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Streszczenie 

Autofagia to zależny od lizosomów proces polegający na kontrolowanym rozkładzie 

niepotrzebnych i uszkodzonych składników wewnątrzkomórkowych. Wiele zaburzeń u ludzi 

jest silnie skorelowanych z nieprawidłowym funkcjonowaniem autofagii. Liczne badania 

wykazały, że naturalnie występujący disacharyd - trehaloza, wykazuje zdolność do 

indukowania autofagii. Niestety, ze względu na wysoką hydrofilowość oraz podatność na 

hydrolizę enzymatyczną trehaloza charakteryzuje się niską biodostępnością. Alternatywą dla 

wolnej trehalozy, mającą zwiększać jej skuteczność, mogą być nanonośniki zawierające 

chemicznie skoniugowaną lub fizycznie spułapkowaną trehalozę. 

Niniejszą rozprawę doktorską stanowi cykl artykułów dotyczących syntezy, charakterystyki 

oraz zastosowania nanożeli uwalniających trehalozę jako potencjalnych nośników trehalozy do 

stymulacji autofagii. W pierwszej kolejności opracowano sposób syntezy nanożeli za pomocą 

fotoinicjowanej polimeryzacji wolnorodnikowej prowadzonej w odwróconej miniemusji. 

Trehaloza została kowalencyjnie skoniugowana z siecią polimerową nanożeli poprzez wiązanie 

estrowe, którego specyficzna lokalizacja umożliwia hydrolizę w warunkach fizjologicznych, w 

wyniku czego uwalnia się trehaloza. Na uwalnianie trehalozy duży wpływ ma skład nanożeli, 

ładunek sieci i pH środowiska. Uwalnianie nie jest natomiast zależne od stężenia nanożeli. 

Nanożele uwalniające trehalozę mają kulisty kształt, średnicę hydrodynamiczną w zakresie od 

57 do 266 nm oraz dodatni lub ujemny potencjał zeta zależny od ładunku wbudowanych 

ugrupowań jonowych. Najlepsze z opracowanych nanożeli charakteryzują się wysoką 

zawartością trehalozy (~50% w/w), są stabilne koloidalnie, dobrze wchłaniane przez komórki, 

nie są cytotoksyczne, oraz nie powodują hemolizy. Badania biologiczne potwierdziły, że 

opracowane nanożele działają stymulująco na proces autofagii. Pierwsze badanie wykazało, że 

nanożele mogą stymulować autofagię in vivo w dwóch organizmach modelowych: 

transgenicznych danio pręgowanych oraz larwach Drosophila. W drugim badaniu wykazano, 

że stymulacja autofagii przez nanożele korzystnie wpływa na redukcję blaszki miażdżycowej 

w mysim modelu miażdżycy. Opracowane nanożele stanowią nowy rodzaj nanonośników 

zawierających trehalozę i można je uznać za znaczące osiągnięcie w tej dziedzinie, ponieważ 

dotychczas nie opracowano sposobu kowalencyjnego związana trehalozy z nanonośnikiem, tak 

by umożliwić jej późniejsze uwalnianie w środowisku o pH 7.4. Biorąc pod uwagę obiecujące 

wyniki badań nad stymulacją autofagii, opracowane nanożele mogą przyczynić się do dalszego 

rozwoju skutecznej strategii dostarczania trehalozy w leczeniu chorób związanych z 

zaburzeniami autofagii.  
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Abstract 

Autophagy is a lysosomal-dependent, cellular recycling process responsible for degradation of 

unnecessary and damaged intracellular components. Many human disorders are strongly 

correlated with the malfunctioning of autophagy. Trehalose is a naturally occurring 

disaccharide that has gained considerable attention, thanks to numerous studies, which 

demonstrated its ability to induce autophagy. Unfortunately, trehalose has low bioavailability 

due to its high hydrophilicity and susceptibility to enzymatic hydrolysis. To enhance the 

efficacy of trehalose, trehalose-bearing nanocarriers, in which trehalose is incorporated either 

by chemical conjugation or physical entrapment, have emerged as an alternative option to free 

trehalose.  

