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Chapter 1 

Introduction 

 

1.1  Ketamine 

1.1.1 Chemical Features 

The ketamine was developed in 1962 and was released for public use in 1970 as a safer anaesthetic 

than the phencyclidine (PCP) [1]. In recent years, other uses have been developed, including pain 

management, treatment of asthma and depression, but due to potential for abuse, it became a Schedule 

III controlled substance in 1999. Ketamine is known as a dissociative anaesthetic and this means that 

the substance distorts the users perception of sight and sound and produces feelings of detachment 

from the environment and ones self. Ketamine (figure 1.1.1) is an arylcycloalkylamine, with the 

chemical formula of 2-(2-chlorophenyl)-2-(methylamino)-cyclohexanone [2] and has a molecular 

weight of 238. Ketamine is a cyclohexanone derivate and it’s prepared as a racemic mixture in a 

slightly acidic solution (pH 3.5 – 5.5). This molecule is freely water-soluble and has a pKa of 7.5.  

 

 

 

Fig 1.1.1: the chemical structure of ketamine (2-(2-chlorophenyl)-2-(methylamino)-cyclohexanone) 

 

In this mixture can be appreciated the chiral centre presence with two enantiomeric isomers: the (R)-

ketamine and (S)-ketamine (fig. 1.1.2).  
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Fig 1.1.2: optical isomers of ketamine 

 

The ketamine free form of the active ingredient crosses the blood-brain barrier (BBB) fast for its 

high lipid solubility.  

 

1.1.2 Mechanism of action 

Ketamine acts on the central nervous system (CNS) and has local anaesthetic properties, but its 

mechanism of action is not well understood. The ketamine effects are induced primarily interacting 

with N-methyl-D-aspartate (NMDA) receptor Ca2+ channel pore as non-competitive antagonist and 

may interact with opioid receptors. The blockade of NMDA channel appears to be the main 

mechanism of the anaesthetic and analgesic action of the drug [3]. 

 

Fig 1.1.3: Ligand classes of NMDAR (left) and schematic representation of postsynaptic receptors 

(right) 
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The ketamine presence reduces the presynaptic release of glutamate. Between the two enantiomeric 

isomers there are different affinities to ketamine receptors. The S(+) enantiomer has three to four fold 

greater affinity for the NMDA receptor than the R(-) form [4]. In a study was observed that ketamine 

total amount induced anaesthesia in male adults was ~271 mg for (+) ketamine vs ~409 mg with 

racemic ketamine and the S(+) enantiomer is cleared from the body in half the time it takes for racemic 

ketamine. The R(-) enantiomer takes only slightly longer than racemic ketamine solution [5]. Other 

mechanisms of action of ketamine include interaction with mu, kappa and delta opioid receptors. This 

interaction with these receptors is stereoselective and the affinity of the drug is 10 times less than the 

interaction with NMDA channel [6]. Another ketamine application was recently discovered studying 

its metabolites as a potential NMDAR inhibition-independent antidepressant: the (2R,6R)-

hydroxynorketamine (HNK) ketamine metabolite, produced by cytochrome p450 in vivo, has an 

antidepressant effect increasing glutamatergic signalling with a lack of side effects [7]. 

 

1.1.3 Therapeutic effects: anaesthetic, analgesic, antidepressant 

Since the mid of 1980s, it has been known the anaesthetic effect caused by the blockade of NMDAR 

and in the intervening years, subsequent works, has demonstrated a wide range of different molecular 

effects of ketamine. Its clinical usefulness has expanded to include a role of management of many 

clinical conditions including acute and chronical pain and, most recently, as a rapid acting 

antidepressant. The use of ketamine for its anaesthetic property is approved by the United States Food 

and Drug Administration (FDA) and in clinical setting is usually administered by intravenous (IV) or 

intramuscular (IM) injections. It has also been used as a preoperative agent for anxiety reduction and 

to facilitate induction of general anaesthesia in various procedures. One peculiarity of this drug, 

unlike other medications used for pain and sedation, once the dissociative threshold is reached, 

administration of additional agent does not lead to further sedation. The typical dose of dissociation 

in adults appears in a range between 1-1.5 mg/kg IV or 4-5 mg/kg IM. Unfortunately one of the main 

factors that limits the clinical use of ketamine is an emergence delirium (ED), consisting of 

hallucinations and an altered sensory state with an incidence of 30% [8]. In addition, the ketamine 

uses may cause hypotension and bronchospasm  and significant side effects limit its routine use. Many 

patients treated with ketamine suffered a profound analgesia, unresponsiveness to commands, 

amnesia, may have their eyes open, move their limbs involuntarily and breath spontaneously. These 

cataleptic states have been termed “dissociative anaesthesia” [9]. Ketamine has proven to be an 

extremely effective antidepressant for treatment of major depression, bipolar disorders and suicide 

behaviour. Unlike conventional anti-depressants, that took weeks to start their effects, ketamine 
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works incredibly fast acting in as little as two hours [10]. In recent studies was demonstrated the 

ketamine metabolite effect as antidepressant instead of the ketamine itself.  

 

1.1.4 Recreational use: psychotomimetic, hallucinogenic, out-of-body 

experience (k-hole) 

 

From a sociological point of view is well-known the recreational use of the ketamine. This way of 

ketamine administrations began approximately in 1971 [11], with increased reports in 1990s, in the 

United States and then spread to international locations, largely following the “rave” culture [12]. By 

early 1980s various preparations of ketamine were available on the street with different names as 

special K, jet, cat Valium, vitamin K, K-hole, Kit Kat, and liquid E. The ED and psychotomimetic 

effects that limed the clinical use of ketamine were the same that led to recreational misuses. In sub-

anaesthetic doses, it causes an altered state of mind, resembling schizophrenic psychosis [13] and at 

higher doses users may become “lost in the K-hole”, a term used to label the pronounced 

depersonalization “out of body” experience, involving a loss of sense of space and time [14]. There 

are undesirable effects that the recreational user may experience including anxiety, impaired memory, 

poor attention, impaired verbal fluency and preservation, emotional withdrawal, disorganized speech, 

slurred speech, blunted effect, paranoia, ideas of reference, usual thought content, chest pain, 

palpitations, tachycardia, temporary paralysis, and blurred vision [15-18]. Many reported cases of 

burns, falls, drowning, traffic accidents and “date rape” were linked to ketamine-related impairment 

of the drug users. Despite such aversive experiences, ketamine cause potential addiction and 

dependence for case reports of ketamine compulsive seeking behaviours. For many ketamine 

therapeutic effects and potential unique applications, this drug is still under study from 

pharmacological point of view. 
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1.2 Nanopharmacology 

1.2.1 Nanodrug delivery 

 

In the recent years, with many applications of the nanotechnology in the clinical field, the 

development of new pharmaceutical devices was one of the main targets. Due to intrinsic molecular 

proprieties of free drugs, it was necessary to develop new ways to improve the drug distribution. 

Using nanocarriers to deliver the drug of interest has created different strategies to improve the 

distribution of the active ingredient. With the surface functionalization of the nanoparticle, with 

different molecules, it can be possible to add new proprieties to the nanodevice: the possibility to 

make the nanodevice invisible to the immune system of the host organism, improve the distribution 

exploiting the active targeting of the nanoparticle, adding probes in order to localize the position of 

nanoparticles etc.. Today, with the application of the nanotechnology in the drug delivery, many 

different types of nanovehicles are well studied (figure 1.2.1) sharing properties such as 

biocompatibility, non-immunogenicity, non-toxicity of metabolic products and biodegradability. 

 

 

 

Fig 1.2.1: different types of nanocarriers (a) and different loading methods (b) 
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The advantage of the nanoparticles in the drug delivery is characterized by many different aspects: 

the really high surface-volume ratio of nanoparticles that increases the available surface for drug 

adsorption; the small size that can make the nanovehicle able to cross through different membranes; 

the possibility to functionalize the external surface of the nanoparticle with different ligands. This 

last point is fundamental to develop of the nanoparticle for the possibility to add new properties to 

the material.  

 

 

 

 Fig 1.2.2: chemical modifications and bioconjugate reactions of nanomaterials for sensing, 

imaging, drug delivery and therapy. 

 

The better distribution of the drug can be obtained making the nanoparticles able to a specific 

targeting to tissue or receptor adding ligands on the surface. Another important application of the 

bioconjugation of nanoparticles is a process named “PEGylaton”. This expression indicates the 

coating process of the surface of the nanomaterial with polyethylene glycole (PEG), a polymer that 

can make the nanoparticle stealth to the immune system of the host microorganism.  
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1.2.2 PLGA 

The Poly(lactic-co-glycolic acid) is a copolymer of poly lactic acid (PLA) and poly glycolic acid 

(PGA) and it’s considered the best defined biomaterial available for drug delivery with respect to 

design and performance (fig. 1.3.1).  

 

 

 

 

 

It’s a biodegradable, biocompatible and toxicologically safe material and PLGA are a family of FDA-

approved polymers [19]. For the slow degradation of PLGA, it can be used for sustained drug release 

at desirable doses and controlling relevant parameters such as polymer ratio of lactide to glycolide, 

dimension of nanoparticles could be optimized the release and the amount of encapsulated drug [20]. 

The PLGA biodegradability in water by hydrolysis of its ester linkages is shown in fig. 1.3.2. 

 

Figure 1.2.3: molecular structures of poly glycolic acid 

(PGA), poly lactic acid (PLA) and poly(lactic-co-

glycolic acid) 
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The slow speed of the PLGA erosion is characterised by the presence of methyl side groups in PLA 

(fig. 1.3.1) making this polymer more hydrophobic than PGA. Hence, the lactide rich PLGA 

copolymers are less hydrophobic, adsorb less water and subsequently degrade more slowly. The 

commonly commercialized PLGA have a ratio between PLA and PGA of 50:50, 75:25, 85:15 and 

the choice of the polymer depends, beside the fact abovementioned, by the property of the drug to 

encapsulate: more hydrophobic molecules will be encapsulated better in PLGA with higher amount 

of lactide than glycolic acid. In nanopharmacology, the PLGA particles must be able to deliver its 

payload with appropriate biodistribution, duration and concentration. So the design of the device, as 

the geometry and surface, is essential to incorporate mechanisms of degradation and clearance of 

vehicle itself as well as the active pharmaceutical ingredients (API). Blood clearance and uptake by 

the mononuclear phagocyte system (MPS) may depend on dose and composition of PLGA 

nanocarrier system [21]. Via whole-body autoradiography and quantitative distribution experiments 

was possible to observe an rapid accumulation in liver, bone marrow, lymph nodes, spleen and 

peritoneal macrophages of nanoparticles without any treatment. In different studies is also ascertained 

that incorporation of surface modifying agents can significantly increase blood circulation half-life 

[22]. For the high versatility of the PLGA and high its characterization, has been among the most 

attractive polymeric candidates used to fabricate devices for drug delivery. 

 

Figure 1.2.4: hydrolysis of ester linkage  
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1.2.3 Single emulsion-solvent evaporation technique 

This method [23] consists in the use of an oil-in-water system where an organic solvent, in which the 

drug of and PLGA (Poly-co-lactic glycolic acid) are dissolved, is added dropwise into an aqueous 

solution in stirring. Subsequently the organic phase is removed with an evaporation process allowing 

the nanoparticles stabilization. The dimension of the drops inside the O/W system characterise the 

nanoparticle dimension and with the use of a stabilizer inside the aqueous phase can be produced 

particles with a better size distribution. 

 

 

 

Another contribution to the NPs size is the kinetic energy transferred to the system from the stirrer 

that causes collisions between PLGA NPs and the system boundary. An alternative kinetic energy 

donor is the sonicator, but its use may cause a temperature rise and subsequently a destructive effect 

to produced nanoparticles. This thermal adverse phenomenon may be occurred approximately at 35 

ºC [24]. The main difficulty of the organic nanoparticles synthesis is the reproducibility of the final 

product in fact each synthesis parameter fluctuation may cause a high variation of the produced 

nanoparticles in term of size and other properties [25]. PLGA polymer can be dissolved in many 

organic solvents such as methylene chloride (CH2Cl2), chloroform (CHCl3), acetone (C3H6O) or 

dimethyl sulfoxide (C2H6OS) and  their variation may affect the final product. Organic solvent: a 

low boiling point is needed in order to facilitate its evaporation after the synthesis occurred. It has to 

be able to dissolve both the drug and PLGA. Stabilizer molecule dissolved in aqueous solution: a 

surfactant variety are used for NPs formation and stabilization. The surfactant can be anionic, cationic 

Figure 1.2.5 Schematic representation of PLGA nanoparticle synthesis with single 

emulsion technique. 
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or non-ionic and some of these are PEG, sodium cholate, Tween 80, dextran, poloxamer and polyvinyl 

alcohol (PVA). The different nanoparticles sizes are attributed to the aqueous solution surface tension 

modifications that they may carry out. Stirring speed: usually a higher speed leads to a smaller 

nanoparticle size formation. PLGA PLA/PGA ratio: depending on the molar ratio of lactide to 

glycolide used for the polymerization. Different forms of PLGA are available PLGA 75:25 or 50:50. 

PLGA concentration: a higher PLGA concentration in organic solution could to an increase in mean 

NPs size, but also to a greater encapsulation efficiency. The high possibility to change synthesis 

parameters permits a high optimization of the final product for each different drug of interest. 
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1.2.4 Double emulsion-solvent evaporation technique 

For partially or completely hydrophilic drugs, the encapsulation has to overcome several problems 

[26], in particular the reproducible formation of nanoparticles and a good encapsulation efficiency 

parameters. A strategy that permits an encapsulation of hydrophilic drugs is the double emulsion 

technique [23].  

