. Capsules were excited with the 543 nm laser and a band pass (BP) 

filter of 560 - 615 nm & 615 - 750 nm were used to collect the dual emissions of SNARF 

at 580 nm and 640 nm.  



 47 

The zeta-potential (ζ) after addition of alternate polyelectrolyte layers around each 

capsule were measured with laser Doppler anemometry, as carried out in a Malvern 

ZetasizerNano particle analyzer ZEN 3600 instrument. Similarly, final charge of different 

capsules was also measured. Characterizations of all different pH sensor capsules are 

shown in figure 34 and zoomed in confocal images of capsules are presented in figure 

17. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: (A- D) Zoomed in Confocal images of 4 different SNARF loaded pH sensitive 

capsules, (PAH/PSS)4PAH capsule [ (+) caps] (A), (PAH/PSS)4 capsule [(-) caps] (B), 

(PAH/PSS) (PEI/DEX)3 PARG capsule [PEI caps] (C) and (PAH/PSS)3(PEI/DEX) PEI 

capsule [PEI-end caps] (D), in water. Scale bar in each image corresponds to 5 µm. 

4.7 Biocompatibility study 

4.7.1 Cell culture 

Human cervical adenocarcinoma cells (HeLa) were obtained from American Type 

Culture Collection (ATCC) (Manassas, USA). Cells were cultured in Dulbecco's Modified 
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Eagle's medium Minimum (DMEM Fisher Scientific) supplemented with 10% fetal 

bovine serum (FBS, Biochrom, Germany), and 1% penicillin/streptomycin (P/S, Fisher 

Scientific, Germany). The cells were kept at 37 °C in a humidified atmosphere of 5% 

CO2 in air. When cells reached 90% of confluence, cells were washed once with PBS 

and detached with 0.05 % trypsin ethylenediaminetetraacetic acid (EDTA) solution 

(Fisher Scientific, Germany). Cells were then seeded in flasks for cell passaging or 

seeded in plates for performing the in vitro experiments. 

 

4.7.2 Biocompatibility study of biodegradable capsules 

Cell viability studies of HeLa cells exposed to two different types of curcumin-loaded 

biodegradable capsules were investigated by the resazurin assay as previously 

reported[81], [82]. For that, 7,500 HeLa cells were seeded into 96 well plates (area per 

well: 3.4 mm2, medium per well: 100 mL) and were kept overnight at 37 °C, 5% CO2. 

The next day, the HeLa cells were exposed to (PARG/ALGI)2 and to 

(PARG/ALGI)2(PARG/EuL) capsules at different concentrations Ncapsules/cell (4 - 2000 

capsules/cell) in serum-supplemented media for 24 h and 48 h.  After incubation, HeLa 

cells were washed three times with PBS (100 mL). Then, 100 mL of 10% of resazurin 

solution (Sigma-Aldrich) in complete cell media was added to the cells and cells were 

incubated for 4 h at 37 °C, 5% CO2. Then, the fluorescence intensity of the wells was 

measured with a microplate-reader equipped fluorimeter (Fluorolog-3, from Horiba 

JobinYvon, Germany). For that, the samples were excited at a wavelength of 560 nm 

and the emission was recorded in the range of 570 - 620 nm. The background-

subtracted mean fluorescence intensity of each sample was normalized to the 

fluorescence of a reference sample to which no capsules had been added (control 

sample). The control sample was ascribed 100% cell viability (V), defined as their 

normalized fluorescence in respect to the control. The viability data are provided as 

mean value ± standard deviation (SD) from three independent experiments using HeLa 

cells at different passage numbers.  
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PEI Samples Range of Conc. used 15 caps/ cell + PEI conc. used

[μM] [μg/ ml] [nM] [μg/ ml]

BPEI 2 kDa [10800 - 5.27] [21600 – 10.54] [25 105 - 8000] [500 - 16]

BPEI 25 kDa [192 – 2.289 10-5] [4800 – 5.72 10-4] [200 - 12.5] [5 - 0.312]

BPEI 60 kDa [360 – 4.29 10-5] [21600 – 2.574 10-3] [176 – 11] [10.56 – 0.66]

LPEI 250 kDa [10.92 – 1.3 10-6] [2730 – 3.25 10-4] [86 - 5.37] [21.5 – 1.34]

LPEI 20 kDa [40- 7.8 10-5] [800 – 1.56 10-6] [300 – 9.4] [6 – 0.188]

Chloroquine 

(Cq) 320 Da

[40 – 8.94 10-6] [12.8 – 2.8 10-6] ˗- ˗-

4.7.3 Biocompatibility study of different pH sensor capsules & test 

samples  

Biocompatibility studies were carried out on the basis of the metabolic activity of living 

cells using a Resazurin based assay (Sigma-Aldrich, TOX-8). Resazurin (7-Hydroxy-

3Hphenoxazin-3-one 10-oxide) acts as an oxidation-reduction indicator in cell viability 

assays. For that, 7,500 HeLa cells were seeded into 96 well plates (area per well: 3.4 

mm2, medium per well: 100 mL) and kept overnight at 37 °C, 5% CO2. Next day, the 

HeLa cells were exposed to different test samples in serum-supplemented media for 

different time points at 4, 24, 48 h for different PEI & chloroquine (Cq) samples. 

Concentration range of all different test samples are presented in table 2. 

 

 

Table 2: The ranges of concentration of the different test samples used for the viability 

assays are presented. 

 

Another toxicity study was performed with (+) pH sensor capsule and different PEI 

samples together. Therefore 15 caps/ cell concentration was exposed to the cell 

together with dilution series of different PEI samples for 24 and 48 h in media containing 

serum. After incubation, HeLa cells were washed three times with PBS (100 mL). Then, 

100 mL of 10% of resazurin solution (Sigma-Aldrich) in complete cell media was added 
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to the cells and incubated for 4 h at 37 °C, 5% CO2. After that, the fluorescence intensity 

of the wells was measured with a microplate-reader equipped with fluorimeter 

(Fluorolog-3, from Horiba JobinYvon, Germany), excited at a wavelength of 560 nm and 

the emission was recorded in the range of 570 - 620 nm. The background-subtracted 

mean fluorescence intensity of each sample was normalized to the fluorescence of a 

reference sample. Reference sample was only cell where no samples had been added 

(control sample). The control sample was ascribed 100% cell viability V, defined as their 

normalized fluorescence in respect to the control. Cell viability of all test samples are 

depicted in figure 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Biocompatibility studies of different PEI samples (A-E), chloroquine (F), pH 

sensitive (+) capsule (G) and different PEI samples with (+) capsule (H-L). 5 different 

PEI samples were used, BPEI 2 kDa, BPEI 25 kDa, BPEI 60 kDa, LPEI 20 kDa, LPEI 

250 kDa. HeLa cells were exposed to various concentrations of PEI samples (A-E) for 4 

h, 24 h and 48 h, chloroquine (Cq) samples (F) for 4h, (+) capsules for 24h and 48h (G), 

and different PEI samples with (+) capsule for 24 & 48 h (H-L) in serum-supplemented 
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media. (G-H) HeLa cells exposed to (+) capsule with a concentration of 15 capsule/ cell 

for 4 h in serum-supplemented media. After that media was replaced by various 

concentrations of PEI samples in fresh serum-supplemented media for 24 h and 48 h. 

Results are presented as percent of cell viability V [%] (mean value) from three 

independent experiments (A-L) and curves were fitted with a sigmoidal function (A-F).  

 

The cell viability of capsules was also performed as described before by exposing a 

dilution series of different capsules (120 to 1 caps/ cell) for 24 & 48 h in serum 

supplemented media (See figure 3). The viability data are provided as mean value ± 

standard deviation (SD) from three independent experiments using HeLa cells at 

different passage numbers. 

4.8 pH calibration curve of different pH sensor capsules 

4.8.1 pH calibration curve of only capsules  

pH Calibration curve of 4 different pH sensitive capsules were prepared by using 

phosphate-citric acid buffer (pH range 3 - 8). Buffer solutions of different pH were 

prepared with 0.2 M dibasic sodium phosphate and 0.1 M citric acid. Sodium chloride, 

potassium chloride and magnesium sulfate salt concentration were maintained at 150, 4 

and 1 mM respectively in each buffer solution. 

Fluorescence of pH sensitive (+) capsules immersed into different buffers were 

measured by fluorimeter with different excitation wavelengths λex = 488, 514, 543 & 561 

nm. Intensity ratio (Ir/Ig) vs pH was plotted to make pH calibration curve of (+) capsules 

for different excitations. Maximum change in intensity ratio w.r.t pH was found for λex = 

561 nm and hence this wavelength has been used for characterizing different capsules 

by fluorimeter as well as Flow cytometry (See figure 19 A and B). pH calibration curve of 

(+) capsules were also prepared by taking fluorescence images of capsules in different 

buffers by CLSM (Zeiss LSM 510 Meta Confocal Microscope). A helium–neon laser for 

excitation at 543 nm together with a BP 560–615 nm (Ig) & 615-750 nm (Ir) emission 

filters were used for recording fluorescence emission of SNARF at two different 

wavelengths (580 & 640 nm). Finally, fluorescence intensities of different images were 
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calculated by image analysis with image J software and (Ir/Ig) vs pH was plotted to 

make calibration curve of (+) capsule by CLSM (See figure 19 C).   

The pH dependent standard curve of 4 different capsules were prepared by fluorimeter 

upon excitation at λex = 561 nm and flow cytometer (BD LSR Fortessa Biosciences, 

German) with λex = 561 nm. Different capsules were immersed into different buffers for 

10 min prior to the fluorescence measurement by different methods. Intensity ratio 

(I640/I580 = Ir/ Ig) vs pH were plotted to make pH calibration curve of each capsules by 

fluorimeter. By flow cytometry fluorescence emission was collected at Ir = 670 ± 30 nm 

and Ig= 586 ± 15 nm and (Ir/ Ig) ratio vs pH was plotted to make pH calibration curve of 

different capsules. (See figure 19 A-C) 

4.8.2 pH calibration curve of capsules inside cell 

The pH calibration curve of (+) capsule inside cell were prepared by exposing capsules 

to the cell for different times. For that, 15 (+) caps/cell were exposed to the HeLa cell for 

8 h, 24h & 48 h in complete cell media and same process was followed as described 

below. These calibration curves were used for analyzing FACS data after exposing 

different test samples (See figure 19 D, E, F). 