This doctoral dissertation is a collection of published articles focused on the synthesis, 

characterization, and the application of trehalose-releasing nanogels as potential trehalose 

carriers for autophagy stimulation. First, the synthesis of nanogel via photoinitiated free radical 

polymerization in inverse miniemulsion was optimized. Trehalose was covalently conjugated 

to the polymer network via an ester bond, of which the specific location enabled its cleavage 

under physiological conditions resulting in trehalose release. Trehalose release appeared to be 

highly influenced by the composition of nanogels, the ester part through which trehalose is 

incorporated, network charge, and pH of environment, but it was not concentration-dependent.  

Trehalose-releasing nanogels were characterized by spherical shape with hydrodynamic 

diameter ranging from 57 to 266 nm and positive or negative zeta potential depending on the 

charge of the incorporated ionic moieties. The best of the developed nanogels had high content 

of conjugated trehalose (~50% w/w), were colloidally stable in serum-enriched media, non-

cytotoxic to human umbilical vein endothelial cells, well uptaken by cells, and non-hemolytic 

to human red blood cells. 

Two independent biological studies confirmed the autophagy stimulation effects of trehalose-

containing nanogels. First, nanogels were capable to induce autophagy in transgenic zebrafish 

and Drosophila larvae. Second, they demonstrated the therapeutic effects of autophagy 

stimulation in promoting lipid efflux and plaque reduction in a mouse model of atherosclerosis. 

The developed nanogels represent a novel type of trehalose-bearing nanocarriers, and can be 

considered as a significant achievement in this field, because nanocarriers characterized by 

covalent conjugation of trehalose, which can be sustainably released at pH 7.4 have not been 

developed so far. Taking into account the promising results from autophagy stimulation studies, 

the developed nanogels may contribute to the further development of an effective trehalose 

delivery strategy to overcome impaired autophagy-related disorders. 
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1. Research aims and the scope of the study 

This doctoral dissertation is a collection of five published articles: one literature review 

presenting the current state of the research in the field of trehalose carriers targeting impaired 

autophagy, and four research articles focused on the synthesis, characterization, and the 

application of trehalose-releasing nanogels as potential trehalose carriers for autophagy 

stimulation. The collection of articles is supplemented with patent application. The primary aim 

of the work was to address the issue of poor trehalose bioavailability by developing covalent, 

yet hydrolytically-labile (releasable) incorporation of trehalose into nanogels to create nanogels 

that can release trehalose at systemic pH. Another aim was to evaluate capability of the 

developed trehalose-releasing nanogels to stimulate autophagy.  

 

The scope of the study included: 

• Elaboration of the synthesis of nanogels via photoinitiated free radical polymerization in 

inverse miniemulsion to establish optimal conditions for synthesis of trehalose-releasing 

nanogels. 

• Study on the influence of the composition of trehalose-releasing nanogels on their 

physicochemical characteristics. The physicochemical characterization included: 

confirmation of covalent trehalose incorporation (by 1H NMR), imaging (by cryoTEM), 

determination of trehalose content (by enzymatic assay), determination of hydrodynamic 

diameter (dH) and zeta (ζ)-potential (by DLS and ELS, respectively), and evaluation of 

colloidal stability in selected biological media (by turbidimetry and DLS). 

• Study on trehalose release from nanogels focusing on how it is influenced by nanogels 

composition as well as nanogels concentration and solution pH. The following 

compositional aspects were considered: content and structure of acrylamide-type units, 

type of trehalose ester and type of ionic functionalization. 

• Fluorescent labeling of nanogels for bioimaging purposes by two different approaches. The 

first approach involved introducing the fluorescent moiety during polymerization, while 

the second approach involved incorporating it after polymerization. 