 

 

This method consists in the formation of a first w/o system, adding the first aqueous solution to the 

organic solution dropwise in stirring. Then the w/o solution was subsequently added to a second 

aqueous phase obtaining the w/o/w system. In order to entrap as much as possible drug, the non-

encapsulated drug after w/o formation, will be encapsulated during the formation of the double 

emulsion (fig. 1.2.6). The drug different type of stabilizers can be added to both organic and aqueous 

phase in order to obtain the best encapsulation efficiency. At the cost of high reproducibility difficulty, 

the possibility to optimize the synthesis protocol is very high permitting the characterization of the 

synthesis best protocol. 

 

 

 

Figure 1.2.6 Schematic representation of PLGA nanoparticle synthesis with single 

emulsion technique. 
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1.2.5 ApoE based drug delivery across the blood brain barrier 

 

The obstacle that limits the passages via paracellular diffusional pathways of most polar solutes and 

macromolecules circulating in blood from the brain extracellular fluid in the central nervous system 

(CNS) is the blood-brain barrier (BBB) [27]. Tight junctions (TJs) between cerebral endothelial cells, 

choroid plexus epithelial cells and the arachnoid epithelium cells create this selective permeant 

membrane barrier.  

 

 

Figure 1.2.7 Endothelial cells between the blood circulation and the brain extracellular fluid (left); 

tight junctions (TJs) between two endothelial cells plasma membranes (right). 

 

The tight junctions consist of a complex of proteins called occluding and claudin spanning the 

intercellular cleft and junctional adhesion molecules (JAMs) [28].  Add to TJs, the junctional 

complexes between endothelial cells include also adherens junctions (AJs): cadherin proteins span 

the intercellular fissure and are linked into the cell cytoplasm by alpha, beta and gamma catenin and 

they are essential for the formation of tight junction [29]. Due to the presence of BBB, vital molecules 

and metabolites are transported from the blood to CNS by an active transcellular mechanism [30]. In 

order to transport novel nanodevices across the BBB, it was studied a method to use the low-density 

lipoprotein receptor (LDLr)-mediated pathway [31]. LDLr is a receptor present on capillary 

endothelial cells of several species and their expression is upregulated in the BBB respect to other 

endothelia [32].  In a recent study, interactions between the LDLr and nanoparticles functionalized 

with a specific apolipoprotein E (ApoE) amino acid sequence was evaluated [33]: LDLr recognizes 

tandem dimer (141-155)2 and also a shorter sequence of this dimeric peptide, (141-150)2 [34].  
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The possibility to take advantage of this pathway in nanodrug-delivery was demonstrated synthetizing 

curcumin liposomes functionalized with ApoE in monomeric and dimeric forms. 

 

 CWG-(LRKLRKRLLR)-NH2 (monomer, mApoE); 

 

 CWG-(LRKLRKRLLR)-(LRKLRKRLLR)-NH2 (tandem dimer, dApoE). 

 

 

They observed that liposome functionalized with the dApoE-peptide at high density could deliver 

curcumin or other encapsulated drug across the BBB, increasing its brain bioavaiability and 

decreasing the drug degradation. A modified peptide derived from ApoE could be used for PLGA 

nanoparticles mediated nanodrug-delivery due to the presence of carboxylic groups in all of its 

extension. 

 

HS-CGGWGGLRKLRKRLLR-NH2 

 

 

The ApoE peptide was modified with underlined sequence [33]: 

 

 Cysteine (C) for the link with the nanoparticles; 

 Two glycine (GG) as spacers; 

 A tryptophan (W) used to evaluate the surface functionalization with fluorimeter; 

 Additional two glycine (GG) as spacers. 

 

The PLGA carboxylic group can be bound to the peptide through the EDC/NHS covalently reaction. 

1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) is a crosslinking agent used to couple 

carboxyl group or phosphate groups to primary amines.  
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EDC reacts in an acidic pH solution with PLGA carboxylic acid groups forming an active O-

acyilisourea intermediate. 

 

 

Figure 1.2.8 Formation of o-acylisourea intermediate from the reaction of EDC to carboxylic acid 

groups 

 

This intermediate is unstable in aqueous solutions, so an eventually failure of the reaction with the 

amine results in hydrolysis of the intermediate, regeneration of carboxyls and the release of an N-

unsubstituted urea. N-hydroxysuccinimide (NHS) is often included in EDC coupling protocols to 

improve efficiency or create amine-reactive intermediates. EDC couples NHS to carboxyls, forming 

an NHS ester that is considerably more stable than the O-acylisourea intermediate. 

 

 

 

Figure 1.2.9 Formation of NP-NHS ester from o-acylisourea intermediate and NHS reaction. 
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The NP-NHS allows an efficient conjugation to primary amines at physiologic pH, represented in 

this case by N-(2-Aminoethyl)maleimide (AEM) adaptor. 

 

 

 

Figure 1.2.10 Formation of functionalized PLGA NPs with ApeE-peptide from the complex NPs-NHS 

 

The formed AEM maleimidic group reacts specifically with the cysteine sulfhydryl group of the 

ApoE peptide when the pH of the reaction mixture is between pH 6.5 and 7.5. The final result is the 

formation of a stable thioether linkage. [35,36]. 
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Chapter 2 

Aim of the Thesis 

 

The main objective of this project is the development of a PLGA based nano-device that can 

encapsulate and carry the ketamine across the Blood-Brain Barrier. It will be designed an effective 

synthesis protocol in order to obtain a nanomaterial with size, distribution and encapsulation 

efficiency (EE%) compatible for the final purpose and an experimental method to quantify the 

encapsulated drug. In order to find a compatible method to quantify the encapsulated ketamine 

amount, it will be used different techniques including UV-VIS spectroscopy and liquid 

chromatography mass spectrometry (LC-MS) determining the nanoparticles encapsulation efficiency 

(EE%). For the PLGA NPs synthesis it will be used the solvent evaporation technique and the 

synthesised nanoparticles will be analysed with the dynamic light scattering (DLS) and the 

characterized ketamine quantification method. Once obtained PLGA NPs with good morphological 

and encapsulating properties, it will be functionalized with ApoE peptide and analysed with 

fluorescence spectroscopy in order to verify the occurred ApoE coating process. Final 

characterizations will be done using differential scanning calorimetry (DSC), dynamic light scattering 

(DLS) and atomic force microscopy (AFM) obtaining information of nanoparticles degradation 

temperature, morphological and microscopic information respectively.  
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Figure 2.1 Flow chart of ketamine-loaded PLGA NPs development 
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Chapter 3 

Material and Methods 

 

Reagent Supplier Purity Density 

(25°C) g·ml-1 

M.W. 

u.m.a 

Ketamine Hydrochloride LGC > 99%  274.19 

PLGA 50:50 (7-17 KDa) Sigma-Aldrich > 99% 
  

PLGA 75:25 (4-15 KDa) Sigma-Aldrich > 99% 
  

Poly(vinyl alcohol) Sigma-Aldrich    

Acetone Sigma-Aldrich > 99% 0.791 58.08 

Ethanol Sigma-Aldrich > 99% 0.789 46.07 

Metanol Sigma-Aldrich > 99% 0.791 33.04 

ApoE peptide 
CASLO ApS 

Lyngby, Denmark 

   

Bromophenol Blue 
Pharmacia Biotech   

669.99 

Sodium Cholate Sigma-Aldrich > 99%   

N-(2-Aminoethyl) maleimide 

trifluoroacetate salt (AEM) 
Sigma-Aldrich > 98% 

 
254.16 

N-Hydroxysuccinimide (NHS) Sigma-Aldrich 98%  115.09 

N-(3-Dimethylaminopropyl)-N′- 

ethylcarbodiimide 

hydrochloride(EDC) 

Sigma-Aldrich > 99% 
  

191.7 

Dichloromethane (DCM) Sigma-Aldrich > 99.8% 1.325 84.93 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich > 99% 1.10 78.13 

Formic acid Sigma-Aldrich > 95% 1.22 46.03 

Acetonitrile Sigma-Aldrich 99.8% 0.786 41.05 
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Instrument producer Model 

 

Spectrometer UV/VIS ATi Unicam 
UV2 UV/VIS Spectrometer 

Stirrer Stuart® stir SB161 

Analytical Balance Gibertini E42 

Sonicator Misonix XL2000 

Vortex VELP® scientifica Zx3 

LC-MS: autosampler Beckman Coulter 

System gold 

508 

LC-MS: solvent module Beckman Coulter 

System gold 

127 

LC-MS: mass spectrometer Bruker Esquire 6000 

LC-MS: column 
Altech Alltima RP C18 (3 µm) 

Dynamic Light Scattering 
Malvern Zetasizer nano ZS 

Micropipettes Gilson  

Syringes Nipro  

RC-membrane filter sartorius Minisart RC 4 

Lyophilizer Vetrotecnica srl Lio 5P 

Spectrofluorometer Jasco FP-8200 

Differential Scanning Calorimetry TA-Instuments Nano-DSC 

Atomic Force Microscopy NT-MDT SMENA 
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3.1 PLGA NPs synthesis protocols 

The organic nanoparticles were synthetized with the solvent diffusion technique using different 

experimental conditions. In order to obtain nanoparticles with ζ-size, PDI and EE% compatible with 

the final role of the nano-drug, each protocol was tested changing the amount of reagents, type of 

stabilizer and PLGA. 

 

3.1.1 PLGA NPs Single emulsion base protocol 

PLGA NPs were synthetized using an oil in water (o/w) single emulsion. The organic phase was 

added dropwise to the aqueous phase in stirring condition. The resulting solution was maintained in 

stirring condition for 6 hours at 20 °C in an uncovered vial, permitting the organic solvents to 

evaporate. 

 

The obtained solution was centrifuged at 11000 xg for 30’ at 10 °C in order to isolate the produced 

nanoparticles. The pellet was resuspended with 10 ml of Milli-Q water and washed by centrifugation 

with the same conditions for 10’. 

 

 

 

 

 

 

 

 

 

Organic solution: 

 Acetone 85 % v/v 

 Methanol 15 % v/v 

 PLGA  1 % w/v   

Aqueous solution: 

 H2O Milli-Q 2.5 v/vorg  

 Stabilizer 
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3.1.2 PLGA NPs Single emulsion with ketamine 

 

PLGA NPs containing ketamine were synthetized dissolving in the organic phase the drug of interest 

for its hydrophobic property. 

 

The single emulsion technique protocols were tested with these experimental conditions: 

 

 PLGA 50:50 and PLGA 75:25 

 Stabilizers: PVA 

 Amount of stabilizers (w/v): 0 %, 0.5%, 1.0 %, 1.5 %, 2.0 % 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organic solution: 

 Acetone 85 % v/v 

 Methanol 15 % v/v 

 ketamine hydrochloride 

 PLGA 1 % w/v  

 

Aqueous solution: 

 H2O Milli-Q 2.5 v/vorg 

 Stabilizer 
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3.1.3 PLGA NPs Double emulsion base protocol 

 

PLGA NPs were synthetized using two emulsions in row at 20 °C. The aqueous phase was added 

dropwise to the organic phase in stirring condition forming the water in oil (w/o) emulsion. After 1 

minute, the first emulsion was added dropwise to the second aqueous phase. The obtained water in 

oil in water (w/o/w) emulsion was maintained in stirring condition for 6 hours permitting the organic 

solvents to evaporate. 

 

 

 

 

 

 

 

 

The produced nanoparticles were collected by centrifuge with 11000 g at 10 °C for 30’. The pellet 

was resuspended with 10 ml of Milli-Q water and washed by centrifugation with same conditions 

for 10’.  

 

 

 

 

 

 

Organic solution: 

 Acetone 85 % 

 Methanol or Ethanol 15 % 

 PLGA 

 

First Aqueous solution: 

 Milli-Q water 

 Stabilizers 

 

Second Aqueous solution: 

 Milli-Q water 

 Stabilizer 
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3.1.4 PLGA NPs Double emulsion with Ketamine 

 

 

 

 

 

 

 

 

The double emulsion technique protocols were tested using these experimental conditions: 

 Stabilizers: cholate and PVA. 

 Amount of stabilizer in the first aqueous solution: 0.2 % w/v. 

 Amount of stabilizer in the second aqueous solution: 2.0 % w/v. 

 ketamine distribution: 200 µg in organic solution, 200 µg in first aqueous solution and 100 µg 

in both solution.  

 Amount of ketamine in organic solution: 5 µg, 10 µg, 20 µg, 50 µg, 100 µg, 200 µg, 300 µg, 

500 µg, 1 mg and 2 mg. 

 

After the washing step in each protocols described above, the washed pellet was resuspended in 10 

ml of Milli-Q water and 1 ml was used for the DLS and zeta-potential analysis for the ζ-size, PDI and 

ζ-potential measurements. For the quantification of encapsulated ketamine was necessary to broke 

the synthetized nanoparticles in an acetone solution, so the synthetized nanoparticles were 

resuspended in a aqueous solution of mannitol 4 % w/v used as cryoprotectant and freeze dried 

overnight. 