 

 

 

 

 

 

 

 

Figure 19: pH Calibration curves of (+) capsules only (A-C) and pH Calibration curves 

of (+) capsules inside cell (D-F). The ratio of green to red fluorescence intensity (Ir/Ig) vs 
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pH curves of (+) capsules only as measured by Fluorimeter (A), CLSM (B) and Flow 

cytometry (C). The data points in (B) correspond to the mean value of 10 different 

capsules and the corresponding standard deviations. Calibration curves of (+) capsules 

inside Hela cell were prepared after capsule exposure for different time intervals and 

fluorescence intensity measured by Flow cytometry. Hela cells are exposed to 15 caps/ 

cell for 8 h (D), 24 h (E) and 48 h (F). The ratio (Ir/Ig) is plotted versus the pH of buffer 

solution in which capsule loaded cells were dispersed. The data correspond to the 

mean value of 3 independent experiments and the corresponding standard deviations. 

Curves were fitted with a sigmoidal function.  

To make pH calibration of capsules inside cell, in each buffer solutions, ethanol 

solutions of monensin and nigericin were added at final concentrations of 20 μM and 10 

μM respectively in order to equilibrate the pH of intracellular compartments to the 

extracellular pH buffer.[83] The pH Calibration curve of capsule inside cell was prepared 

by measuring change in fluorescence intensity of internalized capsules in cell by Flow 

cytometry (FACS). For that, Hela cells were exposed to 4 different capsules (+ caps, - 

caps, PEI caps, PEI-end caps) at 15 & 7 capsule/cell concentration in media 

supplemented with FBS for 24 hrs. After exposing capsules for desired time, cells were 

washed 3 times with PBS, collected and immersed into different buffer solutions 

containing nigericin and monensin for 15 mins prior to FACS measurements (λex = 561 

nm, emission collected at Ir = 670 ± 30 nm & Ig= 586 ± 15 nm). 10,000 cells were 

counted per sample. The results were analyzed by FlowJo software v10 and (Ir/Ig) vs 

pH calibration curve was plotted in the same way like before. 

4.9 Experimental scheme for monitoring intracellular pH 

4.9.1 Monitoring lysosomal pH in presence of different PEI samples 

Lysosomal pH change was monitored by (+) pH sensor capsules due to exposure of 

different branched (BPEI) & linear (LPEI) polyethylene imines samples, by flow 

cytometry. Chloroquine has been used as a positive control for monitoring lysosomal pH 

change. It is a weak base and lysosomotropic substances, which is well known for 

increasing lysosomal pH. Hela cells were grown overnight in 24 well plates (1.9 cm2 

surface area per well; 1 mL of medium added per well) at 40,000 cell/ well 
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concentration. The next day, cells were exposed to the (+) capsules (Ncapsules/cell = 15 

capsules/cell) in complete cell medium for 24h & 4h separately. A dilution series of 

selected nontoxic concentrations of different PEI samples were exposed to the cells 

with internalized capsules (24h & 4h separately) for different time points. Two different 

experiments were performed for this study. For 1st experiment (+) capsules were 

exposed for 24h in complete cell medium. After that cell was washed with PBS, three 

times and different PEI samples (BPEI 2, 25, 60, & LPEI 250 kDa) were exposed for 2, 

5, 8, 24 & 8+24 h in complete cell medium. Here 8+ 24 h means 8h exposure of PEI in 

serum supplemented medium and after that media was replaced with fresh complete 

medium. In 2nd experiment sensor capsules were exposed (15 caps/cell) for 4 h and 

then different dilutions of different PEI (BPEI 2, 25, 60, & LPEI 20, 250 kDa) were 

exposed in fresh complete cell medium for 2, 4, 6, 24 h. For both experiments 25 μM of 

Chloroquine was considered as + ve control and exposed for 2, 5 & 8 h in 1st 

experiment and 2, 4, 6 h in 2nd experiment. HeLa cell with only sensor capsule without 

exposing any samples were used as control at each time points. At each time points, 

after incubation with test samples, cells were washed three times with PBS, collected 

through trypsinisation, followed by neutralization with PBS, centrifugation and further 

dispersed into fresh PBS for flow cytometric analysis. Fluorescence of (+) pH sensor 

capsule inside cell was measured by FACS using same settings as before used for 

uptake study. Analyzed data presented in figure 20 and 45 for 1st and 2nd experiments 

respectively. 
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Figure 20: Measurements of lysosomal pH in response to different branched (A-C) and 

linear (D) polyethylenimine (BPEI & LPEI) over time. Hela cells are allowed to 

internalize + ve pH sensor capsule at 15 caps/ cell in serum supplemented media for 24 

h followed by exposure to series of dilutions of different PEI samples for 2 h, 5h, 8h, 8+ 

24 h and 24 h. The time point 8+ 24 h means 8 h PEI exposure, washing and kept 

further in fresh serum supplemented media for another 24 h. The Data point at zero 

corresponds to reference cell or control. As + Control (+ ctrl) 25 uM chloroquine solution 

has been exposed to cells for 2h, 5h and 8h. The Lysosomal pH was measured by pH 

calibration curve of + caps inside cell. The data represents average of three 

independent experiments and corresponding standard deviation. 

4.9.2 Monitoring pH of intra and extracellular compartments by different 

capsules 

Capsules with PEI layers were prepared to monitor the effect of PEI on lysosomal pH. 

Two different types of PEI layered pH sensitive capsules named as PEI capsule, 

[(PAH/PSS) (PEI/DEX)3PARG] & PEI-end capsule [(PAH/PSS)3(PEI/DEX) PEI], were 

used for this study. Another two pH sensor capsules named as (+) capsule 

[(PAH/PSS)4PAH] & (-) capsule [(PAH/PSS)4] were used as control. First 40000 HeLa 

cells were seeded in 24 well plates (1.9 cm2 surface area per well; 1 mL of medium 

added per well) with complete cell medium for 24 h. The next day, 4 different capsules, 
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PEI capsules, PEI-end capsule, (+) capsule & (-) capsule were exposed to the cell at 15 

capsules/cell concentrations for 2, 4, 6, 24 & 48 h in complete cell media. Chloroquine 

(Cq) was used as a positive control during each experiment. Specifically, 4 different 

capsules were exposed to the cell for 24h in serum supplemented media followed by 

three times washing with PBS & 25 μM Chloroquine was exposed for 2, 4, 6 & 24h in 

complete cell media. 

In another experiment, PEI capsule, PEI-end capsule & (+) capsule (control) were 

allowed to internalized into cell for 24h in complete media, followed by three times PBS 

wash and further a series of different concentrations of BPEI 25 kDa & LPEI 20 kDa 

solutions were exposed to the cell for 2, 4, 6 & 24 h. Also, 100 nM BPEI (25 kDa) was 

exposed in complete media for 2, 4, 6 & 24 h in terms of polyplex as prepared with BPEI 

25 kDa and scrambled plasmid. At each time points 25 μM chloroquine was used as 

positive control. After incubation with different sensor capsules for desired time, cells 

collected and fluorescence measured by FACS similarly as before.  

4.10 Synthesis and characterization of PEI-polyplex 

A scrambled plasmid was used to make polyplex. In a typical reaction, 7.66µl of 0.75 

mg/ mL, Rh-B Labeled BPEI (25 kDa) mixed with 100 µL 10 mM HEPES, pH 7.4 (Con. 

Of PEI = 5.76 µg in 100 µL) and 3.8 µL of 1.05 mg/ mL plasmid was mixed with 100 µL 

10 mM HEPES, pH 7.4 (Con. Of plasmid = 3.99 µg in 100 µL). Then PEI & plasmid 

mixed at 1:1 ratio, vortexed 5-10 s and kept at RT for another 15 mins prior to cellular 

exposure. Polyplex was characterized by measuring size of it with dynamic light 

scattering (DLS) and measuring the zeta-potential (ζ) with laser Doppler anemometry, 

as carried out in a Malvern ZetasizerNano particle analyzer ZEN 3600 instrument, in 

10mM HEPES (pH 7.4) buffer. (See fig. 21) 
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Figure 21:  Characterization of  Rh-B labeled PEI-plasmid polyplex. (A) Corresponds to 

size of polyplex in 10 mM, pH 7.4, HEPES buffer as measured by DLS. (B) Represents 

zeta potential of polyplex. 

4.11 Co-localization study of capsule, labeled-PEI or PEI-plasmid polyplex & 

lysosome 

Co-localization study of capsules & PEI was performed to check whether PEI and 

capsules co-localize into same lysosome. SNARF has broad excitation and emission 

spectra. Therefore, capsule was loaded with Cascade-blue dye and used for co-

localization study to avoid cross talks. BPEI 25kDa was labeled with Rh-B dye and 

lysosome staining was done with LysoTracker-green dye. Briefly, 14000 HeLa cells per 

well were seeded overnight in ibidis 8-well plates (area per well: 1 cm2, medium per 

well: 300 μL) and next day 7 capsules/ cell was exposed for another 24h. After that 

100nM of free BPEI (25 kDa) exposed for 24h and polyplex made to BPEI 25 kDa & 

scrambled plasmid was exposed for 6 h and 24 h. Polyplex was prepared with N/P ratio 

10 and 88 nM of PEI was exposed as polyplex. After the desired incubation time, cell 

washed with PBS and lysosome was stained with 1 μM LysoTracker green for 30 mins 

prior to imaging with a confocal microscope (Zeiss LSM 510 Meta Confocal 

Microscope). Fluorescence images were taken with a Plan-Apochromat 63×/1.40 Oil 

DIC M27 objective, and the pin hole was set to 0.86–1.32 airy units. A laser diode 

emitting at 405 nm and a band pass BP 420-480 emission filter were used to visualize 

the capsule loaded with cascade blue dye. A helium–neon laser for excitation at 543 nm 

and a BP 560–615 emission filter used to visualize the Rh-B dye labeled to PEI or PEI-

polyplex. An argon laser for excitation at 488 nm together with a BP 505– 570 emission 

filter were used for recording fluorescence of Lyso-Tracker-green. Colocalization of the 

capsule & labeled-PEI or PEI-polyplex, capsule & lysosome, labeled-PEI or PEI-

polyplex & lysosome estimated by Mander’s overlap coefficient (MOC) which was 

calculated using ImageJ 1.42 software (NIH). 
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4.12 Study the effect of PEI on fluorescence of pH sensitive dye SNARF 

To check whether PEI can influence the fluorescence property of SNARF, different 

concentrations of BPEI 25 kDa samples were added into SNARF solution and their 

fluorescence was monitored by fluorimeter (λex = 561 nm). Typically, 0.05 mg/ mL 

concentration of SNARF solution in two different buffer solutions (pH 4.5 & 7.5) were 

taken and different concentrations of BPEI 25 kDa were added with keeping final 

concentration of SNARF in each solution intact.  Same concentration of SNARF (no PEI 

added) at pH 4.5 & 7.5 was used as control for each buffer. Similarly, different capsules 

(+ caps, PEI caps, PEI-end caps) were also dispersed into pH 7 buffer and different PEI 

samples were added to it keeping total capsule concentration same in different solutions 

for each capsule. Here different capsules into pH 7 buffer without PEI were control for 

each capsule. Finally (I640/I580) vs concentration of PEI was plotted for each sample to 

verify possible change in intensity ratio of SNARF in presence of PEI. Figure 22 shows 

no influence of PEI on fluorescence spectra of SNARF. 
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Figure 22: Study the influence of PEI on fluorescence spectra of SNARF. (A, B) 

represents fluorescence spectra of SNARF after adding Different concentrations of 

BPEI 25 kDa solution into SNARF solution at pH buffer 4.5 (A) & 7.5 (B). (C – E) 

fluorescence spectra of different SNARF loaded, pH sensitive capsules, (+) caps (C), 

PEI caps (D), PEI-end caps (E), dispersed into pH buffer 7. (F-J) corresponds to 

intensity ratio at 640 nm and 580 nm (Ir/Ig) vs concentrations of PEI (CPEI), as analyzed 

from the respective fluorescence spectra (A-E). 