• Evaluation of cytocompatibility and hemocompatibility of trehalose-releasing nanogels. 

• Investigation on autophagy inducing potential of trehalose-releasing nanogels in in vitro 

and in vivo study in collaboration with Dr. Máté Varga's group from Eötvös Loránd 

University (ELTE), Hungary and Prof. Wei Wu’s group from Chongqing University, 

China. 
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2. Literature background 

2.1. Nanoparticles for drug delivery 

In the past fifty years, nanoparticles have been a subject of extensive study as potential drug 

delivery systems (DDS) and diagnostic tools [1], [2], [3]. Unique characteristics of colloidal 

nanoparticles demonstrate potential use as nanocarriers to transport drugs and facilitate a 

controlled drug release at the site of action [1], [3], [4]. Nanocarriers could offer improved 

solubility for hydrophobic drugs/active compounds [5] as well as improved bioavailability and 

pharmacokinetics profile in comparison to free therapeutics [1], [6]. 

Nanocarriers are designed to address the challenges of free therapeutic delivery, particularly in 

maneuvering various biological barriers, including systemic, microenvironmental, and cellular 

barriers [1], [3]. The ideal size of nanocarriers is usually between 50 to 100 nm, in order to 

prevent accumulation and clearance by the liver, spleen, or kidneys [7].  

In recent years, the application of DDS using nanocarriers has been explored in pre-clinical 

studies for treatments of major human diseases (e.g., cancers, cardiovascular diseases, diabetes, 

neurodegenerative diseases, and autoimmune diseases) [1], [2], [8]. Nanocarriers can be 

administered via many different routes, but parenteral administration via intravenous injection 

is the most extensively studied method [9].  

Several significant advancements mark the evolution of nanocarrier development. Following 

the discovery of liposomes in 1964, a number of significant advances have emerged including 

the first study of controlled release polymeric systems in 1978, the introduction of targeted 

liposomes in 1980, the identification of the enhanced permeability and retention (EPR) effect 

in 1986, and the development of long circulating nanocarriers with poly(ethylene glycol) (PEG) 

coating in 1994 [10]. The first drug-loaded nanocarrier to receive FDA approval was Doxil 

(doxorubicin (DOX)-encapsulated liposome), which was approved in 1995 [1]. Afterwards, 

numerous nanocarrier systems underwent clinical trials and received FDA approvals, including 

lipid-based nanocarriers (e.g., DaunoXome, AmBisome, and Visudyne), polymeric 

nanocarriers (e.g., Copaxone, PegIntron, and Eligard), and inorganic nanocarriers (e.g., 

DexFerrum, Ferrlecit, and Venofer) [1]. However, despite extensive research on the 

development of nanocarriers, their presence in the market remains limited. 

Generally, nanocarriers can be classified into organic, inorganic, and hybrid nanocarriers [1]. 

Examples of organic nanocarriers include: solid lipid nanoparticles, liposomes, dendrimers, 

polymeric nanoparticles, and micelles. Inorganic nanocarriers include: carbon nanotubes, metal 

nanoparticles, quantum dots, and mesoporous silica nanoparticles. In turn, an example of hybrid 
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nanocarriers may be inorganic nanoparticles coated with a polymer [1], [2], [8]. On top of that, 

polymeric nanocarriers are considered as one of the most widely studied carriers for DDS and 

can be classified into either synthetic or natural [11], [12]. The synthetic one offers controllable 

physicochemical properties (size, shape, and mechanical properties), tunable degradation, high 

reproducibility, and easy surface functionalization, but it can be more cytotoxic compared to 

the natural one and require complex and multi-step synthesis procedures [11], [12]. Meanwhile, 

the natural one offers good biocompatibility, abundant resources in nature, and intrinsic 

bioactivity, but it can have high batch-to-batch variability and limited functional groups for 

surface modification [11], [12]. 