 

Organic solution: 

 Acetone 85 % v/v 

 Methanol 15 % v/v 

 PLGA 75:25 

 Ketamine Hydrochloride 

 

First Aqueous solution: 

 Milli-Q water 

 Stabilizer 

 

Second Aqueous solution: 

 Milli-Q water 

 Stabilizer 
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3.2 Ketamine quantification 

 

The amount of entrapped/adsorbed drug into the nanoparticles was estimated using the direct method. 

This approach consists the calculation of the encapsulation efficiency (EE%) by the ratio between the 

entrapped or adsorbed drug and the total drug used for the encapsulation process. The ketamine 

encapsulation efficiency was calculated as follows using LC-MS spectres: 

 

𝐸𝐸% =
𝐷𝑟𝑢𝑔𝐸(µ𝑔)

𝐷𝑟𝑢𝑔𝑇(µ𝑔)
· 100 

 

Where: EE% is the encapsulation efficiency, DrugE is the amount of encapsulated drug in the 

nanoparticles and DrugT the total amount of the drug used in the encapsulation process. It was used 

a parameter that indicates the variation of the amount of the drug inside the synthetized nanoparticles 

compared to the another one. 

 

𝑉𝐸% =
𝐼𝐴1

𝐼𝐴2
· 100 

 

VE% is the variation of the encapsulation, IA1 is the amount of encapsulated drug in the first 

nanoparticles and IA2 the amount of encapsulated drug in the second one and both were estimated via 

calculation of integral area under the measured curves of spectres.  

 

𝐷𝑟𝑢𝑔𝐸(µ𝑔) =
𝐼𝐴𝐸

𝐼𝐴50µ𝑔
·

1

2
· 100(µ𝑔) 

 

 

IAE is the integral area associated to the amount of encapsulated drug and IA50µg the integral area 

associated to the known amount of ketamine corresponding to 50 µg. The 2 in the denominator is 

necessary to use the IA50µg as the amount of ketamine of 100 µg and multiplication by 100 µg to have 

an indicative amount of encapsulated ketamine in nanoparticles in µg. 
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3.2.1 UV-VIS spectra of ketamine 

 

The calibration curves in DMSO was setup to calculate the ketamine concentration. Different known 

concentration of ketamine samples were prepared starting from a drug solution stock of 1 mg/ml. The 

lyophilized nanoparticles was dissolved in DMSO solution and they were analysed with UV-VIS 

spectrophotometry. The measurements were done by a ATi Unicam UV2 UV/VIS Spectrometer in 

the wavelength range between 190 nm and 360 nm and the maximum absorbance of the characteristic 

spectrum was plotted against the ketamine concentration. The calibration curves were obtained using 

the least squares method. The entrapped/adsorbed drug concentration was calculated using the 

calibration curve. 

 

3.2.2 UV-VIS spectra of ketamine paired with Bromophenol Blue 

 

3 ml of 1·10-3 M bromophenol blue (BPB), 3 ml of potassium hydrogen phthalate (KHP) 0.1 M pH 

3 and 1 ml of H2O Milli-Q were added in 1 ml of aqueous solution with known ketamine concentration 

or 1 ml of encapsulated ketamine solution to analyse. This solution was placed in a separating funnel 

and 10 ml of dichloromethane (DCM) was added and a biphasic system was created. The solution 

was shaken vigorously for 2 minutes in order to transfer the ion-paired ketamine in the organic phase 

then it was isolated from the solution using the separating funnel and analysed with UV-VIS 

spectrometer. The calibration curves in DCM was setup to calculate the ketamine concentration. 

Different known concentration samples of ketamine were prepared starting from a drug stock solution 

of 1 mg/ml. For the quantification analysis, DMSO solution with dissolved nanoparticles was used 

instead ketamine aqueous solution. The measurements were done by a ATi Unicam UV2 UV/VIS 

Spectrometer in the wavelength range between 300 nm and 550 nm and the maximum absorbance of 

the characteristic spectrum was plotted against the ketamine concentration. The calibration curves 

were obtained using the least squares method and the entrapped/adsorbed drug concentration was 

calculated using the calibration curve. 
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3.2.3 LC-MS analysis 

 

Each sample analysed with LC-MS was treated with the following procedure: the lyophilised 

nanoparticles were resuspended in 5 ml of acetone in order to solubilize the PLGA and releasing the 

encapsulated drug. The organic phase was removed via evaporation and the ketamine, PLGA and 

used surfactant were resuspended in 1 ml of methanol. This solution was diluted for 1:10 with 

methanol and 1 ml was passed through a syringe with a membrane filter (pore size of 0.2 µm) in order 

to remove aggregates insoluble in methanol. 400 µl of solution was inserted into an autosampler vial 

and accurately sealed with a cap through a crimper. The vials were put into the autosampler and the 

experimental method was set from the integrated panel of the solvent module. For the all experiments, 

the flow rate was 200 µl/min. The Pump A was used to deliver the aqueous solution (solvent A), 

while the pump B delivered the organic phase (solvent B). 

 

 

 

The column used had an inner diameter of 2.1 mm and a length of 150 mm (Altech®, Alltima™ RP 

C18 column, 3 µm particle size) and the gradient elution was employed for the mixture analysis 

experiments. The gradient was started at 99 % of the A solution, after 3 minutes the ACN was ramped 

from 0 % to 20 % in 2 minutes and at 19th minute was returned to 1 % of B in 1 minute. 

 

 

 

 

 

 

 

Solvents: 

A. Formic acid 0.5% v/v, acetonitrile 5% 

v/v in H2O 

B. 100% v/v acetonitrile (ACN) 
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3.3 Other experimental protocols 

 

3.3.1 ApoE peptide functionalization 

 

The lyophilized nanoparticles were resuspended in 20  ml if 2-(N-morpholino)ethanesulfonic acid 

(MES) 50 mM pH 5.8 and centrifuged for 15’ at 11000 xg. Subsequently the pellet was resuspended 

in 5 ml of a MES solution containing 0.5 M EDC and 0.7 M NHS and incubated for 1 h at 20 °C. The 

solution was centrifuged and resuspended in Milli-Q water and 50 µl of AEM adaptor 20 mg/ml stock 

was added and left for 2 h at 20 °C under stirring condition. 100 mg of glycine were added to saturate 

all the reaction site and left under stirring for 30’ at 20 °C. 100 µg of ApoE amount were added to the 

AEM coated nanoparticles and incubated for 2 h at 20 °C. In order to remove the free peptide this 

solution was centrifuged and resuspended 2 times in row with 10 ml of Milli-Q water. A small amount 

of the solution was collected before and after the functionalization process for the fluorimetric 

analysis. 

 

3.3.2 Atomic force microscopy imaging 

 

The final product was analysed and characterized using the NT-MDT SMENA-A atomic force 

microscope. The analysis was performed using the tapping mode where the cantilever is driven to 

oscillate vertically near it’s resonance frequency. The interaction of forces, between the analyte and 

the sample, causes changes in the amplitude of these oscillations. The lyophilized sample was 

resuspended in Milli-Q water, deposited on a mica dish and dried under a flux of argon.  

 

AFM cantilever specification: 

 Model:  NSG01 series  

 Material: Single Crystal Silicon, N-type, 0.01-0.025 Ohm-cm, Antimony doped 

 Chip size: 3.4x1.6x0.3mm 

 Reflective side: Au 

 Cantilever number: 1 rectangular 

 Tip curvature radius: typical 6nm, guaranteed 10nm 
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3.3.3 Fluorimetric analysis 

 

Synthesized nanoparticles solutions, before and after the ApoE peptide functionalisation, were 

analysed using JASCO FP-8200 fluorimeter in order to verify the occurred functionalization process. 

The fluorimetric analysis was carried on exciting each sample at tryptophan absorbance maximum, 

290 nm, and the emission spectrum was collected from 320 nm to 390 nm.  

 

 

3.3.4 Differential scanning calorimetry analysis 

 

The DSC standard volume was loaded as reference with 600 µl of PBS (NaCl 137 mM, KCl 2.7 mM, 

Na2HPO4 10 mM and KH2PO4 1.8 mM) and 600 µl of plain and ketamine loaded ApoE functionalized 

PLGA NPs in PBS solution (10 mg/ml) in sample cell. It was used the scanning mode to analyse each 

samples at a fixed pressure of 3 atm and a temperature ramp was set from 10 ºC to 90 ºC with an 

increase of 2 ºC/min for the scanning mode.  
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Chapter 4 

Results and Discussion 

4.1 Quantification methods 

4.1.1 First method: UV-VIS absorption spectra of ketamine 

The calibration curves of ketamine was obtained both from the absorption spectra of the drug in 

DMSO solution at different concentrations. 

 

 

 

 

The ketamine peak at 272 nm illustrated in the fig. 4.1.1 was used to plot the calibration curve 

described in fig. 4.1.2. The ketamine DMSO absorption spectra was susceptible to the noises at the 

range below the 260 nm. This method was tested for the quantification of encapsulated ketamine in 

PLGA NPs synthetized with the first and second protocol (described in the paragraph 3.3.1 and 3.3.2) 

using the PVA 2% as surfactant. The empty NPs synthetized with first method was used as control. 

Fig. 4.1.1: different ketamine concentration 

absorption spectra dissolved in DMSO. 
Fig. 4.1.2: calibration curve of ketamine in 

DMSO at 272 nm 

𝑓(𝑥) = 2,36 · 𝑥 − 6,19  

R2 = 0,994 
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It wasn’t possible to quantify or demonstrate the amount of encapsulated ketamine in PLGA NPs 

observing the absorption spectra in the fig. 4.1.3 due to really low signal at 272 nm and high 

susceptibility to the noises in lower wavelengths. For this reason, another protocol was setup to 

quantify the ketamine amount. 

 

 

 

 

 

 

 

 

 

Fig. 4.1.3: absorption spectra of broken empty PLGA 

nanoparticles (NPs) and broken PLGA nanoparticles  

with ketamine. 
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4.1.2 Second method: UV-VIS absorption spectra of ion-paired ketamine 

with bromophenol blue 

 

The purpose of this method was to shift the peak of absorption spectra to higher wavelength region 

analysing the ion-paired ketamine with bromophenol blue (K-BPB) instead of the ketamine, in order 

to collect measurements with lesser influences from the noises and with higher signals.  

 

 

 

According to the fig. 4.1.4, the peak at 412 nm corresponded to the K-BPB with higher intensity and 

better signal. Thanks to this results, this was potentially a good protocol to obtain more sensible 

measurements of K-BPB. The nanoparticles synthesized using the second protocol (3.3.2) was 

lyophilized and dissolved in DMSO and analysed with this method. After the vigorous shake in the 

DCM solution, a formation of an emulsion was observed due to the presence of BPB inside the PVA 

micelles. Due to the described reason, all the absorption spectrum of the DCM solution with K-BPB 

presented a high background making impossible the encapsulated drug amount quantification.  

 

Fig. 4.1.4: absorption spectra of K-BPB in DCM 

at different concentrations 

Fig. 4.1.5: calibration curve of K-BPB in 

DCM at 412 nm 

𝑓(𝑥) = 0,01162 · 𝑥 − 0,00536 

R2 = 0,999 
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4.1.3 Third method: liquid chromatography-mass spectrum 

  

5 µl of 100 ng/ml of ketamine solution in methanol were analysed in order to verify the efficiency of 

the LC-MS to identify the characteristic ketamine signal according to the protocol described in 

paragraph 3.4.3. 

Fig. 4.1.6: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of ketamine 

solution in methanol 

Fig. 4.1.7: Mass spectrum of flowthrough at the retention time Rt = 15.08 min of ketamine in 

methanol solution 
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The ketamine identity, in the EIC in fig. 4.1.6 (with m/z = 237.725 ± 0.5), can be confirmed observing 

the mass spectrum in fig. 4.1.5. The presence of two peaks, at m/z = 237.9750 (A) and m/z = 239.8613 

(B) respectively, is associated to the different isotopes of chlorine atom in the ketamine molecule (fig. 

1.1.1). The molecular ion containing the 35Cl is associated to the peak A with relative formula mass 

of 237.9750 and the peak B is associated to the molecular ion containing the 37Cl with relative formula 

mass of 239.8613. The 3:1 ratio of peak heights is due to the chlorine that contains 3 times as much 

of the 35Cl isotope as the 37Cl one. So it can be appreciated the presence of the ketamine molecules 

with lighter isotope 3 times higher than the ketamine with the heavier one. The separation of the two 

peaks (A and B) with a distance of  2 m/z units confirms also the presence of only one atom of chlorine 

in the analysed molecules. Successively, this method was tested analysing the encapsulated ketamine 

in PLGA 50:50 nanoparticles with PVA 2.0% as surfactant. 

 

 

 

 

 

 

Fig. 4.1.8: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA 50:50 nanoparticles prepared following the second protocol and the one  

described in paragraph 3.4.3 
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Observing the EIC spectra in fig. 4.1.8 and MS/MS spectra in fig. 4.1.8 a clear encapsulated  ketamine 

PLGA nanoparticles signal can be appreciated without noises and any interferences of other reagents 

and molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.8: Mass spectrum of flowthrough at the retention time Rt = 15.08 min of solution in 

methanol of PLGA 50:50 nanoparticles prepared with the second protocol and treated with the 

protocol described in paragraph 3.4.3 
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4.2 Single emulsion technique: DLS results 

4.2.1 Different amount of PVA 

Synthesis conditions: 

 Used protocol: first protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 50:50 

 Aqueous phase: 2.5 ml of H2O and different amount of PVA 

 

Without a stabilizer  

 

 

 

 

 

 

Fig. 4.2.1: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the first protocol. 