4.13 Uptake studies by flow cytometry 

4.13.1 Uptake studies of biodegradable capsules 

Intracellular uptake of capsules exposed to HeLa cells was determined by flow 

cytometry according to previous protocols[82]. A flow cytometer (BD LSR Fortessa 

Biosciences, German) was used for the analysis. For that 40,000 Hela cells were 

seeded per well in 24 well plates (1.9 cm2 surface area per well; 1 mL of medium added 

per well) and incubated overnight. The next day, HeLa cells were exposed to the 

curcumin-loaded (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules at desired 

concentrations Ncapsules/cell (3 - 100 capsules/cell) in complete cell medium for 24 and 

48 h. After the exposure time, the supernatants of the samples were removed and the 

HeLa cells were washed three times with PBS (500 mL). Then, HeLa cells were 

trypsinated, followed by neutralization of trypsin with complete culture medium. Next, 

the cells were collected into flow cytometry tubes and centrifuged at 300 rcf for 5 

minutes. Finally, the cells were then suspended into 0.3 mL PBS solution. Cells were 

mixed very well with a pipette in order to avoid clamping of cells prior to analysis. The 

threshold of the forward-scattering signal in the flow cytometer was adjusted to 

eliminate signals from debris and smaller particles. The cells with internalized capsule 

were excited by an argon 488 nm laser and the emission at 540 nm was collected using 

a 530/30 filter. For each experiment, a minimum of 10,000 cells was sampled with the 

flow cytometer. A cell sample without capsule was used as control. Results represent 

the mean value ± standard deviation (SD) from three independent experiments using 

HeLa cells at different passage numbers. Results shown in Figure 32. Here, as 
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additional data an overview of the cell population and respective histograms are shown 

in Figure 23.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Uptake of (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules exposed 

to HeLa cells as assessed by flow cytometry. (A,B) Used gating strategy in the 

experiments. The sample of control cells, which not exposed to capsules, shown as an 

example. ISSC and IFSC correspond to the sideward and forward scattering intensities, 

respectively. (C-F) Fluorescence intensity distribution N(Icur) of cells exposed to 

Ncapules/cell for 24 h and 48 h.  (C,D) (PARG/ALGI)2 capsules. (E,F) 

(PARG/ALGI)2(PARG/EuL) capsules. The corresponding quantitative data shown in 

Figure 32 in the main manuscript. The control (Ctrl) corresponds to 0 capsules/cell. 
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4.13.2 Uptake studies of different pH sensor capsules 

A flow cytometer (BD LSR Fortessa Biosciences, German) was used for the analysis of 

Intracellular uptake of 4 different capsules (+ caps, - caps, PEI caps & PEI-end caps) 

exposed to HeLa cells. For that, 40,000 Hela cells were seeded per well in 24 well 

plates (1.9 cm2 surface area per well; 1 mL of medium added per well) and incubated 

overnight. The next day, HeLa cells were exposed to the different capsules at 

concentrations Ncapsules/cell (15 & 7 capsules/cell) in complete cell medium up to 48 h. 

Kinetics of intracellular capsule uptake was monitored by measuring fluorescence 

intensity cell overtime (15, 30 min, 1, 2, 4, 6, 24, 48 h). After exposure time, the 

supernatants of the samples were removed and the HeLa cells were washed three 

times with PBS (500 mL). Then, HeLa cells were trypsinzed, followed by neutralization of 

trypsin with complete culture medium. Then, the cells were collected into flow cytometry 

tubes and centrifuged at 300g for 5 minutes. Finally, the cells were resuspended into 

0.3 mL PBS solution. Cells were mixed very well with a pipette in order to avoid 

clamping of cells prior to analysis. The threshold of the forward-scattering signal in the 

flow cytometer was adjusted to eliminate signals from debris and smaller particles. The 

cells with internalized capsule excited by 561 nm laser and the emission at Ir = 670 ± 30 

nm & Ig= 586 ± 15 nm were collected. For each experiment, a minimum of 10,000 cells 

were sampled with the flow cytometer. A cell sample without capsule was used as 

control. Results represent the mean value ± standard deviation (SD) from three 

independent experiments using HeLa cells at different passage numbers. (See figure 41 

(15caps/cell) and 24 (7caps/cell)) 
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Figure 24: (A, B, C, D) represents percentage of relative capsule uptake (RCU) of 

different capsules, (+) capsule (A), (-) capsule (B), PEI capsule (C) and PEI-end capsule 

(D) over time. Here 7 capsule/ cell concentrations of each capsules were exposed to 

Hela cell for maximum 48 hrs.  

4.13.3 Uptake study of labeled PEI 

Labeling of PEI with dye and characterization 

BPEI 25 kDa fluorescently labeled with either Dy-647 or Rh-B dye. The amino reactive 

fluorophore DY-647, containing the activated ester N-hydroxysuccinimide (-NHS), was 

conjugated to branched PEI. The primary and secondary amine groups of PEIs undergo 

a nucleophilic attack to the activated carbonyl functionality along with removing the NHS 

leaving group and form a stable covalent amide bond. A molar ratio of 1:10 (polymer: 

dye) was used as reported elsewhere. Typically, 2.8 mg of BPEI (25 kDa) were 

dissolved in 22 μL of sodium bicarbonate buffer (NaHCO3, 0.1 M, pH 8.5) and 

subsequently, 1 mg of DY-647 (MW= 886.04 g/mole) dissolved in 112 μL of DMSO 

(99.9%) were added and the mixture was incubated for 2 hours in dark at RT. 

Similarly, BPEI was labeled by reaction of the isothiocyanate group (-SCN) of 

rhodamine-B (Rh-B) with primary or secondary amino groups of BPEI (25 kDa) by 

forming a stable thiourea bond. A molar ratio of 1:25 (polymer: dye) was used. Briefly, 
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1.4 mg of PEI (25 kDa) were dissolved in 250 μL of sodium bicarbonate buffer 

(NaHCO3, 0.1 M, pH 8.5) and then, 0.2 mg of Rh-B dissolved in 50 μL of DMSO 

(99.9%) were added followed by 2h incubation under dark at RT. For both cases, 

unreacted dye was separated by using PD-10 desalting columns (Cat. No.: 17-0851-01, 

GE Healthcare) eluted with Millie-Q water. The amount of PEI was estimated via the 

copper(II) polyplexation method. (See fig. 25) 

 

 

 

 

 

 

 

 

Figure 25: (A) UV-vis absorption spectrum of PEI/copper (II) complex in water with 

different BPEI (25 kDa) concentrations. (B) Absorption at λ304 & λ613 vs different PEI 

concentration (CPEI) plotted and fitted with linear function. (C) Absorption spectra of 

Rh-B labeled PEI / copper complex in water. 

 

Uptake study 

Intracellular uptake of free BPEI 25 kDa studied with FACS. BPEI labeled with Dy-647 

dye. In 24 well plates (1.9 cm2 surface area per well; 1 mL of medium added per well), 

40,000 Hela cells per well were seeded overnight. A dilution series of PEI samples (400 

– 12.5 nM) were exposed to the cell in FBS supplemented media for 4h, 6h & 24 h. 

Similarly, different concentrations (100 – 12.5 nM) of PEI samples were also exposed to 

the cell for 6h without FBS containing media & 6h without FBS + 24h in FBS 

supplemented media. At each time-points, cells were washed with PBS for 3 times and 

collected cells were dispersed into fresh PBS for flow cytometric analysis. Signals from 

debris and smaller particles were eliminated by adjusting the threshold of the forward-

scattering signal in the flow cytometer. The cells containing fluorescent labeled PEI was 

excited by 640 nm laser and the emission collected with 670±30 filters. For each 
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experiment, a minimum of 10,000 cells were analyzed. A cell sample without PEI was 

used as a control. Intensity of PEI inside cell was calculated by subtracting the Intensity 

of control cell from each intensity measured from PEI containing cell (IPEI-cell). Results 

represent the mean value ± standard deviation (SD) from three independent 

experiments using HeLa cells at different passage numbers. (See fig 26) 

 

 

 

 

 

 

 

 

 

 

Figure 26: Uptake study of BPEI 25 kDa inside cell by FACS. BPEI 20 kDa was labeled 

with Dy-647 dye and different concentrations of PEI exposed to Hela cells for 4, 6, 24 h 

with serum (FBS) supplemented media & without serum supplemented media for 6h. 

Another one was 6h without serum-supplemented media and further media was replace 

with serum-supplemented media for another 24h. 

5. Results and discussion 

5.1 Biodegradable alginate capsules as biocompatible potential delivery agents 

In the present work, we synthesized polyelectrolyte capsules with diameters below 1 μm 

made of the biocompatible polyelectrolytes alginate (ALGI) and poly-L-arginine (PARG) 

based on LbL assembly through a biocompatible synthetic route.  

 

5.1.1 Synthesis and characterization of biodegradable alginate capsules 

Two types of capsules were prepared by the LbL method. For that, a modified protocol 

of previously reported procedures was used.[84, 85] The capsules were composed of 

biodegradable polyelectrolytes, PARG and alginate (ALGI), with positive and negative 
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charge respectively. The overview of the synthesis strategy is illustrated in Figure 27. 

We selected PARG and ALGI to serve as polyelectrolytes, taking advantage of their 

natural, biocompatible and biodegradable origin. Curcumin was encapsulated in the 

capsule core as model drug (cf. Figure 27A-B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. A schematic diagram of the synthesis of biodegradable polyelectrolyte 

capsules loaded with curcumin. Transmission electron microscope (TEM) images of 

curcumin-loaded (A) (PARG/ALGI)2 and (B) (PARG/ALGI)2(PARG/EuL) capsules after 

dissolution of the template cores are shown. Scale bars correspond to 500 nm. 