Nanocarriers surface can be functionalized with different targeting ligands, imaging molecules, 

protein/peptides, and specific polymers (e.g., PEG) to improve their properties including 

specific targeting, diagnostic, and stealthy properties [13], [14]. Other functionalization 

includes the incorporation of stimuli-responsive moieties/crosslinkers/particles that are 

responsive to endogenous or exogenous stimuli (e.g., pH, enzymes, glutathione (GSH), light, 

magnetic field, and ultrasound), which create smart nanocarrier systems [14], [15]. 

Generally, there are three possible ways of loading drugs into nanocarriers. The first approach 

involves physical entrapment of drugs within nanocarriers [16], [17]. For instance, 

nanoprecipitation and emulsion solvent evaporation are two popular methods for physical 

loading [18], [19]. The second approach is complexation between the drug molecules and 

specific components of nanocarriers. For example, polymer-drug complex via electrostatic 

interaction between negatively charged drugs and chitosan or polyethyleneimine (PEI) or 

ligand-drug complex via specific affinity between drug molecules and ligands/antibodies. The 

third method involves chemical conjugation of drugs into nanocarriers to form polymer-drug 

conjugates by incorporating cleavable linkers [20], [21], [22]. The last approach protects drugs 

more effectively by restricting inactivation or degradation of drugs from certain physiological 

enzymes and/or preventing premature release of drugs, particularly for hydrophilic drugs that 

are easily released if encapsulated physically [20], [21], [22]. Controlled release of the payloads 

in polymer-drug conjugates is usually achievable by incorporating labile-bonds such as acid-

labile bonds (e.g., imine, acetal, hydrazone, and to some extent 3-thiopropionate ester) and 

disulfide bonds as redox-labile bonds [21]. Their cleavage is usually relatively fast and the 

conjugated drug can be completely released in the range of several hours to a few days. 

Linkages including esters, amides, and carbamate, which are more stable and rather resistant to 

hydrolysis under physiologically relevant conditions, are also used for drug conjugation. In 

these cases, complete release of the drug requires very long time, what is more beneficial for 
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continuous and prolonged release. Sometimes, their cleavage can be accelerated in the presence 

of enzymes. In addition to small molecule drugs, proteins and peptides can also be conjugated 

into polymeric nanocarriers [20].  

 

2.2. Nanogels as nanocarriers 

Nanogels, also known as hydrogel nanoparticles, are nanoparticles composed of physically or 

chemically cross-linked hydrophilic or amphiphilic polymer networks and a large quantity of 

water [23], [24], [25]. Nanogels have unique properties such as high swelling ability (water 

entrapment), high drug loading capacity, tunable size, softness, and high stability in biological 

media or during long-term storage. Other important benefit of nanogels is their ability to 

encapsulate different types of bioactive substances and drugs and biomacromolecules such as 

protein or DNA without affecting their gel-like characteristic [25]. Nanogels have been 

extensively studied in biomedical applications, including their potential use in DDS, wound 

healing application, as well as tissue engineering and regenerative medicine [25], [26]. More 

specifically, smart nanogels, i.e., nanogels with responsiveness toward endogenous and/or 

exogenous stimuli, have currently been studied for drug delivery, gene delivery, bioimaging 

and biosensing, photodynamic therapy, and photothermal therapy [27]. 

Generally, nanogels can be synthesized through various methods, including self-assembly of 

interacting polymers utilizing non-covalent interactions (e.g., via hydrogen bonding, 

electrostatic interactions, hydrophobic interactions, or van der Waals forces), polymerization of 

hydrophilic monomers, cross-linking of preformed polymers, and template-assisted 

nanofabrication [23]. Nanogels can be functionalized through two different methods: post-

synthetic modifications, which involve chemically modifying nanogels after their synthesis or 

through pre-synthetic approaches, e.g., synthesizing nanogels by polymerization using 

monomers containing functional moieties [26], [28].  