Fig. 4.2.2: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the first protocol 

without PVA.  

Summary: 

ζ-Size:  146.9 nm 

PDI:  0.225 

ζ-Potential: -8.62 mV 
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PVA 0.5 % w/v 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 4.2.3: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the first protocol using  PVA  0.5 % w/v. 

Summary: 

ζ-Size:  180.8 nm 

PDI:  0.083 

ζ-Potential: -11.3 mV 

Fig. 4.2.4: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the first protocol 

using PVA 0.5 % w/v.  
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PVA 1.0 % w/v 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.5: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the first protocol using PVA 1.0 % w/v. 

Summary: 

ζ-Size:  172.7 nm 

PDI:  0.026 

ζ-Potential: -16.3 mV 

Fig. 4.2.6: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the first protocol using 

PVA 1.0 % w/v.  
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PVA 1.5% w/v 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.7: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the first protocol using PVA 1.5 % w/v. 

Summary: 

ζ-Size:  183.3 nm 

PDI:  0.030 

ζ-Potential: -17.4 mV 

Fig. 4.2.8: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the first protocol using 

PVA1.5 % w/v.  
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PVA 2.0 % w/v 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.9: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the first protocol using PVA 2.0 % w/v. 

Summary: 

ζ-Size:  178.3 nm 

PDI:  0.046 

ζ-Potential: -19.4 mV 

Fig. 4.2.10: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the first protocol using 

PVA 2.0 % w/v.  
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PVA % w/v ζ-size (nm) PDI ζ-potential (mV) 

0.0 146.9 0.225 -8.62 

0.5 180.8 0.083 -11.3 

1.0 172.7 0.026 -16.3 

1.5 183.3 0.030 -17.4 

2.0 178.3 0.046 -19.4 

 

 

Table 4.2.1: ζ-size, PDI and  ζ-potential of nanoparticles synthetized with different amount of 

PVA (from 0.0 % to 2.0 % w/v) 

Fig. 4.2.11: ζ-size (left) and PDI (right) of PLGA 50:50 nanoparticles synthetized with different 

amount of PVA (from 0.0 % to 2.0 % w/v) 

Fig. 4.2.12: ζ-potential of PLGA 50:50 nanoparticles synthetized with different amount of PVA 

(from 0.0 % to 2.0 % w/v) 
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The synthetized nanoparticles colloidal system stability was one of the main differences between the 

protocol with or without the use of a stabilizer: observing the resuspended nanoparticle solution 

without PVA, it was possible to see little clusters of aggregates. In order to make a complete 

suspension, the sonicator was used instead of the vortex. According to the fig. 4.2.1, in the size 

distribution by intensity, there were two peaks: the peak 1 was (159.5 ± 66.06 nm) the most populated 

size signal and the peak 2 (4848 ± 715.3 nm) was the signal of aggregated nanoparticles in the solution. 

The PVA use solved the aggregation phenomena making the pellet easier to resuspend decreasing 

considerably the PDI, but increased the mean nanoparticles ζ-size. The PDI had a considerable drop 

using the PVA and had a minimum with 1.0 % w/v with a consecutive increase at higher amount of 

PVA. Although there was a better size distribution and the surfactant presence incremented the 

dimensions due to the adsorbed PVA molecules in the inner and outer nanoparticle surfaces. The 

PVA presence in the PLGA NPs surface was confirmed by the different values of ζ-potentials. The 

use of the lowest amount of PVA (0.5 % v/v) in the synthesis caused a decrement of ζ-potential from 

-8.62 mV to -11.3 mV and a continuous ζ-potential decrement was observed increasing the PVA 

amount. 
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4.2.2 PLGA 50:50 and 75:25 

Synthesis conditions: 

 Used protocol: first protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 75:25 

 Aqueous phase: 2.5 ml of H2O and different amount of PVA: 0.5 % and 2.0 % 

  

PLGA 75:25, PVA 0.5 % w/v 

 

 

 

 

 

 

 

Fig. 4.2.13: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the first protocol using PVA 0.5 % w/v. 

Fig. 4.2.14: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the first protocol using 

PVA 0.5 % w/v.  

Summary: 

ζ-Size:  158.7 nm 

PDI:  0.035 

ζ-Potential: -13.8 mV 
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PLGA 75:25, PVA 2.0 % w/v 

 

 

 

 

 

 

 

   

 

 

 

Fig. 4.2.15: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the first protocol using PVA 2.0 % w/v. 

Fig. 4.2.16: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the first protocol using 

PVA 2.0 % w/v.  

Summary: 

ζ-Size:  166.4 nm 

PDI:  0.019 

ζ-Potential: -11.7 mV 
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A: PLGA 50:50 w/v 

PVA % w/v ζ-size (nm) PDI ζ-potential (mV) 

0.5 180.8 0.083 -11.3 

2.0 178.3 0.046 -19.4 

B: PLGA 75:25 

PVA % w/v ζ-size (nm) PDI ζ-potential (mV) 

0.5 158.7 0.035 -13.8 

2.0 166.4 0.019 -11.7 

 

Table 4.2.2: ζ-size, PDI and  ζ-potential of nanoparticles synthetized with PLGA 50:50 (A) and 

75:25 (B) 

Fig. 4.2.17: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with 

PLGA 50:50,75:25 and PVA 0.5 %,2.0 % w/v. 

Fig. 4.2.18: ζ-potential comparison between nanoparticles synthetized with PLGA 50:50,75:25 

and PVA 0.5 %,2.0 % w/v. 
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It was possible to obtain a smaller nanomaterial with lower PDI using PLGA 75:25 instead of PLGA 

50:50. The ζ-potential value wasn’t different in both PLGA polymeric ratio using PVA 0.5 % w/v, 

but with PVA 2.0 % w/v was achieved a lower ζ-potential in nanoparticles synthetized with PLGA 

50:50 in spite of PLGA 75:25 one. Even though it was measured a higher PLGA 75:25 NPs ζ-potential 

value (fig. 4.2.18), according to the PDI histogram in fig 4.2.17, the nanomaterial maintained a low 

polydispersity index. 
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4.2.3 Encapsulation of ketamine using PVA 

Synthesis conditions: 

 Used protocol: second protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 50:50 or 75:25, 100 

µg of ketamine. 

 Aqueous phase: 2.5 ml of H2O and different amount of PVA: 0.5 % and 2.0 % 

 

PLGA 50:50, PVA 0.5 % w/v 

 

 

 

 

 

 

Fig. 4.2.19: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the second protocol using PVA 0.5 % w/v and 100 µg of ketamine. 

Summary: 

ζ-Size:  173.9 nm 

PDI:  0.075 

ζ-Potential: -19.2 mV 

Fig. 4.2.20: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the second protocol 

using PVA 0.5 % w/v and 100 µg of ketamine  
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PLGA 50:50, PVA 2.0 % w/v 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.21: Size distribution by intensity (left) and by number (right) of PLGA 50:50 NPs 

synthetized with the second protocol using PVA 2.0 % w/v and 100 µg of ketamine. 

Summary: 

ζ-Size:  189.5 nm 

PDI:  0.054 

ζ-Potential: -14.7 mV 

Fig. 4.2.22: Zeta potential distribution of PLGA 

50:50 NPs synthetized with the second protocol 

using PVA 2.0 % w/v and 100 µg of ketamine  
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PLGA 75:25, PVA 0.5 % w/v 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.23: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the second protocol using PVA 0.5 % w/v and 100 µg of ketamine. 

Summary: 

ζ-Size:  170.8 nm 

PDI:  0.058 

ζ-Potential: -13.5 mV 

Fig. 4.2.24: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the second protocol 

using PVA 0.5 % w/v and 100 µg of ketamine  
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PLGA 75:25, PVA 2.0 % w/v 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.25: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the second protocol using PVA 2.0 % w/v and 100 µg of ketamine. 

Summary: 

ζ-Size:  175.1 nm 

PDI:  0.049 

ζ-Potential: -15.3 mV 

Fig. 4.2.26: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the second protocol 

using PVA 2.0 % w/v and 100 µg of ketamine  



50 
 

A: PLGA 50:50 

PVA % w/v ζ-size (nm) PDI ζ-potential (mv)  

0.5 180.8 0.083 -11.3  

2.0 178.3 0.046 -19.4  

 

B: PLGA 50:50 with ketamine 

PVA % w/v ζ-size (nm) PDI ζ-potential (mV)  

0.5 173.9 0.075 -19.2  

2.0 189.5 0.054 -14.7  

 

C: PLGA 75:25 

PVA % w/v ζ-size (nm) PDI ζ-potential (mV)  

0.5 180.8 0.083 -11.3  

2.0 178.3 0.046 -19.4  

 

D: PLGA 75:25 with ketamine 

PVA % w/v ζ-size (nm) PDI ζ-potential (mV)  

0.5 170.8 0.058 -13.5  

2.0 175.1 0.049 -15.3  

 

 

 

 

 

Table 4.2.3: ζ-size, PDI and  ζ-potential of nanoparticles synthetized with PLGA 50:50 (A), PLGA 

50:50 with 100 µg of ketamine (B), PLGA 75:25 (C) and PLGA 75:25 with 100 µg of ketamine 

(D). 
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The use of ketamine didn’t change the ζ-size, PDI and  ζ-potential of nanoparticles synthetized with 

SE technique. The mean values fluctuations were linked to the organic nanoparticles reproducibility 

difficulties. The single emulsion technique wasn’t the best method to synthetize the final nano-device 

for the low encapsulation efficiency (EE %) (see paragraph 4.4) demonstrated by the data collected 

by LC-MS. For this reason it was necessary use the double emulsion (DE) technique in order to 

increase the value of EE %. 
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4.3 Double emulsion technique: DLS results 

4.3.1 Base synthesis conditions 

Synthesis conditions: 

 Used protocol: third protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 75:25 

 First aqueous solution: 500 µl of Milli-Q Water 

 Second aqueous solution: 10 ml of Milli-Q water 

 

 

 

 

 

 

 

Fig. 4.3.1: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol without stabilizers. 

Fig. 4.3.2: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

without stabilizer 

Summary: 

ζ-Size:  804.9 nm 

PDI:  0.325 

ζ-Potential: -9.53 mV 
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The produced nanoparticles had a ζ-size corresponding to 804.9 nm with a high polydispersity index 

(PDI of 0.325). This material wasn’t usable as nano-vehicle for its high dimension and the tendency 

to form aggregates (ζ-potential near to zero). In order to resolve these issues, it was necessary to find 

the best synthesis conditions acting to further synthesis steps, different surfactants in the first and 

second emulsion. 
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4.3.2 Use of surfactants in the second emulsion 

Synthesis conditions: 

 Used protocol: third protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 75:25 

 First aqueous solution: 500 µl of Milli-Q Water 

 Second aqueous solution: 10 ml of Milli-Q water and PVA or cholate 2.0 % w/v 

 

PVA 2.0 % w/v in the second aqueous solution. 

 

 

 

 

 

 

 

Fig. 4.3.3: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using PVA 2.0 % w/v in the second aqueous solution. 

Summary: 

ζ-Size:  458.9 nm 

PDI:  0.022 

ζ-Potential: -12.4 mV 

Fig. 4.3.4: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using PVA 2.0 % w/v in the second aqueous 

solution. 
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Cholate 2.0 % w/v in the second aqueous solution. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.5: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using cholate 2.0 % w/v in second aqueous solution.. 

Summary: 

ζ-Size:  457.8 nm 

PDI:  0.174 

ζ-Potential: -47.7 mV 

Fig. 4.3.6: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using cholate 2.0 % w/v in the second aqueous 

solution. 
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Surfactant (w/v) ζ-size (nm) PDI ζ-potential (mV) 

 804.9 0.325 -9.53  

PVA 2.0 % 458.9 0.022 -12.4 

CHOLATE 2.0 % 457.8 0.174 -47.7 

 

 

 

 

Table 4.3.1: ζ-size, PDI and  ζ-potential of nanoparticles synthetized with different surfactants in 

the second emulsion (PVA and cholate 2.0 % w/v) 

Fig. 4.3.7: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with the 

third protocol using PVA and cholate 2.0 % w/v in the second aqueous solution. 

Fig. 4.3.8: ζ-potential comparison between nanoparticles synthetized with the third protocol using 

PVA and cholate 2.0 % w/v in the second aqueous solution. 
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The obtained nanoparticles using surfactants in the second emulsion had a smaller ζ-sizes compared 

to nanoparticles produced without stabilizers. The PVA use decreased the PDI more than 

nanoparticles PDI with cholate, but both polydispersity indexes were acceptable for the final purpose. 

Similarly to the results obtained with SE technique (paragraph 4.2), a colloidal system with lower ζ-

potential can be synthetized with cholate. The first emulsion NPs synthesis conditions were changed 

in order to reduce the nanoparticles dimension. 
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4.3.3 Incubation time after the first emulsion 

Synthesis conditions: 

 Used protocol: third protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 75:25 

 First aqueous solution: 500 µl of Milli-Q Water 

 Second aqueous solution: 10 ml of Milli-Q water 

 2 minutes of incubation after the formation of first emulsion in stirring condition 

PVA 2.0 % w/v in the second aqueous solution and 2 minutes of incubation after first emulsion 

 

 

 

 

 

 

 

Fig. 4.3.9: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using PVA 2.0 % w/v in the second aqueous solution and 2 min 

of incubation. 