 

Briefly, calcium carbonate (CaCO3) particles of dh  850 hydrodynamic diameter nm, as 

determined by dynamic light scattering (DLS), were prepared by co-precipitation and 

were used as core templates (c.f Figure 28F,J). To prepare curcumin-loaded capsules, 

curcumin was co-precipitated in the CaCO3 particles. Both, fluorescence measurements 

and fluorescence microscopy (c.f. Figure 28C-D, A-B), confirmed the integration of the 

curcumin in the template core. Note that the CaCO3 were synthesized under the 

presence of PSS in order to reduce size. Next, the core particles were coated with 

PARG and ALGI using the well-described LbL method.[43] As seen in Fig. 28K-L, a 

reversal of the surface charge between negative to positive zeta potential values could 

be observed, which verified the adsorption of polyelectrolytes in each layer. Capsules of 
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two bilayers were prepared and are in the following referred to as (PARG/ALGI)2 

capsules. Furthermore, in order to support and preserve the capsules in harsh pH 

environment (e.g. promote the efficient delivery capability through oral route), the 

capsules were complemented with an additional pH-sensitive EuL polymer layer and 

are then referred to as (PARG/ALGI)2(PARG/EuL) capsules (c.f. Figure 28L). Finally, 

the template cores were removed, and the capsules were washed and stored in 

sterilized water. Then, the capsule concentration was determined by confocal laser 

scanning microscopy (CLSM) (as described in the experimental section), and capsules 

were stored in dark at 4 °C until further used. The resulting capsules exhibited 

hydrodynamic diameters dh of around 885 nm ((PARG/ALGI)2) and 916 nm 

((PARG/ALGI)2(PARG/EuL)). Capsules were uniform, well dispersed, and presented 

spherical shape as shown by TEM and CLSM images (c.f. Figure 28 E, I; A, B and the 

experimental section for further synthesis details). A summary of the capsule 

characterization including the colloidal stability and surface charge of the capsules 

determined using DLS in Millie-Q water, are presented in the Table 3. The found size 

variation between DLS measurement and TEM image analysis can be attributed to little 

deformation or flattening of spherical capsules under dry condition for TEM imaging.  
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Figure 28. Characterization of the biodegradable (PARG/ALGI)2 and (PARG/ALGI)2 

PARG/EuL) capsules. (A, B) Confocal microscopy images of curcumin-loaded (A) 

(PARG/ALGI)2 and (B) (PARG/ALGI)2(PARG/EuL) capsules after removal of the 

template cores. (C, D) Fluorescence spectra Icur(λ) of curcumin-loaded (C) 

(PARG/ALGI)2 and (D) (PARG/ALGI)2(PARG/EuL) capsules after removal of the 

template cores at different wavelength of excitation λex. (E, I) TEM image of curcumin-

loaded E)  (PARG/ALGI)2 and (F) (PARG/ALGI)2(PARG/EuL) capsules after removal of 

the template cores. (F-H) Number distributions N(dh) of the hydrodynamic diameters of 

(F) PSS-CaCO3 cores, (G) (PARG/ALGI)2 capsules, and (H) (PARG/ALGI)2(PARG/EuL) 

capsules as measured by DLS. Data are presented as number distributions N(dh). (J-L) 

Zeta potential distributions N() of (J) PSS-CaCO3 cores, and capsules coated as 

function of the additional PARG/ALGI layers for (K) (PARG/ALGI)2 and (L) of 

(PARG/ALGI)2(PARG/EuL) capsules.  DLS and zeta potential measurements were 

carried out in Millie-Q water.[86] 

 

 

Capsule Type dTEM [µm] dh [nm] ζ [mV] PDI 

PSS-CaCO3       -- 856 ± 29 -20 ± 5 0.15 ± 0.05 

(PARG/ ALGI)2 1.07 ± 0.34 885 ± 34 -37.3 ± 3.7 0.23 ± 0.15 

(PARG/ ALGI)2 (PARG/ 

EuL) 

1.17 ± 0.52 916 ± 46 -39.2 ± 4 0.27 ± 0.035 

 

Table 3.  Colloidal properties of the capsules: The capsule diameter (dTEM) obtained 

from TEM images, average hydrodynamic diameter dh, zeta potential , and PDI of the 

cores and capsules with dissolved cores. The results are presented as (mean ± 

standard deviation (SD)) from three independent batches of capsules. DLS and zeta 

potential measurements were carried out in Millie-Q water.  

 

5.1.2 Drug loading and encapsulation efficiency of capsules 

The encapsulation efficiency (EE) and loading capacity (LC) of curcumin-loaded 

capsules evaluated by both, indirect and direct methods that described in the methods 

section. Note that the spectral and photo physical properties of curcumin are highly 
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sensitive to pH and solvent conditions. [87] For direct quantification of encapsulated 

curcumin the capsule walls were dissolved by pronase before spectroscopy. 

Interference of the optical properties of curcumin with those of pronase was controlled 

by UV-Vis absorption spectroscopy A(λ) and fluorescence spectroscopy I(λ) after 24 h 

incubation of curcumin in pronase solution at 37°, as shown in Figure 12.  The 

absorption A(λ = 420 nm) at 420 nm  was used to calculate  EE and LC, see the 

experimental section. The results are presented in Table 4, indicating similar   EE and 

LC of curcumin in both types capsules. Spectroscopic measurements of the fluorescent 

signal of released curcumin after pronase mediated degradation (i.e. the "direct" 

method) of both the capsules indicated a EE of approx. 70 %.  The LC values found for 

(PARG/ALGI)2 and (PARG/AlGI)2(PARG/EuL) capsules were approximately 15.57 and 

11.24 pg curcumin/capsule as measured by the indirect method and 11.24 and 11.94 pg  

curcumin/capsule as measured by the direct method, respectively.  Since, both types of 

capsules were prepared from one initial batch of CaCO3 cores these similar results of 

curcumin loading were expected.  The slightly different fluorescence and consequent  

variance of LC observed maybe attributed to the additional washing steps involved in 

the synthesis of the (PARG/ALGI)2(PARG/EuL) capsules, which may result in the loss of 

encapsulated curcumin or due to the counting errors of the capsules. However, it is 

important to mention that the LC results of both types of capsules showed, the direct 

and indirect methods agree remarkably well.  

 

Capsules EE [%] 

(direct method) 

LC 

[pg/capsule]   

(indirect 

method) 

LC 

[pg/capsule]   

 direct method) 

(PARG/ALGI)2  

 

75.75 ± 2.25 15.57 ± 1.05 13.54 ± 1.86 

(PARG/ALGI)2(PARG/EuL)  71.00 ± 2.80 11.24 ± 2.15 11.94 ± 1.37 
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Table 4. Encapsulation efficiency (EE) and loading capacity (LC) of (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules with curcumin (number of capsule batches n=2). 

 

5.1.3 In vitro release study from different capsules 

(PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules were loaded with curcumin as 

model drug to investigate the effect that the surface modifications (EuL layer) and the 

number of bilayers of the capsules may have on the drug release kinetics. Thus, the in 

vitro release profile of curcumin (CR) loaded (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules investigated by two different approaches, the 

dialysis and the ultrafiltration method (see the methods section). [88, 89] For those 

investigations 1 mL (nc = 4×107 capsules/mL) of (PARG/AlGI)2  and (nc = 4.6 ×107 

capsules/mL) (PARG/ALGI)2(PARG/EuL)  capsule solution was used. In both types of 

the capsules, the curcumin concentration used for the release study was 40 mg/mL. The 

release profile evaluated at different environmental conditions, in acidic (pH 3 and pH 5) 

as well as in neutral conditions (pH 7). [90]  The results show that (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules had an opposite pH-dependent drug release 

profile. (c.f. Figure 29A-B, C-D). (PARG/ALGI)2 capsules exhibited higher release of 

encapsulated curcumin following incubation at lower pH, while 

(PARG/ALGI)2(PARG/EuL) capsules released more curcumin after incubation at higher 

pH. Amount of released curcumin increased over the time. Notably, the tendency of the 

results was confirmed by the two different approaches used (the dialysis and the 

ultrafiltration method), which corroborates reproducibility of the found pH-dependent 

drug release kinetics. Moreover, the dialysis method showed that after 48 h incubation, 

the (PARG/ALGI)2 and PARG/ALGI)2(PARG/EuL) capsules exhibited a maximum CR of 

50% at pH = 3 environment and CR of 52% at pH = 7  environment, respectively (c.f. 

Figure 29 A, B). Besides, the cumulative curcumin release CR of capsules observed at 

48h by the ultrafiltration method was 70% in pH = 3 environment and 71% in pH = 7 

environment for the (PARG/ALGI)2 and PARG/ALGI)2(PARG/EuL) capsules  

respectively (c.f. Fig. 29 D, E).  The two used approaches provided similar trends in 

maximum CR release from (PARG/ALGI)2 and PARG/ALGI)2(PARG/EuL) capsules pH 

3 and 7, respectively but differed in the absolute CR value. We will attribute this 
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variation to the nature of the different methods, some loss of curcumin, etc. The CR 

behavior of (PARG/ALGI)2(PARG/EuL) was attributed to the additional EuL layer, 

results that were in line with previous work.[91] [92]The use of EuL on capsules could 

potentially be beneficial for particles that need to be preserved under harsh pH 

environment.[93, 94] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Release study of biodegradable curcumin-loaded (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules using the dialysis and ultrafiltration method. (A, D) 

Percentage of released curcumin CR from (PARG/ALGI)2 capsules and (B, E) CR from 

(PARG/ALGI)2(PARG/EuL) capsules measured by (A, B) the dialysis and (D, E) the 

ultrafiltration method. The results are presented as percent of (mean ± SD) from three 
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independent experiments. (C,F) represent schemes of the release study as performed 

by the dialysis and the ultrafiltration  technique.[86] 

 

5.1.4 Biodegradation study of capsules 

The biodegradation of the capsules under different environment conditions over time 

was investigated by means of changes in hydrodynamic diameter dh, zeta potential , 

and visual inspection by confocal laser microscopy (CLSM) images (c.f Figure 30). 

Briefly, (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules were incubated in 2 

mg/mL pronase in phosphate buffered saline (PBS, pH 7) and in PBS buffer at pH = 7 

and pH = 3 for 2, 4, 6, 24, 48, and 72 h and the biodegradation was monitored in terms 

of dh(t), (t), and changes in CLSM images. 

The degradation kinetics of (PARG/ALGI)2 capsules depends on the pH environment. 

The average size of capsules incubated at pH 3 initially decreased and over time 

increased little bit, which has been observed at pH 7 as well as shown by the dh 

measurements. Although, at pH 3 after 48h these capsules loses fluorescence, whereas 

at pH 7 particles were still showing fluorescence as revealed from CLSM images, 

suggesting loss of curcumin at pH 3 (c.f. Figure 30). In contrary to (PARG/ALGI)2 

capsule, (PARG/ALGI)2(PARG/EuL) capsules loses curcumin fluorescence, at pH 7 

after 48h. The dh of (PARG/ALGI)2(PARG/EuL) capsules increases over time for 

incubation in both pH 3 and 7 buffers overtime, which may be because of aggregation of 

these capsules, instead of being degraded according to the CLSM images. In contrast 

to pH 7 buffers, in which, both the capsules were stable up to 24h, get degraded in the 

presence of pronase, even at short periods of time. A decreasing trend in capsule size 

as observed from dh measurements and CLSM images and lowering of outer charge of 

capsules in pronase, over time, supports degradation of capsules in pronase. These 

data suggest that (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) are biodegradable 

capsules, but exhibit different pH dependence profiles, most provably due to the effect 

of the additional PARG/EuL bilayer. 
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Figure 30. Biodegradability study of capsules loaded with curcumin. Curcumin-loaded 

(PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules were incubated in 2 mg/mL 

pronase (pH 7) and in PBS buffer at pH = 7 and pH = 3 at  37 ˚C. (A,B) The 
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hydrodynamic diameter dh and (C,D) the zeta potential  of (A,C) (PARG/ALGI)2 and 

(B,D) (PARG/ALGI)2(PARG/EuL) capsules, in PBS buffer at pH = 7, and pH = 3, as well 

as in pronase in PBS at pH = 7 is plotted over time t. Decrease in dh can be interpreted 

as degradation of the capsules, increase in dh as agglomeration. Data correspond to 

(mean ± SD) of 3 measurements. (E) Confocal images of curcumin-loaded 

(PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules at each time point of the 

degradation study. The scale bars correspond to 5 μm. 

 

5.1.5 Biocompatibility studies of capsules 

In order to investigate the biocompatibility of (PARG/ALGI)2 and 

(PARG/ALGI)2(PARG/EuL) capsules, cell viability studies of HeLa cells exposed to 

those capsules were carried out by using the traditional Resazurin assay as previously 

reported [81, 95]. HeLa cells were derived from a cervical carcinoma, and those cells 

have been frequently employed in toxicology studies,[96] [97, 98] and thus were used 

as model system in this work. As seen in Figure 31, the cell viability (V) results indicated 

that both capsules types are not acutely toxic at the time and doses used. Only a slight 

decrease of cell viability was observed at higher exposure concentrations of 

capsules/cell added.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Biocompatibility study of curcumin-loaded biodegradable capsules. HeLa 

cells were incubated with various numbers capsules per cell (Ncapsules/cell) in serum-

supplemented media for t = 24 h and 48 h. Cell viability V was assessed using the 
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resazurin assay, for (A) (PARG/ALGI)2 and (B) (PARG/ALGI)2(PARG/EuL) capsules. 

Results are presented as percent of cell viability V [%] (mean ± SD) from three 

independent experiments.[86] 

 

5.1.6 Uptake studies of the capsules 

Taking advantage of the intrinsic fluorescence of curcumin, uptake studies of curcumin-

loaded biodegradable capsules were conducted in HeLa cells by flow cytometry and 

CLSM. Flow cytometry is a commonly used strategy to monitor and quantify 

internalization of particles by cells[99], [82], [100]. Briefly, different concentrations of 

(PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules (exposure concentrations 

Ncapsules/cell) were exposed to HeLa cells for t = 24 h and 48 h in serum-supplemented 

medium. After exposure, the curcumin fluorescence Icur in the cells was monitored. The 

internalization studies by flow cytometry indicated that capsules were uptaken in a dose 

dependent manner (c.f. Figure 32). Notably, time (24 versus 48 h) did not influence the 

uptake results, which might be due to cell proliferation. Moreover, the internalization of 

(PARG/ALGI)2(PARG/EuL) capsules reached a plateau as seen in Figure 32B, which 

was not observed for (PARG/ALGI)2 capsules (fig 32A). In addition, we also monitor the 

uptake by CLSM (c.f. Figure 33).  For that, cells exposed to capsules at the 

concentration of 50 capsules/cell for 24 h. Co-localization studies were conducted and 

revealed that the majority of the capsules were found in the lysosomal compartments as 

shown by the Manders’ coefficient m1.[99] The results indicate that (PARG/ALGI)2  

capsules are slightly higher internalized than the (PARG/ALGI)2(PARG/EuL) capsules. 

Those results agree and complement the flow cytometry studies. 
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Figure 32. Uptake study of curcumin-loaded biodegradable capsules. HeLa cells were 

exposed to different concentrations of capsules (Ncapsules/cell) for t = 24 h and 48 h in 

serum-supplemented medium. (A) (PARG/ALGI)2 capsules. (B) 

(PARG/ALGI)2(PARG/EuL) capsules. Cells were then analyzed by flow cytometry and 

the mean curcumin fluorescence Icur in cell was determined. Data were derived from the 

curves shown in Figure 23 and represent (mean ± SD) from three independent 

experiments.[86] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. (A) CLSM images of cells exposed to (PARG/ ALGI)2 and (PARG/ 

ALGI)2(PARG/ EuL) capsules for 24 h along with controls at 50 capsules/cell added. 

LysoTracker-red-DND-99 and Hoechst were used for lysosome and nucleus staining 

respectively. Ctrl and Ctrl(PARG/ ALGI)2   are cells  without capsules added and cell with 

capsules added but without membrane staining, respectively. (B, C) Quantification of 

Manders’ coefficients m1 corresponding to the fraction of capsules in colocalization with 

lysosomes and m2 corresponding to the fraction of lysosomes in colocalization with 
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capsules. Around 40 cells were analyzed from two independent experiments. Scale 

bars corresponds to 20 µm.[86] 

5.2 pH-sensor capsule - a reporter of PEI-mediated Lysosomal pH change and 

capsule trafficking 

5.2.1 Synthesis and characterization of pH sensor capsule 

In our study, four different types of pH sensitive capsules were prepared loaded with a 

pH sensitive fluorophore, SNARF. A detailed description of synthesis is reported in 

experimental section. In brief, SNARF conjugated to high mol wt. dextran (170 kDa) was 

loaded into CaCO3 particles by co-precipitation method. An alternative polymer layer of 

PAH/PSS was added, leading to the final architecture of (PAH/ PSS)4PAH and 

(PAH/PSS)4 which will be further designated as (+) capsule and (-) capsule respectively. 

In order to quantify lysosomal pH, change due to proton sponge effect of PEI, BPEI (25 

kDa) was selected to make layers of capsule. Two partially biodegradable capsules with 

3 BPEI layers in-between (PEI capsule) and 2 PEI layers including one end layer of PEI 

(PEI-end capsule) were synthesized. For making PEI capsule, 1st 2 layers of PAH/PSS 

were added followed by 3 bi layers of (PEI/DEX) and final layer of PARG, making final 

structure of (PAH/PSS)(PEI/DEX)3PARG. In case of PEI-end capsule initial 3 bilayers 

were prepared with PAH/PSS, along with 3 layers of PEI/DEX/PEI, giving rise the 

structure of (PAH/PSS)3(PEI/DEX)PEI. Finally, the inside CaCO3 core was destroyed by 

EDTA, which leads to formation of SNARF loaded hollow capsule system of varying 

polymer layers. In this study, (+) and (-) capsules without any PEI layers were used as 

control. Confocal images of all different capsules of 4-5 µm in size are shown in (fig 34. 

A, E, I, M). The successful addition of alternate layers of opposite charge and the final 

charge of all capsules were confirmed by measuring their zeta potential values (fig 34 

(B,C); (F,G); (J,K); (N,O) ). The capsules show charge variation due to difference in final 

layer. (+) caps, (-) caps, PEI-caps and PEI-end caps have final charge of +10.09, -35.2, 

+7.6 and +10.14 mV respectively. Some variations in SNARF fluorescence intensity for 

different capsules was observed (fig 34 D, H, L, P). The (+) caps, PEI caps and PEI-end 

caps were synthesized from same CaCO3 core loaded with SNARF whereas (-) caps 

was prepared from a separate batch. The more fluorescence of (-) capsule can be 

attributed for synthesizing capsules from different batches of CaCO3 cores. Both (+) 
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caps and PEI-end caps showed almost similar fluorescence intensity whereas little 

lower intensity was found from PEI caps. This is because, during synthesis, after 

addition of EDTA a loss of fluorophore from PEI capsule observed.  

 

 

 

 

 

 

 

Figure 34:  Characterization of SNARF loaded (PAH/PSS)4 PAH capsule [ (+) caps], 

(PAH/PSS)4 capsule [(-) caps], (PAH/PSS)(PEI/DEX)3 PARG capsule (PEI caps) and 

(PAH/PSS)3(PEI/DEX) PEI capsule (PEI-end caps). (A- P) corresponds to Confocal 

images, zeta potential of final capsule & different layers during synthesis and 

fluorescence spectra of SNARF inside  (+) capsule (A,B,C, D), (-) capsule (E, F, G, H), 

PEI capsule (I, J, K, L) and PEI-end capsule (M, N, O, P) respectively. Scale bar in each 

image corresponds to 10 µm. 

5.2.2 pH dependence of different pH sensor capsules 

All different capsules were loaded with pH-sensitive dye SNARF. The SNARF 

conjugated to dextran cannot pass through the capsule but capsule layers are 
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highly permeable to different ions in surrounding environment. Therefore, all 

capsules showed a pH dependent change in fluorescence property. In acidic 

environment, it gives more green (Ig = I580) and less red (I r = I640) 

fluorescence whereas it becomes reverse in alkaline condition. Therefore 

w.r.t different pH the intensity ratio of red and green fluorescence (I r / Ig) 

changes which allows us to monitor pH changes inside cell under various 

conditions. In fig19, pH dependent calibration curve of all capsule outside cell 

immersed into different pH buffers are shown. Fluorescence was measured by 

FACS and fluorescence spectroscopy. The pH dependent calibration curve of 

capsule inside cell after exposure to different pH buffers prepared by FACS 

analysis. The dot plot of Ir vs Ig for 4 different capsules inside cell, immersed 

into different buffer solutions (pH 4- 7.5) has been presented in figure 35 and 

corresponding pH calibration curve of each capsules are shown in figure 36 

A.  

 

 

 

 

 

 

 

 

Figure 35:  2D density plots of the events recorded with FACS for 4 different capsules 

internalized into cells and incubated in different buffer solutions. (A- H) represents 

density plot of the red (Ir) and green (Ig) fluorescence signals. Each recorded event is 

shown as a point in the diagram. (A, E), (B, F), (C, G), (D, H) corresponds to 

fluorescence from 4 different capsules, (+) capsule, (-) capsule, PEI capsule, PEI-end 
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capsule respectively, exposed to cell for 24 h and then immersed into different buffer 

solutions containing nigerisin and monensin to equilibrate with buffer Ph. (E, F, G, H) 

Represents 2D density plots of fluorescence signals at 3 different pH (pH 7.5, pH 6 and 

pH 4.5), which has been used as a reference for gating lysosome, endosome and 

extracellular part of cell.   