Fig. 4.3.10: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using PVA 2.0 % w/v in second aqueous solution 

and 2 min of incubation 

Summary: 

ζ-Size:  471.7 nm 

PDI:  0.065 

ζ-Potential: -12.3 mV 
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Cholate 2.0 % w/v in the second aqueous solution and 2 minutes of incubation after first emulsion 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.11: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using cholate 2.0 % w/v in the second aqueous solution and 2 

min of incubation. 

Summary: 

ζ-Size:  373.0 nm 

PDI:  0.159 

ζ-Potential: -47.1 mV 

Fig. 4.3.12: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using cholate 2.0 % w/v in the second aqueous 

solution and 2 min of incubation 
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Surfactant (w/v) Incubation time 

(min) 

ζ-size (nm) PDI ζ-potential (mV) 

PVA 2.0 % 0 458.9 0.022 -12.4 

CHOLATE 2.0 % 0 457.8 0.174 -47.7 

PVA 2.0 % 2 471.7 0.065 -12.4 

CHOLATE 2.0 % 2 373.0 0.159 -47.1 

 

Table 4.3.2: ζ-size, PDI and  ζ-potential of nanoparticles synthetized with different surfactants 

in the second emulsion (PVA and cholate 2.0 % w/v) with 0 min and 2 min between the first and 

second emulsion. 

Fig. 4.3.13: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with the 

third protocol using PVA and cholate 2.0 % w/v in the second aqueous solution, 0 min and 2 min 

between the first and second emulsion. 

Fig. 4.3.14: ζ-potential comparison between nanoparticles synthetized with the third protocol 

using PVA and cholate 2.0 % w/v in the second aqueous solution, 0 min and 2 min between the 

first and second emulsion. 
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The incubation time of 2 minutes was chosen in order to avoid excessive organic phase evaporation 

during the first emulsion step. This further time suspension step didn’t change neither produced 

nanoparticles with PVA ζ-potentials nor their ζ-size, but it was possible to produce smaller NPs ζ-

size using cholate. For the first evaluation of encapsulation efficiency (EE%) between the single and 

double emulsion, it was chosen these synthesis conditions for double emulsion technique. 
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4.3.4 Ketamine encapsulation with DE technique 

Synthesis conditions: 

 Used protocol: fourth protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 75:25 and 100 µg 

of ketamine 

 First aqueous solution: 500 µl of Milli-Q Water 

 Second aqueous solution: 10 ml of Milli-Q water with PVA or cholate 2.0 % 

 2 minutes of incubation after the formation of first emulsion in stirring condition 

PVA 2.0 % w/v in the second aqueous solution 

 

 

 

 

 

 

 

Fig. 4.3.14: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using PVA 2.0 % w/v in the second emulsion and 100 µg of 

ketamine in the organic solution. 

Summary: 

ζ-Size:  666.9 nm 

PDI:  0.342 

ζ-Potential: -15.4 mV 

Fig. 4.3.15: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using PVA 2.0 % w/v in the second emulsion and 

100 µg of ketamine in the organic solution. 
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Cholate 2.0 % w/v in the second aqueous solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.16: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using cholate 2.0 % w/v in the second emulsion and 100 µg 

of ketamine in the organic solution. 

Summary: 

ζ-Size:  460.1 nm 

PDI:  0.276 

ζ-Potential: -48.9 mV 

Fig. 4.3.17: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using cholate 2.0 % w/v in the second emulsion 

and 100 µg of ketamine in the organic solution. 
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A: without ketamine 

Surfactant (w/v) ζ-size (nm) PDI ζ-potential (mV) 

PVA 2.0 % 471.7 0.065 -12.4 

CHOLATE 2.0 % 373.0 0.159 -47.1 

 

B: with 100 µg of ketamine in the organic soluiton 

Surfactant (w/v) ζ-size (nm) PDI ζ-potential (mV) 

PVA 2.0 % 666.9 0.342 -15.4  

CHOLATE 2.0 % 460.1 0.276 -48.9 

Table 4.3.3: ζ-size, PDI and  ζ-potential of nanoparticles synthetized with different surfactants 

in the second aqueous solution (PVA and cholate 2.0 % w/v) without ketamine (A) and 100 µg 

of ketamine in the organic solution (B). 

Fig. 4.3.18: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with the 

third and fourth protocol with and without ketamine in organic solution. 

Fig. 4.3.19: ζ-potential comparison between nanoparticles synthetized with the third and fourth 

protocol with and without ketamine in organic solution. 
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The ketamine presence in the organic solution caused a ζ-size increment of synthetized nanoparticles 

with both surfactants and PDI was affected by the ketamine presence during the formation of 

nanoparticles. The nanoparticles size and PDI were closely related to the first emulsion step, in fact 

the drug presence in the organic phase caused a w/o system destabilization. For this reason, different 

synthesis conditions with small PVA and cholate amounts in the first aqueous solution were tested in 

order to avoid aberrant interactions between ketamine and w/o system during the first emulsion. 

According to the fig. 4.3.18 and 4.3.19, the cholate use in the second aqueous solution was the best 

condition for the ketamine encapsulating protocol.  
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4.3.5 Stabilizers use in the first emulsion  

Synthesis conditions: 

 Used protocol: third protocol 

 Organic solution: 850 µl of acetone; 150 µl of methanol, 10 mg of PLGA 75:25  

 First aqueous solution: 500 µl of Milli-Q Water with 0.2 % w/v of PVA and cholate 

 Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

 2 minutes of incubation after the first emulsion formation in stirring condition 

PVA 0.2 % w/v in the first aqueous solution 

 

 

 

 

 

 

 

 

Fig. 4.3.20: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using PVA 0.2 % w/v in the first aqueous solution. 

Fig. 4.3.21: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using PVA 0.5 % w/v in the first aqueous 

solution. 

Summary: 

ζ-Size:  509.3 nm 

PDI:  0.195 

ζ-Potential: -36.1 mV 
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Cholate 0.2 % w/v in the first aqueous solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.22: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using cholate 0.2 % w/v in the first aqueous solution. 

Summary: 

ζ-Size:  542.3 nm 

PDI:  0.175 

ζ-Potential: -48.9 mV 

Fig. 4.3.23: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using cholate 0.5 % w/v in the first aqueous 

solution. 
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Surfactant (w/v) ζ-size (nm) PDI ζ-potential (mV) 

 373.0 0.159 -47.1 

PVA 0.2 % 509.3 0.195 -36.1 

CHOLATE 0.2 % 542.3 0.175 -48.9 

Table 4.3.4: ζ-size, PDI and ζ-potential of nanoparticles synthetized with different 

surfactants in the first aqueous solution (PVA and cholate 0.2 % w/v) with the third protocol. 

Fig. 4.3.24: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with third 

protocol and different surfactants in the first aqueous solution (PVA and cholate 0.2 % w/v). 

Fig. 4.3.25: ζ-potential comparison between nanoparticles synthetized with third protocol and 

different surfactants in the first aqueous solution (PVA and cholate 0.2 % w/v). 
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The use of a small stabilizers amount in the first aqueous solutions caused ζ-size rise from 373 nm to 

509.3 nm and 542.3 nm respectively for NPs synthetized using PVA and cholate 0.2 % w/v in first 

aqueous solution making the material incompatible for the final purpose in both of conditions. In 

order to produce smaller nanoparticles, the PLGA amount dissolved in organic phase was reduced. 
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4.3.6 Different amount of PLGA 

Synthesis conditions: 

 Used protocol: third protocol 

 Organic solution: 1700 µl of acetone; 300 µl of methanol, 5 mg of PLGA 75:25  

 First aqueous solution: 1 ml of Milli-Q Water with 0.2 % w/v of PVA and cholate 

 Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

 2 minutes of incubation after the first emulsion formation in stirring condition 

0.2 % w/v of PVA in the first aqueous solution 

 

 

 

 

 

 

 

Fig. 4.3.26: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using PVA 0.2 % w/v in the first aqueous solution and PLGA 

0.25 % w/v in the organic solution. 

Summary: 

ζ-Size:  352.7 nm 

PDI:  0.123 

ζ-Potential: -36.2 mV 

Fig. 4.3.27: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using PVA 0.2 % w/v in the first aqueous solution 

and PLGA 0.25 % w/v in the organic solution. 
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0.2 % w/v of cholate in the first aqueous solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.28: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol using cholate 0.2 % w/v in the first aqueous solution and PLGA 

0.25 % w/v in the organic solution. 

Summary: 

ζ-Size:  227.7 nm 

PDI:  0.035 

ζ-Potential: -66.8 mV 

Fig. 4.3.29: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol 

using cholate 0.2 % w/v in the first aqueous 

solution and PLGA 0.25 % w/v in the organic 

solution. 
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Surfactant (w/v) ζ-size PDI ζ-potential 

PVA 0.2 % 352.7 nm 0.123 -36.2 mV 

CHOLATE 0.2 % 227.7 nm 0.035 -66.8 mV 

Table 4.3.5: ζ-size, PDI and ζ-potential of nanoparticles synthetized using the third protocol 

with different surfactants in the first aqueous solution (PVA and cholate 0.2 % w/v) and a 

lesser amount of PLGA in the organic phase (0.25 % w/v) without ketamine. 

Fig. 4.3.30: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with the 

third protocol using cholate 0.2% in the first aqueous solution and PLGA 0.25 %, 1.0 % w/v in 

the organic solution. 

Fig. 4.3.31: ζ-potential comparison between nanoparticles synthetized with the third protocol 

using cholate 0.2% w/v in the first aqueous solution and PLGA 0.25 %, 1,0 % w/v in the organic 

solution. 
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Smaller nanoparticles were obtained using 0.25 % w/v of PLGA instead of 1 % w/v in the organic 

solution. According to the fig 4.3.30, the ζ-size decreased from 509.3 nm to 352.7 nm using PVA 

0.2 % w/v and from 542.3 nm to 227.7 nm with the cholate 0.2 % w/v in the first aqueous solution. 

A dramatic PDI drop was observed in NPs synthetized with cholate 0.2 % w/v in the first aqueous 

solution using PLGA 0.25 % w/v in organic solution decreasing from 0.175 to 0.035. The ζ-potential 

didn’t change in the NPs produced with PVA, but there was a loss of ζ-potential value using lesser 

amount of PLGA with cholate making the colloidal solution more stable. This phenomena was 

explained for the different ratio between the used cholate and PLGA amount in fact increasing this 

ratio caused a ζ-potential value decrement. 
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4.3.7 Ketamine dissolved in different solutions 

Synthesis conditions: 

 Used protocol: fourth protocol 

 Organic solution: 1700 µl of acetone; 300 µl of methanol, 5 mg of PLGA 75:25  

 First aqueous solution: 1 ml of Milli-Q Water with 0.2 % w/v of cholate 

 Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

 2 minutes of incubation after the first emulsion formation in stirring condition 

 Presence of 200 µg of ketamine in different solutions 

200 µg of ketamine in the first aqueous solution 

 

 

 

 

 

 

 

Fig. 4.3.32: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 200 µg of ketamine in the first aqueous solution. 

Summary: 

ζ-Size:  236.2 nm 

PDI:  0.010 

ζ-Potential: -54.8 mV 

Fig. 4.3.33: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 200 µg of ketamine in the first aqueous 

solution. 
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200 µg of ketamine in the organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.34: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 200 µg of ketamine in the organic solution. 

Summary: 

ζ-Size:  237.2 nm 

PDI:  0.061 

ζ-Potential: -57.1 mV 

Fig. 4.3.35: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 200 µg of ketamine in the organic solution. 
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100 µg in the aqueous solution and 100 µg in the organic solution of ketamine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.36: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 100 µg of ketamine in the organic solution and 100 µg 

of ketamine in the aqueous solution. 

Summary: 

ζ-Size:  248.5 nm 

PDI:  0.048 

ζ-Potential: -55.8 mV 

Fig. 4.3.37: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 100 µg of ketamine in the organic solution 

and 100 µg of ketamine in the aqueous solution. 
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ketamine ζ-size (nm) PDI ζ-potential (mV) 

Organic 236.2 0.010 -54.8 

Aqueous 237.2 0.061 -57.1 

Org./Aq. 248.5 0.048 -55.8 

Table 4.3.6: ζ-size, PDI and ζ-potential of nanoparticles synthetized with different 

distribution of 200 µg of ketamine in the organic and aqueous solutions using the fourth 

protocol. 

Fig. 4.3.38: ζ-size (left) and PDI (right) comparisons between nanoparticles synthetized with the 

fourth protocol with different ketamine distribution. 

Fig. 4.3.39: ζ-potential comparison between synthetized with the fourth protocol with different 

ketamine distribution. 
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The parameters characterized in the paragraph 4.3.6 with ketamine permitted the nanoparticles 

synthesis compatible for the future in vivo testing. Using a small cholate amount in the first emulsion 

stabilized the final dimension of PLGA nanoparticles even the ketamine presence, successfully 

overcoming the issue noticed in the paragraph 4.3.4. The drug presence in all the three conditions 

caused a moderate acceptable increment of ζ-size. The NPs synthetized with 200 µg of ketamine in 

the organic solution had the lowest PDI value in comparison to the other produced nanomaterial, but 

this last parameter can be considered accurate due to reproducibility difficulties. Between these 

synthesis parameters, it was chosen the production of nanoparticles with all the ketamine dissolved 

in the organic phase for the higher EE% obtained in the LC-MS analysis. 
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4.3.8 Drug amount variation. 