 

 

 

 

 

 

Figure 36: (A, B, C) pH Calibration curves of 4 different pH sensitive capsules,  (+)/ (-) 

caps (Ctrl), PEI and PEI-end caps as measured by Flow cytometry (A, B) &  Fluorimeter 

(C).  (A) represents pH calibration curve of capsules inside cell after 24h and (B, C) 

represents pH calibration curve of capsules only. The ratio of green to red fluorescence 

intensity (Ir/Ig) versus the pH of different buffer solutions has been plotted in which the 

capsules were dispersed. 

Therefore, in the CLSM image (overlay image) of capsules after exposed to the cell, 

capsules showing more green fluorescence correspond to that inside endolysosome 

and more red fluorescence represents, that are outside cell or adherent to the cell, 

which means exposed to alkaline cell medium, (see fig 37). In general, capsules are 

internalized by cell through endocytosis process; initial attachment to the cell surface 

followed by intracellular entry into early endosome, late endosome and finally ends up 

into lysosome. Along this pathway, pH around capsule varies from alkaline, to acidic. 

Therefore, trafficking pathway of each capsule into different intracellular compartments 

can be track by monitoring ratio-metric change in fluorescence readout from pH 

sensitive capsules. 
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Figure 37:  Confocal images of 4 different SNARF loaded pH sensitive capsules, 

(PAH/PSS)4PAH  capsule [ (+) caps] (A), (PAH/PSS)4 capsule [(-) caps] (B), 

(PAH/PSS)(PEI/DEX)3 PARG capsule [PEI caps] (C) and (PAH/PSS)3(PEI/DEX) PEI 

capsule [PEI-end caps] (D), inside cell after 24h exposure. HeLa cells were exposed to 

15 capsules/ cell concentrations of different capsules for 24h. Nucleus was stained with 

Hoechst. Scale bar in each image corresponds to 10 µm. 

5.2.3 Cytotoxicity of different pH sensor capsules 

Biocompatibility study of different capsules were performed by simple toxicity assay i.e. 

resazurine assay which determines cytotoxicity depending upon mitochondrial activity of 

viable cell. Cell viability study of different capsules showed both (+) and (-) capsules 

were nontoxic at 120 caps/ cell concentrations after 48h exposure. However, due to 

addition of PEI layers, PEI and PEI-end capsules were found more toxic to the cell (See 

fig.38). Therefore, for all capsules 15 caps/cell concentration was chosen as maximum 

concentration at which almost no toxic effects happened.  
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Figure 38: Biocompatibility studies of SNARF loaded (PAH/PSS)4PAH  capsule [ (+) 

caps], (PAH/PSS)4 capsule [(-) caps] (A) and (PAH/PSS)(PEI/DEX)3 PARG capsule 

(PEI caps) , (PAH/PSS)3(PEI/DEX) PEI capsule (PEI-end caps)  (B) for 24h and 48h 

exposure time. HeLa cells were exposed to different capsules with a concentration 

range of (120-1) capsules/ cell in serum-supplemented media for 24 and 48 h 

separately. Results are presented as percent of cell viability V [%] (mean value) from 

three independent experiments.  

 

5.2.4 Understanding the Intracellular trafficking of pH-sensor capsules 

by FACS 

The study of capsule uptake process i.e. intracellular trafficking and intracellular pH 

measurement were performed by Flow cytometry (FACS) as it allows high throughput 

and highly quantitative analysis. For uptake study, different pH sensitive capsules 

exposed to Hela cells at two different concentrations (15 and 7 capsules/ cell) and 

internalization of capsules monitored over time. For analyzing Flow cytometry data for 

each sample, the first step is to isolate single cell population from cellular debris, dead 

cells and doublets. The two-dimensional (2D) density plots of the forward-scattering 

width (FSC-W) vs forward-scattering area (FSC-A) signals, for detected events of 

untreated HeLa cell (cell without capsule) has been shown in Figure 39A. Low forward 

scattering FSC-W corresponds to cellular debris and dead cells whereas high FSC-A 

signals represents cell doublets or clumps. Single cell population in gated region were 
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backgated onto forward-scattering (FSC) vs side scattering (SSC) plot. The 

fluorescence signals of pH sensitive SNARF capsules inside cell are shown in figure 

39B as a dot plot of red vs green fluorescence signals (Ir vs Ig) as measured by FACS. 

Fluorescence of cell with capsule is highly distinct from fluorescence of cell without 

capsules. Low fluorescence signal (lower-right quadrant) corresponds to the cell without 

capsule and High fluorescence (Ir and Ig) shows cell with capsule.  

 

 

 

 

 

 

 

Figure 39:  Gating strategy for distinguishing events for single cell interaction in FACS 

data. (A) Different types of cell present in a single cell population for FACS analysis. (B) 

Density plot of the side scattering intensity (ISSC-A) vs forward scattering intensity (IFSC-A) 

for untreated cell (cell without capsule), after gating. The isolated single cell population 

from doublet and debris is shown in density plot of the IFSC-A vs IFSC-W. Here A and W 

corresponds to area and width of signal. (C) Single cell-population density plot of cell 

with capsule and cell without capsule, after gating, represented as red intensity (Ir) vs 

green intensity (Ig) of SNARF capsule. Population of Cell containing capsule is highly 

distinct from the cell without capsule. 

The fluorescent population of cell with capsule was divided into three quadrants. The 

local pH of capsules adherent to cell surface are in alkaline environment due to alkaline 

pH of PBS buffer (pH 7.4), whereas capsules inside cell are in acidic endosome (pH 5- 



 83 

6) or lysosome (pH 4.5). The fluorescence cell population in pH calibration curve at pH 

7.5, 6 and 4.5 are distinct from each other (see figure 35 E, F, G, H). Therefore, these 

populations in corresponding buffer solutions has been used as a reference for isolating 

extracellular (pH 7.5), endosome (pH 6) and lysosome (pH 4.5) compartments of cell. 

Therefore, in this way we will get four distinct percentage of cell, three numbers for cell 

having capsules in different compartments (extracellular,endosome, lysosome) and one 

number for cell not having capsule. It can be depicted as % of Cellw caps (in extra), % Cellw 

caps (in endo), % Cellw caps (in lyso) and % cellw/o caps respectively.  

The % cellw/o caps (red population) decreases over time, followed by increase in % Cellw 

caps (in endo) (blue population) and % Cellw caps (in lyso)  (green population). Thus, relative 

capsule uptake into different compartments of cell can be quantify by the formula1.  

Relative capsule uptake (RCU) = (Ncell w caps (in X) / Ntotal)   100                …………. (1) 

Here, Ncell w caps (in X) corresponds to number of cell with capsule in x compartment, where 

x can be extracellular, endosome or lysosome compartment. 

Ntotal is the summation of number of cell with capsule and without capsule. The 2D 

density plot of the red (Ir) vs green (Ig) fluorescence signals for uptake of four different 

capsules, (+) capsule, (-) capsule, PEI capsule and PEI-end capsule, over time 

presented in figure 40. 
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Figure 40:  2D density plot of the red (Ir) and green (Ig) fluorescence signals recorded 

with FACS for uptake of 4 different capsules. (A1-8, B1-8, C1-8, D1-8) represents 

percentage of different capsule uptake, (+) capsule (A1-8), (-) capsule (B1-8), PEI 

capsule (C1-8) and PEI-end capsule (D1-8) over time. Here 15 capsule/ cell 

concentrations of each capsules were exposed to Hela cell for 0.25, 0.5, 1, 2, 4, 6, 24, 

48 hrs. For separating uptake of capsules at lysosome, endosome and extracellular part 

(adherent capsules), fluorescence population (Ir vs Ig) in 2D dot plot at pH 4.5, 6 and 

7.5 , of each capsule, has been used as reference for gating respectively. The 

percentage of cell without capsule are also presented here. 

 

Figure 41 shows relative capsule uptake (RCU) of (+) and (-) capsules, PEI capsule and 

PEI-end capsule into HeLa cell. FACS experiments were done as explained in the 

experimental section. The % of Cellw caps (in extra) goes on increasing up to initial 2h of 

capsule exposure for all different capsules. So, % of Cellw caps (in extra) reaches maximum 

value of ≈ 70% for (+) and (-) capsule, ≈ 75% for PEI-end capsule after 2h whereas it 

reaches to ≈ 80% for PEI capsule after 1h exposure. During this period, % Cellw caps (in 

endo) and % Cellw caps (in lyso) are very low. It means almost all capsules attaches to the cell 

membrane by that time and it gradually enters into cell over time. After 48h, for (+) and 

(-) capsule, only ≈ 10% capsules remain attached to the cell surface. Although at that 

time, % of Cellw caps (in extra) for PEI caps and PEI-end caps were found ≈ 45% and 50 % 

respectively. After 2h almost for every capsules, % Cellw caps (in endo) and % Cellw caps (in lyso) 

increases, this is ≈ 6-10% and ≈ 3-4% respectively for all capsules. A maxima of % 

Cellw caps (in endo) was found for (+) and (-) capsule after 6h, that is ≈ 22% and ≈ 25% 

respectively. Finally, it gradually decreases leading to increase in % Cellw caps (in lyso) 

which reaches ≈ 40-45% after 48h. However, in case of both PEI caps and PEI-end 

caps % Cellw caps (in endo) and % Cellw caps (in lyso) were found ≈ 18% and ≈ 20% 

respectively, after 48 h. That means sum of RCU (%) in endosome and lysosome is ≈ 

35-45% for all 4 types of capsules. In case of (+) and (-) capsules, most of the 

endosomes mature into lysosome after 48h, showing a decrease in % Cellw caps (in endo) 

and increase in % Cellw caps (in lyso). Whereas for PEI and PEI-end capsule, an inhibition in 
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endosome to lysosome maturation can be observe, which leads to gradual increase in 

both % Cellw caps (in endo) and % Cellw caps (in lyso). This phenomenon can be attributed to the 

fact that, due to buffering capacity of PEI layers present in PEI and PEI-end capsules, 

maturation of endosome to lysosome delayed. Similar trend in RCU of different 

capsules were observed for concentration of 7 caps/ cell, showing low value of % Cellw 

caps (in endo) and % Cellw caps (in lyso) compare to the values for 15 caps/ cell. (See figure 24)  

Figure 41: (A, B, C, D) represents percentage of relative capsule uptake (RCU) of 

different capsules, (+) capsule (A), (-) capsule (B), PEI capsule (C) and PEI-end capsule 

(D) over time. Here 15 capsule/ cell concentrations of each capsules were exposed to 

Hela cell for maximum 48 hrs. (E) Corresponds to a schematic of monitoring capsule 

trafficking process. (Fa) Represents fluorescence intensity measured by FACS from (+) 

pH sensitive capsule inside cell at different pH (4.5, 6 and 7.5 ) buffers. After 24h caps 

exposure, cells with internalized capsules were immersed into different buffers 

containing inophores (monensin and nigerisin) for equilibrating intracellular and 

extracellular buffer pH. For separating uptake of capsules at lysosome, endosome and 

extracellular part (adherent capsules), pH 4.5, 6 and 7.5 has been used as reference 
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gate respectively. (Fb) Corresponds to FACS data of relative capsules uptake into 

lysosome, endosome and extracellular part after 24h for (+) capsule.  

5.2.5 Monitoring intracellular pH by different pH–sensor capsule 

According to well accepted ‘proton sponge effect’, PEI is able to increase lysosomal pH, 

although experimental proof about this fact yet to be discover. Therefore, measuring 

lysosomal pH by different pH sensor capsules can reveal valuable information about 

this hypothesis. As explained earlier, PEI layers of PEI and PEI-end capsules will act as 

PEI source inside lysosome and corresponding local pH will be measured by monitoring 

pH dependent fluorescence change of SNARF embedded in each capsule. Two 

capsules, (+) and (-) pH sensor capsule without any PEI layers are used as control 

sensor in each independent experiment. To quantify local pH around each capsule, pH 

dependent calibration curve of respective capsule inside cell used. All these studies 

performed by FACS as described in experimental section. In each experiment, our 

positive control is chloroquine (Cq) which can increase lysosomal pH. Chloroquine is a 

lysosomotropic substance that can pass through cell as non-protonated form and gets 

protonated under acidic environment inside lysosome. It can increase lysosomal pH by 

blocking proton-pump activity in lysosome. In order, understand how our analysis by 

FACS correlates the variation in lysosomal pH to RCU in different intracellular 

compartments, different Cq concentration were exposed to cell for 4h. Here, I need to 

mention Cq was exposed after 24h internalization of pH-sensor capsule into cell.   In 

figure 42A, pH of three different compartments i.e., pHextra, pHendo, pHlyso are compared 

after Cq exposure with control sample. Here (+) pH sensor capsule used for monitoring 

Ph. The cell not exposed to Cq but exposed to sensor capsule used as control. A 

definite change in lysosomal pH from 4.5 (Ctrl) to 5.3 (Cq, 50 µM) was observed 

whereas no significant change was found in pHextra and pHendo. However, distinct 

decrease in %cellw caps (in lyso) and relative increase in %cellw caps (in endo) and %cellw caps (in 

extra) compare to control, has been observed w.r.t varying concentrations of Cq exposure 

for 4h (fig42B). The %cellw caps (in lyso) decreased from 40 % (Ctrl) to 1.2 % (Cq, 50 µM, 

4h), %cellw caps (in endo) increased from 6% (Ctrl)  to 24% (Cq, 50 µM , 4h) and  %cellw caps 

(in extra) also increased from 23.5% (Ctrl)  to 48% (Cq, 50 µM , 4h). The 2D dot plot of Ir 

vs Ig of cellw caps exposed to Cq also shows a shift in cell fluorescence (Compare green 
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population in fig 42 C and D) i.e. decrease in %cellw caps (in lyso) and shift towards red 

intensity in presence of Cq.  

 

 

 

 

 

 

 

 

 

 

 

Figure 42: (A) Monitoring pH of different intracellular (lysosome & endosome) and 

extracellular compartments after exposing different concentrations of chloroquine (Cq) 

by pH sensitive (+) capsule. (B) Represents percentage of relative capsule uptake 

(RCU) of (+) capsule due to chloroquine (Cq) exposure for 4h. Here 15 capsule/ cell 

were exposed to HeLa cell for 24hrs and then different concentrations of chloroquine 

were exposed to the cell for 4h. (C) Represents fluorescence intensity of cell after 

internalization of capsule as measured by FACS. (D) Corresponds to FACS data of 

fluorescence intensity change for capsules uptake into lysosome, endosome and 

extracellular part due to 4h 25 μM chloroquine exposure.  
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Data resulting from 4 different capsules exposure at two different concentrations (15 

and 7 caps/ cell) and related pHextra, pHendo, pHlyso as calculated from respective 

calibration curves of each capsules are presented in figure 43. The pH was monitored 

over time and for each capsule 25 µM Cq exposed to cell was used as positive control 

at each time points. All pH analysis, as well as capsule trafficking analysis, were 

performed from independent pH calibration curve of different capsules (after 24h 

capsule exposure), prepared at each individual experiment. For PEI and PEI-end 

capsules, exposure at 15 caps/ cell concentration, a slight difference in pHlyso (Δ pHlyso) 

can be observed even after 2h which increases more after 24 and 48h compare to (+) 

and (-) capsules (control). The pHlyso as measured by (+) caps and (-) caps after 6h 

caps internalization is 5.1 and 4.9 respectively whereas by PEI and PEI-end capsules it 

was reported as 5.37 and 5.67 respectively. After 24h, the pHlyso reported by (+) caps, (-

) caps, PEI and PEI-end capsules was 4.7, 4.8, 5.26 and 5.47 respectively. (See fig 

43A)  

 

Figure 43: (A, B) Monitoring pH change of intracellular (lysosome & endosome) and  
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extracellular parts over time due to PEI, using 4 different pH sensitive capsules, 

(PAH/PSS)4PAH capsule [(+) caps], (PAH/PSS)4 capsule [(-) caps], 

(PAH/PSS)(PEI/DEX)3 PARG capsule (PEI caps) and (PAH/PSS)3(PEI/DEX) PEI 

capsule (PEI-end caps). Different capsules exposed at 15 caps/ cell (A) & 15 caps/ cell 

(B) concentration to the HeLa cell. (A) Represents change in lysosomal pH due to 3 PEI 

layers at PEI capsule and 2 PEI layers at PEI-end capsule. (+)/ (-) capsule used as 

control (Ctrl). (C, D) corresponds to quantification of cellular pH values due to further 

exposure of BPEI 25 kDa, LPEI 20 kDa and PEI-plasmid polyplex. After 24h exposure 

of PEI capsule, (+) capsules (C) and PEI-end capsule, (+) capsules (C), 200 nM BPEI 

(25 kDa), 300 nM LPEI (20 kDa) and polyplex were exposed. Here (+) capsule was 

used as a control. In all study (A, B, C, D) chloroquine (Cq) was used as a positive 

control. 25 µM chloroquine was exposed for 2, 4, 6 and 24h after 24h exposure of 

different capsules. 

Similar result was found in pH analysis with 7 caps/ cell concentration, Δ pHlyso becomes 

significant after 6h followed by reaching maximum after 48h (see fig 43B). Although, we 

can see little variation in pH values of lysosome reported by (+) and (-) capsule. Here, 

our major concern was to observe weather pHlyso changes because of PEI layers and 

the pH analysis is based on pH-calibration curve of respective pH-sensor capsules. All 

the 4 capsules are able to quantify Δ pHlyso in presence of Cq also. Therefore, we 

should always consider this pH determination as relative analysis not absolute 

measurement. 

In order to look into lysosomal pH variation as reported by different capsules in more 

details, intensity ratio (Ir/ Ig) at lysosomal compartment in FACS data plotted over time 

and compared with their respective pH calibration curve.  A decreasing plateau in pHlyso, 

of HeLa cell observed over time reported by all capsules (figure 44 B, D, F, H). For (+) 

and (-) capsule pHlyso varies between ≈ (5.2-4.7) whereas for PEI and PEI-end capsule 

it was found between ≈ (5.5-5.3) within 2 to 48h time window. In a recent study on 

lysosomal pH using quantitative ratio metric fluorescence microscopy, reported 

‘peripheral lysosomes are less acidic than juxtanuclear ones despite their comparable 

buffering capacity’. The reduced acidifying ability of peripheral lysosomes is a result of 
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an increased passive (leak) permeability to protons, together with reduced vacuolar H+–

adenosine triphosphatase (V-ATPase) activity. Therefore, a plausible reason for 

decreasing trend in pHlyso over time could be trafficking of internalized capsules 

containing lysosome from peripheral site to juxtanuclear site. The increased pHlyso due 

to exposure of Cq as measured by (+) and (-) pH-sensor capsule was ≈ (5.5-5.7). 

However, for the same Cq exposure, PEI and PEI-end capsule reported the pHlyso as ≈ 

5.8 (see, figure 44 A, C, E, G). A slight higher pH reported by PEI layered capsules can 

be addressed to the presence of additional PEI layers in it. This additional PEI layer can 

further contribute to the increase in pHlyso due to Cq exposure.  In another experiment, 

all different capsules were 1st exposed for 24h and then extra BPEI, LPEI and polyplex 

were exposed to the cell. In figure 43 C, D, Δ pHlyso among PEI, PEI-end capsule and 

(+) capsule can be seen but no Δ pHlyso were found for further exposure of PEI or PEI-

polyplex. Now, to detect any influence of PEI on lysosomal pH, it is necessary that 

sensor capsule should report the pH of the particular lysosome that contain PEI. Since, 

capsules are quite big in size compare to the simple polymer or PEI-polyplex, we 

suppose, there might be rare possibility of co-localization into same lysosome. 

Therefore, we performed co-localization study of sensor capsule, PEI and lysosome that 

explained in next paragraph. Nevertheless, no significant changes in Δ pHextra and Δ 

pHendo found in all experiments. This we have to address to the limitation of this analysis 

technique. However, in terms of RCU in different intracellular compartments, a distinct 

anomaly observed between control capsule and PEI layered capsules which shown in 

fig 41 and explained in section 5.2.5. 
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Figure 44: Lysosomal pH quantification using 4 different pH sensitive capsules,  
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(+) capsule (A, B), (-) capsule (C, D), PEI capsule (E, F), PEI-end capsule (G, H). 

Change in intensity ratio (Ir/ Ig) of different capsules inside cell over time, has been 

plotted for each capsule and compared with their respective pH calibration curves. 

Calibration curves were prepared after 24h capsules exposure to the cell. Change in 

Intensity ratio can be seen due to further exposure of 25 uM chloroquine (Cq) for 2, 4, 6, 

24h after 24h cellular uptake of each capsules. (B, D, F, H) Corresponds to enlarged 

view of the lysosomal part of cell and shows time dependent decrease in lysosomal pH 

as found for every capsule. 

5.2.6 Co-localization study of pH-sensor capsule, PEI and lysosome 

The most important criteria for efficient quantification of lysosomal Δ pH  is, both the 

sensor capsules and reagent specific for pH change should be in same lysosome. 