Synthesis conditions: 

 Used protocol: fourth protocol 

 Organic solution: 1700 µl of acetone; 300 µl of methanol, 5 mg of PLGA 75:25 and different 

amount of ketamine  

 First aqueous solution: 1 ml of Milli-Q Water with 0.2 % w/v of cholate 

 Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

 2 minutes of incubation after the formation of first emulsion in stirring condition 

Without ketamine 

 

 

 

 

 

 

Fig. 4.3.40: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the third protocol. 

Summary: 

ζ-Size:  254.0 nm 

PDI:  0.083 

ζ-Potential: -58.7 mV 

Fig. 4.3.41: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the third protocol. 
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5 µg of ketamine in organic solution 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.42: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 5 µg of ketamine in organic solution. 

Fig. 4.3.43: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 5 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  200.3 nm 

PDI:  0.019 

ζ-Potential: -43.5 mV 
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10 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.44: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 10 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  208.6 nm 

PDI:  0.013 

ζ-Potential: -47.5 mV 

Fig. 4.3.45: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 10 µg of ketamine in organic solution. 
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20 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.46: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 20 µg of ketamine in organic solution. 

Fig. 4.3.47: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 20 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  195.1 nm 

PDI:  0.004 

ζ-Potential: -46.0 mV 
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50 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.48: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 50 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  219.4 nm 

PDI:  0.009 

ζ-Potential: -54.1 mV 

Fig. 4.3.49: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 50 µg of ketamine in organic solution. 
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100 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.50: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 100 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  240.3 nm 

PDI:  0.068 

ζ-Potential: -54.1 mV 

Fig. 4.3.51: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 100 µg of ketamine in organic solution. 
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200 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.52: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 200 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  234.4 nm 

PDI:  0.044 

ζ-Potential: -54.1 mV 

Fig. 4.3.53: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 200 µg of ketamine in organic solution. 
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300 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.54: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 300 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  245.2 nm 

PDI:  0.058 

ζ-Potential: -55.5 mV 

Fig. 4.3.55: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 300 µg of ketamine in organic solution. 
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500 µg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.56: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 500 µg of ketamine in organic solution. 

Summary: 

ζ-Size:  406.4 nm 

PDI:  0.059 

ζ-Potential: -53.7 mV 

Fig. 4.3.57: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 500 µg of ketamine in organic solution. 
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1 mg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.58: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 1 mg of ketamine in organic solution. 

Summary: 

ζ-Size:  527.5 nm 

PDI:  0.070 

ζ-Potential: -65.4 mV 

Fig. 4.3.59: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 1 mg of ketamine in organic solution. 
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2 mg of ketamine in organic solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.60: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 2 mg of ketamine in organic solution. 

Summary: 

ζ-Size:  975.2 nm 

PDI:  0.193 

ζ-Potential: -68.1 mV 

Fig. 4.3.61: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 2 mg of ketamine in organic solution. 
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Ketamine amount (µg) ζ-size (nm) PDI ζ-potential (mV) 

0 254.0 0.083 -58.7 

5 200.3 0.019 -43.5 

10 208.6 0.013 -47.5 

20 195.1 0.004 -46.0 

50 219.4 0.009 -54.1 

100 240.3 0.068 -54.1 

200 234.4 0.044 -54.1 

300 245.2 0.058 -55.5 

500 406.4 0.059 -53.7 

1000 527.5 0.070 -65.4 

2000 975.2 0.193 -68.1 

Table 4.3.7: ζ-size, PDI and ζ-potential of nanoparticles synthetized using the fourth 

protocol with different ketamine amount dissolved in the organic solution from 0 µg to 2000 

µg. 

Fig. 4.3.62: ζ-size (left) and PDI (right) of PLGA nanoparticles synthetized with different amount 

of ketamine dissolved in organic solution: range from 0 µg to 100 µg. 
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Fig. 4.3.63: ζ-size (left) and PDI (right) of PLGA nanoparticles synthetized with different amount 

of ketamine dissolved in organic solution: range from 100 µg to 100 µg. 

Fig. 4.3.64: ζ-size (left) and PDI (right) of PLGA nanoparticles synthetized with different amount 

of ketamine dissolved in organic solution: range from 0.5 mg to 2.0 mg. 
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Fig. 4.3.65: ζ-potential of PLGA nanoparticles of nanoparticles synthetized with different amount 

of ketamine dissolved in organic solution. Range from : 0.0 µg to 100 µg (left), 100 µg to 500 µg 

(right). 

Fig. 4.3.66: ζ-potential of PLGA nanoparticles of nanoparticles synthetized with different amount 

of ketamine dissolved in organic solution. Range from 0.5 mg to 2.0 mg. 
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There was a drop of ζ-size value from 259 nm to 200.3 nm between nanoparticles without ketamine 

and nanoparticles synthetized using 5 µg of ketamine and an increase using 10 µg reaching 208.6 nm. 

The smallest dimension was obtained with 20 µg of ketamine reducing the dimension to 195.1 nm. 

A progressive ζ-size increase was observed using higher ketamine amount reaching the size of 240.3 

nm with 100 µg of ketamine. This dimension was maintained nearly constant between a minimum of 

234.4 nm to a maximum of 245.2 nm from  100 µg of ketamine amount to 300 µg. Another particular 

trend was appreciated between 300 µg and 2 mg of ketamine, observing an increase from 245.2 nm 

to 975.2 nm. These nanoparticles size variations could be caused by stabilizing or destabilizing 

phenomena due to interactions between ketamine dissolved in organic dissolved in oil phase of w/o 

system. Nanoparticle synthetized with higher ketamine amount of 300 µg wasn’t usable because of 

its high dimension. The ketamine presence reduced nanoparticles polydispersity index in synthesis 

conditions except synthesis with higher ketamine amount of 1 mg. The lowest PDI (0.004)  and ζ-

size (195.1 nm) values were obtained using 20 µg of ketamine amount. Higher ketamine amount 

caused a drop of ζ-potential to lower value up to -68.1 mV corresponding to the 2 mg ketamine 

amount synthesis protocol. ζ-potential of nanoparticles produced by ketamine range from 50 µg to 

500 µg remained constant with a value limited between -55.5 mV and -54.1 mV. Higher ζ-potential 

values were obtained with 5 µg, 10 µg and 20 µg of ketamine amount, obtaining -43.5 mV, -47.5 mV 

and -46.0 mV respectively.  
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4.3.9 ApoE functionalised PLGA NPs 

Synthesis conditions: 

 Used protocol: fourth protocol 

 Organic solution: 1700 µl of acetone; 300 µl of methanol, 5 mg of PLGA 75:25 and 20 µg of 

ketamine  

 First aqueous solution: 1 ml of Milli-Q Water with 0.2 % w/v of cholate 

 Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

 2 minutes of incubation after the formation of first emulsion in stirring condition 

 Treated with ApoE functionalization protocol 

Without ketamine and coated with ApoE peptide 

 

 

 

 

 

 

Fig. 4.3.67: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using and coated with ApoE peptide. 

Fig. 4.3.68: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

and coated with ApoE peptide 

Summary: 

ζ-Size:  211.3 nm 

PDI:  0.013 

ζ-Potential: -45.0 mV 
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20 µg of ketamine and coated with ApoE peptide 

 

 

 

 

 

 

 

 

 

 

According to the results obtained by DLS analysis of ApoE coated PLGA NPs synthetized with and 

without ketamine, both nanoparticles were compatible for the final application in nanomedicine.  

 

 

Fig. 4.3.69: Size distribution by intensity (left) and by number (right) of PLGA 75:25 NPs 

synthetized with the fourth protocol using 20 µg of ketamine dissolved in organic solution and 

coated with ApoE peptide. 

Summary: 

ζ-Size:  205.1 nm 

PDI:  0.018 

ζ-Potential: -41.0 mV 

Fig. 4.3.70: Zeta potential distribution of PLGA 

75:25 NPs synthetized with the fourth protocol 

using 20 µg of ketamine dissolved in organic 

solution and coated with ApoE peptide. 
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4.4 LC-MS Results 

4.4.1 Variation between PLGA 50:50 and PLGA 75:25 

Single Emulsion: PLGA 50:50 NPs 

 

 

Fig. 4.4.1: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 50:50, PVA 0.5 % 

and 100 µg of ketamine.  

Fig. 4.4.2: Mass spectrum of flowthrough at the retention time Rt = 15.15 min of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 50:50, PVA 0.5 % 

and 100 µg of ketamine.  
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Single Emulsion: PLGA 75:25 NPs 

 

 

 

 

Fig. 4.4.3: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 75:25, PVA 0.5 % 

and 100 µg of ketamine.  

Fig. 4.4.4: Mass spectrum of flowthrough at the retention time Rt = 15.60 min of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 75:25, PVA 0.5 % 

and 100 µg of ketamine.  
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The comparison in fig. 4.4.5 was necessary to control the possible effect in the ketamine 

encapsulation changing PLGA polymeric ratio (50:50 and 75:25). Using the raw data as input in the 

software Origin Pro 9, the integral areas under of curves (IA) were calculated via integration.  

 IA of PLGA 50:50, PVA 0.5 %:  122088.84 

 IA of PLGA 75:25, PVA 0.5 %:   163804.04 

 

The use of PLGA 75:25 instead of the PLGA 50:50 improved the encapsulation process of the drug 

by VE% = 34.17 %. This effect can be explained by the different polymers ratio contained in PLGA 

and the hydrophobicity of the drug. As described in paragraph 1.2.2, higher presence of PLA instead 

of PGA increases the total hydrophobicity of PLGA due for the methyl groups contained in the lactic 

acid polymer. 

Fig. 4.4.5: comparison between two EICs of ketamine encapsulated in PLGA nanoparticles 

synthesised with second protocol: PLGA 50:50, PVA 0.5 % (black line) and PLGA 75:25, PVA 

0.5% (red line) both used 100 µg of drug.  
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4.4.2 Effect of PVA 

Single Emulsion: PLGA 50:50 NPs, PVA 2.0 % w/v 

 

 

 

 

Fig. 4.4.6: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 50:50, PVA 2.0 % 

and 100 µg of ketamine.  

Fig. 4.4.7: Mass spectrum of flowthrough at the retention time Rt = 15.26 min of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 50:50, PVA 2.0 % 

and 100 µg of ketamine.  
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Single Emulsion: PLGA 75:25 NPs, PVA 2.0 % w/v 

 

 

 

 

Fig. 4.4.8: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 75:25, PVA 2.0 % 

and 100 µg of ketamine.  

Fig. 4.4.9: Mass spectrum of flowthrough at the retention time Rt = 15.49 min of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 75:25, PVA 2.0 % 

and 100 µg of ketamine.  
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The correlations in fig. 4.4.10  was done in order to observe the effect of the surfactant (PVA) to the 

EE% of each synthesized nanoparticles. 

 IA of PLGA 50:50, PVA 0.5 %:  122088.84 

 IA of PLGA 75:25, PVA 0.5 %:   163804.04 

 IA of PLGA 50:50, PVA 2.0 %:   199364.91 

 IA of PLGA 75:25, PVA 2.0 %:  349067.99 

In either nanoparticles was observed a relevant increase of the amount of drug encapsulated in NPs 

using an higher amount of PVA, 2.0 % instead of 0.5 %. In the case of nanoparticles synthesized with 

PLGA 50:50 and 75:25 a VE% =  63.33 % and 75:25 a VE% = 113.10 % was respectively observed 

in comparison to the amount of the ketamine encapsulated in nanoparticles with fewer PVA amount. 

Fig. 4.4.10: comparison between EICs of ketamine encapsulated in PLGA nanoparticles 

synthesised with second protocol: PLGA 50:50, PVA 0.5 % (black line); PLGA 75:25, PVA 0.5 % 

(red line); PLGA 50:50, PVA 2.0 % (blue line); PLGA 75:25, PVA 2.0 % (violet line). In all 

synthesis was used  100 µg of drug.  
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4.4.3 From single to double emulsion technique  

50 µg of ketamine 

 

 

 

 

Fig. 4.4.11: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of ketamine  
solution in methanol of 50 µg/ml. 

Fig. 4.4.12: Mass spectrum of flowthrough at the retention time Rt = 15.79 min of ketamine 

solution in methanol of 50 µg/ml. 
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Single Emulsion: PLGA 75:25, PVA 2.0 % 

 

 

 

 

 

Fig. 4.4.13: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 75:25, PVA 2.0 % 

and 100 µg of ketamine.  

 and 100 µg of ketamine.  

. 

Fig. 4.4.14: Mass spectrum of flowthrough at the retention time Rt = 15.90 min of solution in 

methanol of PLGA nanoparticles prepared with the second protocol: PLGA 75:25, PVA 2.0 % 

and 100 µg of ketamine.  
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According to the graphic in fig. 4.4.15 can be observed a really low amount of encapsulated ketamine 

(red line) comparing to the EIC of 50 µg/ml of ketamine solution in methanol.  

 IA50µg (black line):    2311493.68 

 IA of PLGA 75:25, PVA 2.0% (red line): 79780.78 

For this study there was an instrumental issue that caused a diminution of signal of 38.25 % that was 

used to correct all the measurments. 

 IA of PLGA 75:25, PVA 2.0% (red line) corrected from 79780.78 to 110296.93 

It wasn’t possible to make a calibration curve for these experiments, so that a rought approximation 

was done. For this material, the apprised encapsulated drug concentration was: DrugE = 2.39 µg. So 

an encapsulation efficiency of: EE% = 2.39 %. A low EE% using the SE technique was observed so 

that it was decided to use the DE technique whose protocol was described in paragraph 3.3.4 and the 

conditions in paragraph 4.3.4. 