Therefore, a detailed investigation on lysosomal pH change performed with different PEI 

samples (BPEI 2, 25, 60 kDa and LPEI 20, 250 kDa) as mentioned in experimental 

section. For that, the nontoxic concentration range of different PEI samples selected 

from a series of dose-dependent cell viability experiments of different PEI samples (see 

figure 18). Since we wanted to transfer both sensor capsule and PEI into same 

lysosome, we designed two experimental methods. In 1st (+) caps allowed to enter into 

cell for 24h, followed by different PEI samples were exposed and pHlyso monitored over 

time by FACS. Whereas, the 2nd experiment was co-exposure of capsules and PEI 

samples, where capsules exposed for 4h followed by exposure of different PEI samples. 

The reason to keep 4h interval between capsule and PEI exposure in 2nd experiment 

was bigger particle like capsules (5 µm) require longer time to enter into cell than small 

polymer like PEI.  In the same way as mentioned before, we quantified pH lyso after 

exposure of different PEI samples. Here, control was cell exposed to caps but not PEI 

and positive control was cell exposed to Cq. Since lysosomal pH is also dependent 

upon capsule trafficking three different pH calibration curves with varying capsule 

exposure time (8h, 24h and 48h) used for pH analysis. For instance, pH calibration 

curve after 24h caps exposure used for analyzing pHlyso after 24h PEI exposure. In case 

of 1st experiment pHlyso after 24h PEI exposure was quantified with pH calibration curve 

after 48h capsule exposure as this corresponds to capsule internalization up to 48h. 

(figure 19 D, E). For each individual experiment, a set of time dependent pH calibration 
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curve used for analysis. In figure 20 and 45, pHlyso quantified for 1st and 2nd 

experiments, after exposing different PEI samples with a series of concentrations, are 

reported. In case of (8+24)h a slight deviation from control pHlyso observed for all PEI 

samples in figure 20. Similar phenomenon also observed for BPEI 2, 25 kDa and LPEI 

250 kDa after 24h exposure in 2nd experiment (fig 45 A, B, E).  However, considering 

the standard deviation from different experiments, this pH shift found in these studies 

clearly cannot be associated with change in pHlyso due to PEI exposure.  

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Lysosomal pH measurement in response to different branched (A-C) and 

linear (D, E) polyethylenimine (BPEI & LPEI) over time. Hela cells were allowed to 

internalize + ve pH sensor capsule at 15 caps/ cell in serum supplemented media for 4 

h followed by exposure to series of dilutions of different PEI samples for 2, 4, 6 & 24 h. 

The Data point at zero corresponds to reference cell or control. As + Control (+ ctrl) 25 

uM chloroquine solution was exposed to cells for 2h, 4h and 6h. The Lysosomal pH 

measured from pH calibration curve of + caps inside cell. The data represents average 

of three independent experiments and corresponding standard deviation. 
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In order to confirm co-localization of pH-sensor capsule and PEI or PEI-polyplex, in 

same lysosome, co-localization study was performed as described in SI.  Here 

scrambled DNA was used to make polyplex as our main aim was to see effect of PEI on 

pHlyso. As excitation and emission spectra of SNARF covers a quite broad spectral 

window, we were unable to perform direct co-localization with pH sensor capsule and 

PEI with any labeled fluorophore. Therefore, capsule was loaded with cascade blue 

dextran, BPEI 25 kDa labeled with Rhodamine-B and lysosome was stained with 

LysoTracker-green dye. Quantification of mender’s overlap co-efficient revealed very 

low overlap between PEI and capsule for both PEI and polyplex. (see figure 46 C, G, K). 

That means possibility of finding capsule and PEI, as free PEI or polyples, into one 

lysosome is very low. Therefore, it can happen the pH sensor capsule is reporting the 

pH of different lysosome having no PEI in it or with insufficient PEI content for showing 

lysosomal pH change.  

 

 

Figure 46:  Confocal image of capsule, lysosome, PEI (A) & capsule, lysosome, PEI-

plasmid polyplex (E, I) co-localization. PEI was labeled with Rh-B dye and capsule was 

loaded with cascade blue dye.  HeLa cells were exposed to 7 capsules/ cell 

concentrations of (PAH/PSS)4  capsules for 24h. After that PEI exposed for 24h (A) and 

Rh-B labeled PEI-plasmid polyplex exposed for 6 & 24h (E, I). lysosome was stained 

with Lyso-Tracker green. (B C, D) corresponds to mender's overlap co-efficient (M) for 

lysosome (lyso), capsule (caps), PEI after 24h & (F, G, H), (J, K, L) corresponds to 
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lysosome (lyso), capsule (caps), PEI-plasmid polyplex (polyplex) overlap after 6h and 

24h respectively. (B,F, J) Overlap of lysosome with capsule & PEI or polyplex, (C,G, K) 

Overlap of capsule with lysosome & PEI or polyplex, (D, H, L) Overlap of PEI or 

polyplex with lysosome & capsule. Scale bar in each image corresponds to 10 µm. 

6. Conclusion and outlook 

In summary, two application of LbL PEC has been presented, one about fabrication of a 

new biocompatible drug delivery system and another is about intracellular pH-sensing 

through PEC by high throughput analysis technique using FACS.  

The presented 1st work provides an assessment of the in vitro biocompatibility, stability, 

and biodegradability of (PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules. 

Capsules were shown to be biodegradable. Hereby (PARG/ALGI)2 capsules degraded 

faster at acidic pH = 3, in contrast to (PARG/ALGI)2(PARG/EuL) capsules, which exhibit 

better stability at lower pH. However, both capsules were degraded in presence of 

pronase. In addition, the drug release studies indicated reverse drug release kinetics. 

The maximum release profile found for (PARG/ALGI)2 capsules occurred at lower pH, 

while the maximum release profile of (PARG/ALGI)2(PARG/EuL) capsules was found to 

be at physiological pH. The release kinetics showed thus that the additional EuL layer 

on the capsules protected the release at acidic environment.  Moreover, capsules 

showed acceptable biocompatibility in HeLa cells. The uptake studies revealed that 

capsules were internalized into cells in a concentration dependent manner. 

(PARG/ALGI)2 and (PARG/ALGI)2(PARG/EuL) capsules thus allow for the delivery of 

encapsulated compounds to cells with the possibility to tune the release kinetics by the 

outer EuL layer. 

In my second work PEC based pH-sensor was used to validate ‘proton sponge effect’ 

hypothesis of PEI, which is explained elaborately in introduction. Here we assessed 

influence of PEI on lysosomal pH by making pH-sensor PEC with additional outer layers 

of PEI. Comparing the pHlyso as reported by PEI caps and PEI-end caps with our control 

sensor (+)/ (-) caps, we found a little increase in pH after 6h, which was more prominent 

at 24h exposure time. This analysis was performed with FACS and we demonstrated a 

high throughput analysis technique of intracellular pH change. Nevertheless, the uptake 
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studies of different pH-sensor capsule allowed us to monitor particle trafficking in terms 

of capsule, into different intracellular compartments (extracellular, endosome, lysosome) 

over time, considering the pH variation of these compartments. This analysis revealed 

initially 1h required for capsules attachment to the cell afterwards it starts to internalize 

into endosome and lysosome over time. After 24h the % Cellw caps (in extra) decreases and 

% Cellw caps (in endo) and % Cellw caps (in lyso) increases. However, the intracellular uptake 

kinetics of control sensor capsules was different from PEI-layered capsule. For control 

pH-sensor, capsule lysosome increases following decrease in endosome, which 

indicates maturation of endosome to lysosome over time. Whereas in case of PEI-

layered pH-sensor, increase of capsule in both endosome and lysosome suggest PEI 

layer in capsule inhibits maturation of endosome into lysosome by preventing 

acidification. Therefore, according to our study with PEC based pH-sensor, we can 

conclude that PEI is capable of manipulating lysosomal pH due to its buffering capacity. 

This is also a reason for their improved transfection efficiency. Although until now, there 

was no direct experimental proof about this special characteristic of PEI.  

The PEC system show potential for application as biodegradable drug delivery system 

and for pH-sensing inside cell. Delivery of therapeutics through biodegradable carrier 

improves bioavailability of poorly water-soluble drugs especially in case of oral drug 

delivery. However, large size of this system is still a major concern for drug delivery and 

sensing application.  Another major challenge of capsule based ion-sensor is the 

problem of cross talk between different fluorophores.  Since, capsules can load high 

content of fluorophores in it, sensitivity of fluorescence dependent sensing analysis 

increases. However, this advantage sometime introduces cross-talk challenges while 

study with multiple fluorophore labeled particle is concerned.  
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7. List of Hazardous Substances used according to GHS  

 

Substances  GHS pictograms  Hazard 

Sentences  

Precaution 

Sentences  

Ethanol  

   

GHS02, GHS07  

Danger  

H225–H319  

 

P210–P305 + P351 + 

P338–P370 + P378–

P403 + P235  

 

Hydrochloric acid, 

37 %  

 

  

GHS05, GHS07  

Danger  

H302+ H314+ 

H318+ H335 

P260 + P264 + P270 

+ P271 + P280 + 

P301 + P330 +P331 + 

P303 + P361 + P353   

Sodium Alginate 
 

 

Not hazardous 

substance.  

  

Sodium chloride  

 

Not hazardous 

substance. 

  

Sodium hydroxide  

  

GHS05 Danger  

H224  

 

P210 

EDTA, Disodium, 

Dihydrate 
 

GHS07 

H302 + H315 + 

H 319 + H 335 

P261 + P264 + P270 

+ P280 + P271 

Poly(sodium-p-

styrenesulfonate) 

Not hazardous 

substance. 

  

Poly(allylamine 

hydrochloride) 
 

GHS07 

H302-H317 P280 
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Poly-L-arginine 

hydrochloride 

Not hazardous 

substance. 

  

Polyvinyl 

pyrrolidone 

Not hazardous 

substance. 

  

Curcumin Not hazardous 

substance. 

 

 

 
 
 
 

Sodium dodecyl 

sulfate 
 

GHS02, GHS05, 

GHS07 

 

H228-H302 + 

H332-H315-

H318-H335-

H412 

P210-P261-P280-
P301 + P312 + P330-
P305 + P351 + P338 
+ P310-P370 + P378  
 

Poly(ethyleneimine) 

 
GHS07, GHS09 

 

H302-H411 

 

P273 

Sodium carbonate 

 

GHS07 

 

H319 

P264-P280-P305 + 

P351 + P338-P337 + 

P313 

Citric acid 

 

GHS07 

H319 P264-P280-P305 + 

P351 + P338-P337 + 

P313 

Dextran sulfate 

sodium salt 

 

Not hazardous 

substance. 
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