 

Fig. 4.4.15: comparison between EICs of ketamine solution of 50 µg/ml (black line) and 

ketamine encapsulated in PLGA nanoparticles synthesised with second protocol: PLGA 

75:50, PVA 0.2 % and used 100 µg of drug (red line). 
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Double Emulsion: PLGA 75:25, PVA 2.0 % w/v in the second aqueous phase 

 

 

 

 

 

 

Fig. 4.4.16: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.4 with 2.0 % of PVA in the second emulsion. 

and 100 µg of ketamine.  

. 

Fig. 4.4.17: Mass spectrum of flowthrough at the retention time Rt = 15.55 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth protocol and conditions described in 

paragraph 4.3.4 with 2.0 % of PVA in the second emulsion. 
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According to in fig. 4.4.18 can be appreciated an encapsulation increment using the double emulsion 

technique instead of the single emulsion technique.  

 IA of PLGA nanoparticles synthetized with single emulsion technique with PLGA 75:25, 

PVA 2.0% (black line):  79780.78 

  IA of PLGA nanoparticles synthetized with double emulsion technique with PLGA 75:25, 

PVA 2.0% (red line):  104425.30 

For the same issue, it was necessary to make the measurement correction respectively of 38.25 % and  

98.125 %.  

 IA of PLGA nanoparticles synthetized with SE technique (black line): 110296.93 

 IA of PLGA nanoparticles synthetized with SE technique (black line): 206892.63 

PLGA NPs synthetized with DE technique had an DrugE = 4.48 µg and EE% = 4.48 %. So it was 

possible to obtain an increment of encapsulation of VE% = 87.45 % using the DE instead of SE. 

Fig. 4.4.18: comparison between EICs of ketamine encapsulated in: PLGA nanoparticles 

synthetized with single emulsion technique, PLGA 75:25 and PVA 2.0 % (black line); PLGA 

nanoparticles synthetized with double emulsion technique with conditions described in 

paragraph 4.3.4 with 2.0 % of PVA in the second emulsion (red line). In both were used 100 µg 

of ketamine. 
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4.4.4 Effect of cholate in the second emulsion in the EE%  

50 µg of ketamine 

 

 

 

 

Fig. 4.4.20: Mass spectrum of flowthrough at the retention time Rt = 15.53 min of ketamine 

solution in methanol of 50 µg/ml. 

Fig. 4.4.19: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of ketamine  
solution in methanol of 50 µg/ml. 
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Double Emulsion: PLGA 75:25, Cholate 2.0 % w/v in second aqueous solution 

 

 

 

 

Fig. 4.4.21: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.4 with 2.0 % of cholate in the second emulsion. 

and 100 µg of ketamine.  

. 

Fig. 4.4.22: Mass spectrum of flowthrough at the retention time Rt = 15.60 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.4 with 2.0 % of cholate in the second emulsion. 
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 IA50µg (black line):  567900.60 

 IA of PLGA nanoparticles synthetized with double emulsion technique with PLGA 75:25, 

PVA 2.0% (red line):  59196.57 

The value of measured IA of encapsulated ketamine (red line) was corrected by 19.625 %. 

 Corrected IA of PLGA nanoparticles synthetized with double emulsion technique with PLGA 

75:25, PVA 2.0% (red line):  70813.90 

 

The measured drug amount using cholate as stabilizer instead of PVA was DrugE = 6.24 µg and an 

EE% = 6.24 %. So it was possible to appreciate an encapsulation increment by VE % = 27.96 and an 

increment of EE% by 1.76 % using the double emulsion technique with cholate instead of PVA. 

Fig. 4.4.23: comparison between EICs of ketamine solution of 50 µg/ml (black line) and 

ketamine encapsulated in PLGA nanoparticles synthesised with fourth protocol and conditions 

described in paragraph 4.3.4 with 2.0 % of cholate in the second emulsion. (red line). 
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4.4.5 Ketamine in different solutions 

50 µg of ketamine 

 

 

 

 

Fig. 4.4.24: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of ketamine  
solution in methanol of 50 µg/ml. 

Fig. 4.4.25: Mass spectrum of flowthrough at the retention time Rt = 16.43 min of ketamine 

solution in methanol of 50 µg/ml. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v and 

200 µg of ketamine in first aqueous solution, cholate 2.0 % w/v in 

second aqueous solution. 

 

 

 

Fig. 4.4.26: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in first aqueous solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.27: Mass spectrum of flowthrough at the retention time Rt = 16.52 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in first aqueous solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution 

and 200 µg of ketamine in organic solution 

 

 

 

Fig. 4.4.28: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.29: Mass spectrum of flowthrough at the retention time Rt = 16.37 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v and 

100 µg of ketamine in first aqueous solution, cholate 2.0 % w/v in 

second aqueous solution and 100 µg of ketamine in organic solution 

 

 

Fig. 4.4.30: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 100 µg of ketamine in organic solution and 100 µg of ketamine in first 

aqueous solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.31: Mass spectrum of flowthrough at the retention time Rt = 16.36 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 100 µg of ketamine in organic solution and 100 µg of ketamine in first 

aqueous solution. 
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 IA50µg (black line):  1141880.9650631 

NPs synthetized with: PLGA 0.25 % w/v in organic solution, cholate 0.2 % w/v in first aqueous 

solution and cholate 2.0 % w/v in second aqueous solution. 

 IA of PLGA NPs with 200 µg of ketamine in first aqueous solution (red line): 

129265.60330143 

 IA of PLGA NPs with 200 µg of ketamine in organic  solution (blue line): 

146784.91929819 

 IA of PLGA NPs with 100 µg of ketamine in first aqueous  solution and 100 µg of ketamine 

in organic solution: 

130069.23376932 

Fig. 4.4.32: comparison between EICs of ketamine solution of 50 µg/ml (black line) and 

ketamine encapsulated in PLGA nanoparticles synthesised with fourth protocol and conditions 

described in paragraph 4.3.7 with: 200 µg of ketamine in first aqueous solution (red line), 200 

µg of ketamine in organic solution (blue line), 100 µg and 100 µg of ketamine respectively in 

first aqueous solution and organic solution (violet line). 
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EE% of synthesized  nanoparticles: 

 EE % of PLGA NPs with 200 µg of ketamine in first aqueous solution (red line): 2.83 % 

 PLGA NPs with 200 µg of ketamine in organic  solution (blue line): 3.21 % 

 PLGA NPs with 100 µg of ketamine in first aqueous  solution and 100 µg of ketamine in 

organic solution: 2.85 % 

Observing the calculated EE% in all three conditions, the highest encapsulation was obtained with 

the complete solubilisation of ketamine in the organic solution. The next step was the evaluation of 

different ketamine amounts used in the synthesis.  
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4.4.6 Different ketamine amount 

Ketamine 50 µg reference for PLGA NPs synthesized with 5 µg, 10 µg, 500 µg, 1 mg and 2 mg of 

ketamine. 

 

 

Fig. 4.4.33: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of ketamine  
solution in methanol of 50 µg/ml. 

Fig. 4.4.34: Mass spectrum of flowthrough at the retention time Rt = 15.88 min of ketamine 

solution in methanol of 50 µg/ml. 
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Ketamine 50 µg reference for PLGA NPs synthesized with 20 µg, 50 µg, 100 µg, 200 µg and 300 µg 

of ketamine. 

 

 

Fig. 4.4.35: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of ketamine  
solution in methanol of 50 µg/ml. 

Fig. 4.4.36: Mass spectrum of flowthrough at the retention time Rt = 15.74 min of ketamine 

solution in methanol of 50 µg/ml. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

5 µg of ketamine in organic solution 

 

 

Fig. 4.4.37: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 5 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.38: Mass spectrum of flowthrough at the retention time Rt = 15.86 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 5 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

10 µg of ketamine in organic solution 

 

 

Fig. 4.4.39: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 10 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.40: Mass spectrum of flowthrough at the retention time Rt = 15.64 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 10 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

20 µg of ketamine in organic solution 

 

 

Fig. 4.4.41: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 20 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.42: Mass spectrum of flowthrough at the retention time Rt = 15.90 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 20 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

50 µg of ketamine in organic solution 

 

Fig. 4.4.43: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 50 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.44: Mass spectrum of flowthrough at the retention time Rt = 15.99 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 50 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

100 µg of ketamine in organic solution 

 

 

Fig. 4.4.45: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 100 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.46: Mass spectrum of flowthrough at the retention time Rt = 15.85 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 100 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

200 µg of ketamine in organic solution 

 

 

Fig. 4.4.47: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.48: Mass spectrum of flowthrough at the retention time Rt = 15.87 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

300 µg of ketamine in organic solution 

 

 

Fig. 4.4.49: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 300 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.50: Mass spectrum of flowthrough at the retention time Rt = 15.62 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

500 µg of ketamine in organic solution 

 

 

Fig. 4.4.51: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 500 µg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.51: Mass spectrum of flowthrough at the retention time Rt = 16.54 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 200 µg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

1.0 mg of ketamine in organic solution 

 

 

Fig. 4.4.53: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 1.0 mg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.54: Mass spectrum of flowthrough at the retention time Rt = 15.86 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 1.0 mg of ketamine in organic solution. 
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Double Emulsion: PLGA 75:25 0.25 % w/v in organic solution, cholate 0.2 % w/v in 

first aqueous solution, cholate 2.0 % w/v in second aqueous solution. 

2.0 mg of ketamine in organic solution 

 

 

Fig. 4.4.55: extracted ion chromatogram (EIC) of m/z = 237.725 (tolerance ±0.5) of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 2.0 mg of ketamine in organic solution. 

and 100 µg of ketamine.  

. 

Fig. 4.4.56: Mass spectrum of flowthrough at the retention time Rt = 16.55 min of solution in 

methanol of PLGA nanoparticles prepared with the fourth  protocol and conditions described in 

paragraph 4.3.7 with 2.0 mg of ketamine in organic solution. 
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All these quantification were done in two different days for technical requirements, so it was 

necessary EE% calculation referring to two different ketamine amount references. 

 

 

 

 

 

 

 

Fig. 4.4.57: comparison between EICs of ketamine solution of 50 µg/ml (black line) and 

ketamine encapsulated in PLGA nanoparticles synthesised with fourth protocol and conditions 

described in paragraph 4.3.7 with: 5 µg of ketamine in organic solution (red line), 10 µg of 

ketamine in organic solution (green line), 500 µg of ketamine in organic solution (blue line), 1 

mg of ketamine in organic solution (light blue line) and 2 mg of ketamine in organic solution 

(violet line). 
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Fig. 4.4.58: comparison between EICs of ketamine solution of 50 µg/ml (black line) and 

ketamine encapsulated in PLGA nanoparticles synthesised with fourth protocol and conditions 

described in paragraph 4.3.7 with: 20 µg of ketamine in organic solution (red line), 300 µg of 

ketamine in organic solution (blue line), 100 µg of ketamine in organic solution (violet line), 

200 µg of ketamine in organic solution (green) and 300 µg of ketamine in organic solution 

(dark blue line). 
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Integral areas of fig. 4.4.57 curves: 

 IA50µg (black line):  

116614.97138631 

 IA of PLGA NPs with 5 µg of ketamine in organic solution (red line): 

17494.42841988 

 IA of PLGA NPs with 10 µg of ketamine in organic solution (green line): 

16062.96616471 

 IA of PLGA NPs with 500 µg of ketamine in organic solution (blue line): 

34956.791576042 

 IA of PLGA NPs with 1 mg of ketamine in organic solution (light blue line): 

39951.166312314 

 IA of PLGA NPs with 2 mg of ketamine in organic solution (violet line): 

61958.453838866 

 

Integral areas of fig 4.4.57 curves: 

 IA50µg (black line):  

2188988.7935464 

 IA of PLGA NPs with 20 µg of ketamine in organic solution (red line): 

200483.13568584 

 IA of PLGA NPs with 50 µg of ketamine in organic solution (green line): 

239410.69264931 

 IA of PLGA NPs with 100 µg of ketamine in organic solution (blue line): 

283677.71777283 

 IA of PLGA NPs with 200 µg of ketamine in organic solution (light blue line): 

419646.04348257 

 IA of PLGA NPs with 300 µg of ketamine in organic solution (violet line): 

679715.16897424 
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Ketamine amount (µg) DrugE  (µg) EE% 

5 7.50 150.00 

10 6.89 68.90 

20 4.58 22.90 

50 5.47 10.94 

100 6.48 6.48 

200 9.58 4.79 

300 15.56 5.19 

500 14.99 3.00 

1000 17.13 1.71 

2000 26.56 1.33 

Table 4.4.1: Amount of encapsulated drug (DrugE) and 

Encapsulation Efficiencies (EE%) of ketamine encapsulated in 

PLGA NPs synthesized with different ketamine amounts. 

Fig. 4.4.56: encapsulation efficiencies (EE%) of PLGA NPs 

synthesised with different ketamine amounts. 
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According to fig.4.4.56 the EE% decreased after raising the ketamine amount dissolved in organic 

solution. The estimated encapsulated ketamine amount of PLGA NPs synthesized with 5 µg and 10 

µg of drug amount can’t be used as accurate data due to the substantial presence of contaminants in 

the ketamine containing flowthrough (fig.4.4.38 and fig.4.4.40).  Due to the pump loss, the 

flowthrough of PLGA NPs synthesized with 2 mg of ketamine in fig. 4.4.57 was subjected to a 

retention shift of one minute comparing to other samples. Although the highest encapsulated ketamine 

amount was obtained with PLGA NPs synthesized with 2 mg of ketamine, the sample produced with 

20 µg of ketamine had the best EE% excluding the nanoparticles synthesized with 5 µg and 10 µg of 

ketamine. For this reason, it was decided to functionalize NPs synthesized with 20 µg dissolved in 

organic solution. 
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4.5 ApoE functionalised PLGA nanoparticles 

fluorimetric analysis 

 

 

 

According to fig. 4.5.1, it was possible to observe an intense peak (red line) localized at 338 nm after 

the peptide reaction with the maleimide group and the presence of a smaller peak at the same 

wavelength (black line). A little signal of PLGA NPs without ApoE peptide was present due to the 

adaptor maleimide group and the PLGA nanoparticle, which both possess a similar emission spectrum 

for the indole group of tryptophan. The larger functionalized nanoparticle peak intensity of the red 

line confirmed that the linkage of the peptide on the surface was successful. 

 

Fig. 4.5.1: Emission spectra of PLGA NPs functionalised with ApoE peptide (red line) and non-

functionalised PLGA NPs (black line) 
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4.6 Differential scanning calorimetry results 

ApoE functionalized PLGA NPs with and without ketamine were analysed by DSC in scanning mode 

with a temperature ramp from 10 °C to 90 °C.  

 

 

According to fig.4.6.1, the ketamine presence did not change the degradation temperature of 

synthetized nanovehicle maintaining the same heat peak at 35 °C. PLGA NPs with and without 

ketamine had also a uniform degradation demonstrated by the same slope in both lines without further 

heat peaks. 

 

 

 

 

Fig. 4.6.1: ketamine loaded (red line) and empty (black line) ApoE functionalized PLGA NPS DSC 

result in scanning mode with a temperature ramp from 10 °C to 90 °C and an increase of 2 °C/min 
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4.7 Atomic force microscopy images 

Synthesized  PLGA NPs were analysed by AFM imaging in order to confirm the dimensions obtained 

with DLS measurements. 

Synthesis conditions: 

- Used protocol: fourth protocol 

- Organic solution: 1700 µl of acetone; 300 µl of methanol, 5 mg of PLGA 75:25  

- First aqueous solution: 1 ml of Milli-Q Water with 0.2 % w/v of cholate 

- Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

- 2 minutes of incubation after the formation of first emulsion in stirring condition 

 

From these images was possible to observe three well shaped spherical nanoparticles with 233 nm, 

244 nm and 249 nm of diameter length respectively. A coarse nanoparticles surface can be observed 

using a 3D point of view of obtained products. This effect could be generated by the rough 

nanoparticles surface. The AFM results confirmed the DLS analysis of z-size which was around 254.0 

nm. 

 

 

 

Fig. 4.7.1: AFM analysis image of PLGA NPs syntheisized with double emulsion technique in 2D 

(left) and in 3d (right) 
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Synthesis conditions: 

- Used protocol: fourth protocol 

- Organic solution: 1700 µl of acetone; 300 µl of methanol, 5 mg of PLGA 75:25 and 20 µg of 

ketamine 

- First aqueous solution: 1 ml of Milli-Q Water with 0.2 % w/v of cholate 

- Second aqueous solution: 10 ml of Milli-Q water with cholate 2.0 % w/v 

- 2 minutes of incubation after the formation of first emulsion in stirring condition 

- ApoE functionalization treatment 

 

According to fig. 4.7.2, the ApoE coating process didn’t change the final product shape and the 

measured sizes of nanoparticles synthesized by two independent protocol replica that were 197 nm 

and 201 nm respectively. Those were similar and consistent to the 205 nm of z-size obtained by DLS 

measurements. 

 

 

 

 

 

 

 

Fig. 4.7.2: Two AFM analysis image of ketamine-loaded ApoE functionalized PLGA NP  
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Chapter 5 

Final discussion and future perspectives 

In this thesis the encapsulation of ketamine into PLGA nanoparticles was achieved. The best synthesis 

technique was determined studying the structural properties and encapsulation efficiencies of 

synthesized nanoparticles.  

Fig. 5.1: Flow chart of used methods to quantify the encapsulated ketamine. 

The obtained encapsulated ketamine UV-VIS spectra was susceptible to high noises and was too low 

to make an interpretation. Another approach was adopted shifting the adsorption peak to higher 

wavelength making an ion pairing between ketamine and BPB. Due to stabilizer presence and high 

interaction between reagents, it was not possible to obtain good ketamine amount measurements. In 

order to quantify the encapsulated ketamine in PLGA NPs it used the LC-MS for its high 

measurement sensibility and accuracy. For this reason LC-MS was adopted to analyse the 

encapsulated ketamine amount determining the PLGA-NPs EE%. 
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Fig. 5.2: Flow chart of used methods to synthesize ketamine-loaded PLGA NPs 

 

For the best-obtained EE%, the double emulsion technique was the most promising method for 

ketamine encapsulating PLGA nanoparticles synthesis and their synthesis conditions were 

characterized described in the table in fig. 5.2. The nanoparticles surface functionalization with ApoE 

peptide was confirmed by fluorimetric analysis and nanoparticles degradation at 35 °C was 

characterized by DSC results. Nanoparticles morphological features were determined with DLS, zeta 

potential and AFM analysis obtaining information about their size and potential stability in water 

solution. The smaller and stable nanoparticles were synthesized using a small amount of cholate in 

the first aqueous solution and a higher cholate concentration in second aqueous solution. Further 

optimization may be done using different stabilizers as Tween80. Due to its non-toxic properties and 

the ability to pass through the blood brain barrier, given by ApoE peptide surface functionalization, 

the synthesized ketamine loaded PLGA nanoparticles will be tested with in vivo experiments in mice. 

The delivery of this type of novel nanodrugs could be a safer system reducing the ketamine toxicity 

and the dose necessary to obtain significant pharmacological effects increasing its pharmacological 

potency and clinical use as anaesthetic. 
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Chapter 6 

Appendix 

6.1 Dynamic light scattering 

The Dynamic light scattering technique is used to determine the size distribution profile of a small 

particle suspension in a liquid. This data is obtained correlating the dimension measure with the 

Brownian motion, the random movement of particles caused by the solvent molecules bombardment. 

The basic concept of this technique is that, at the same liquid viscosity in which the particles are 

suspended, small particles move rapidly while big particles are slower. These movements are 

evaluated measuring the rate at which the intensity of the scattered light fluctuates when the sample 

is illuminated by a laser. When the colloidal suspension is hit by the light beam this is scattered by 

the particles at all angles and a detector located at 173° is used to measure the scattered light and a 

speckle is obtained. Dark and bright spaces are present where the phases of the scattered light are 

respectively mutually destructive or constructive. For a system of particles undergoing Brownian 

motion the phase addition from the moving particles is constantly evolving and forming new patterns 

depending on the size of the particles. These fluctuations are evaluated by a correlator, basically a 

signal comparator designed to measure the degree of similarity of signals at varying time intervals. 

Two signals separated from a long period of time are not going to be related at all, but if this time gap 

is reduced to a very small value there will be a strong relationship or correlation between the 

intensities of two signals. Therefore, the correlation reduces with time. Different intensities at 

increasing time are collected and compared with the signal at t0, and the signal correlation will 

decrease with time until there will be no correlation. With large particles the signal changes slowly 

and the correlation will persist for a long time, on the contrary with small particles the correlation 

reduces quickly.  

The correlation function G(τ) of the scattered intensity is: 

 

𝐺(𝜏) = <  𝐼 (𝑡 ) ⋅ 𝐼 (𝑡 + τ) > 

 

τ = time difference of the correlator 
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For monodisperse particles in Brownian motion, the correlation function is an exponential 

decaying function of the correlator time delay τ: 

 

𝐺( τ) = 𝐴[ 1 + B𝑒(−2Γ τ) ]  

 

A = the baseline of the correlation function 

B = intercept of the correlation function. 

Γ = Dq2 

D is the translational diffusion coefficient and q is a parameter depending on refractive index of 

dispersant, laser wavelength and angle of scattering. 

 

Using the translational diffusion coefficient it is possible to determine the particles size with the 

Stokes-Einstein Equation: 

 

𝑑(𝐻) =  
𝑘𝑇

3𝜋𝜂𝐷
 

 

Where d(H) is the hydrodynamic diameter, k the Boltzmann’s constant, T t h e absolute temperature 

and η viscosity. [65] 
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6.2 Zeta potential 

The zeta potential is a physical property exhibited by any particle suspension and can be used to 

predict the long-term stability of colloidal systems like aerosols, emulsions and colloidal suspensions. 

In certain circumstances, particles in a dispersion may adhere one to another forming larger 

aggregates. 

 

DVLO theory ( Derjaguin, Verwey, Landau, Overbeek, 1940) suggests that the stability of a 

particle in solution is dependent upon its total potential energy function VT: 

 

𝑉𝑇 = 𝑉𝐴 + 𝑉𝑅 + 𝑉𝑆 

 

Where VS is the potential energy due to the solvent while VA and VR are the attractive and repulsive 

contributions. They are potentially larger and operate over a longer distance, in particular their 

equations are: 

 

𝑉𝐴 =
−A

12π𝐷2
 

 

Where A is the Hamaker constant and D is the particle separation, and: 

 

𝑉𝑅 = 2𝜋𝜀𝑎𝜁2𝑒−𝑘𝐷
 

 

With a particle radius, π is the solvent permeability, κ is a function of the ionic composition and ζ is 

the zeta potential. 
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The stability of a colloidal system is determined by the sum of these Van der Waals attractive (VA) 

and electrical double layer repulsive (VR) forces that exist between particles as soon as the particles 

approach to each other. The barrier resulting from the repulsive force prevents two particles from 

adhering to each other, but if the particles collide with sufficient energy to overcome that barrier they 

adhere strongly and irreversibly together. Two basic mechanisms that affect dispersion stability exist, 

the steric repulsion that involves polymers adsorbed onto the particle surface that prevent their close 

contact by steric repulsions and the electrostatic or charge stabilization which is due to the distribution 

of charged species in the system. When a net charge is developed at the particle surface, the ions 

distribution in the surrounding interfacial region can be affected, resulting in an increased 

concentration of counter ions close to the surface thus creating an electrical double layer around each 

particle. The liquid layer surrounding the particle is composed of two parts, an inner region or Stern 

layer, where the ions are strongly bound to the surface and an outer or diffuse region where they are 

less firmly associated. The zeta potential is the potential difference between the dispersion medium 

and the stationary layer of fluid attached to the particle, at the outer limit identified from the diffusive 

region. The magnitude of the zeta potential can give an indication of the potential stability of the 

colloidal system because the particles that possess large negative(<-30mV) or positive (>30mV) zeta 

potential will not tend to attract each other [66]. 
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6.3 Differential scanning calorimetry 

The differential scanning calorimetry (DSC) is a thermodynamical technique for direct analysis of 

the sample heat energy uptake under a temperature variation. The main DSC application is the 

biochemical reactions study of singular molecular transition of a molecule from one conformation to 

another. The analysed sample melting temperature (Tm) can be determined in solution, solid, or 

mixed phases such as suspensions. The main measured information is the temperature difference 

between a sample and a reference and the heat flow associated with material phase transition is 

determined. This last parameter is treated as a function of time and temperature. From this physical 

parameter, many biomolecular phenomena as melting profiles, heats of fusion, oxidative stability, 

crystallization kinetics, glass transitions and amount of crystallinity are studied. For this thesis the 

DSC was used in scanning mode. 

In the scanning mode the temperature was changed linearly in both cells and the heat flow rate ϕ was 

proportional to the heating rate (dT/dt) 

𝜙 = 𝐾
𝑑𝑇

𝑑𝑡
 

 K, T and t are proportional factor, temperature and time respectively. The analysed heat flow reaches 

never to zero and the differential flow rate depends on differential heat capacity between two cells. 

𝜙(𝑇, 𝑡) = 𝜙0(𝑇) + 𝜙𝑐𝑝(𝑇) + 𝜙𝑟(𝑇, 𝑡) 

ϕr is the heat flow contribution from the latent heat of the transition in sample, ϕcp  the difference in 

heat capacity between sample and reference and  ϕ0 the temperature difference between the sample 

and reference position. ϕ0 and ϕcp defined the baseline and ϕr the measured curve peak [39]. This 

method was chosen in order to determine the melting temperature of synthetized PLGA NPs. 
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6.4 Liquid chromatography mass spectrometry 

Liquid chromatography  mass spectrometry (LC-MS) is a technique that combines the liquid 

chromatography (LC) with the mass spectrometry (MS) which allows the identification of molecular 

weights, structure characterizations through fragmentations, and quantitation of individual 

compounds present in complex mixtures. The LCMS uses compound’s affinity for a mobile phase (a 

buffered solvent) and a stationary phase (a porous solid support). A pump provides the continuous 

flow of the sample dissolved in a solved and the compounds present in the sample are separated 

depending on their affinity to the stationary phase present inside the column. Each separated 

compound passes through a mass detector and the retention time (Rt) of the compound of interest 

may then be compared to reference material. The generated mass spectrum diagram reports the 

molecular ion signals relating to mass/charge ratio. The molecular ion and fragments obtained by the 

spectrum are used to determine the elementary composition or the isotopic form of the analysed 

sample. All these information are used to identify chemical structure of various molecules.  
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