Nanogels hold significant promise to facilitate the transport of drugs to the central nervous 

system (CNS) for the treatments of neurodegenerative diseases and brain tumors [29], [30]. In 

this case, nanogels are designed to cross the  blood-brain barrier (BBB) and blood-cerebrospinal 

fluid barrier (BCSFB) utilizing different functionalization, such as ligand and charge 

modification as well as magnetic-guided delivery [29], [30]. The size and surface charge of 

nanogels are two important factors for successful therapeutic delivery to the brain. Nanogels 

with particle sizes smaller than 100 nm are preferable to cross the BBB [31], [32]. Surface 

functionalization with middle or high molecular weight ligands, such as insulin or transferrin, 

can further enhance the delivery efficiency of nanogels to the CNS via receptor-mediated 
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transcytosis, due to the specific interaction with insulin and transferrin receptors on the neuron 

cell membranes [31], [32]. On the other hand, because the exterior membrane of brain 

endothelial cells is negatively charged, positively charged nanogels may exploit the adsorptive-

mediated transcytosis (AMT) route with greater efficacy than their neutral or negatively 

charged counterparts [33], [34]. Cargo encapsulation into nanogels can be achieved during or 

after nanogel synthesis. Small molecule drugs, proteins or peptides, and oligonucleotides are 

some examples of potential cargos which can be loaded into nanogels and delivered to the CNS 

[29], [31]. Controlled release of the encapsulated cargos from nanogels generally can be 

achieved either by diffusion, degradation, ion displacement, pH shift, or external energy (e.g., 

magnetic field, ultrasound, and light), which can also be applied for CNS delivery [29]. 

 

2.3. Trehalose in biomedical applications 

Many years ago, people understood that carbohydrates were just a source of energy but then it 

turns out that some of them play specific roles in biological systems. Trehalose, for instance, is 

one of the most important disaccharides due to its high stability (resistance to high temperature 

and hydrolysis) and unique properties, e.g.: cryo-protection, protein stabilization, and 

autophagy induction [35], [36]. Trehalose, however, can be instantly hydrolyzed by trehalase 

enzyme that is present in various organisms including human. In nature, trehalose can be found 

in plants, algae, mushrooms, yeasts, and insects, but not in mammals [35], [36]. The chemical 

structure of trehalose, a non-reducing homodisaccharide composed of two D-glucose units 

linked at their anomeric positions by an α,α’−1,1’−glycosidic bond, in comparison to other 

popular disaccharides, is shown in Figure 1. 

 

Figure 1. Chemical structure of trehalose in comparison to other disaccharides such as sucrose, maltose, and 

lactose. 

 

Nowadays, the enzymatic technology has been used for mass production of trehalose using 

enzymes isolated from bacteria, namely maltooligosyltrehalose synthase and 
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maltooligosyltrehalose trehalohydrolase, together with α-amylase to break down maltodextrin, 

for instance from cassava starch, and yield trehalose in large quantities [37].  

Trehalose has wide-ranging applications throughout every-day life and healthcare [38]. First, 

trehalose is widely used as a stabilizing agent in the food industry, particularly to prevent food 

products against extreme heat during drying process that can reduce the nutrition value, original 

flavor, and aroma. It is also a popular food additive that is usually used as a sweetener and 

bulking agent. Second, trehalose finds application in cosmetics, particularly skincare, where it 

serves as a moisturizing agent due to its ability to bind with water molecules. In addition to its 

hydrating effects, trehalose acts as a strong antioxidant and protects the skin. Next, trehalose 

has been used in cryopreservation of human cells, thanks to its ability to prevent ice crystal 

formation that can damage cell membranes during storage in sub-zero temperature. 

Furthermore, trehalose is used as a protein stabilizer in a variety of settings, including the 

biotechnology, pharmaceutical, and medical fields [38]. Some examples of commercially 

available pharmaceutical products that use trehalose are Thealoz® Duo (Thea Pharma), 

Advate® (Baxter), Avastin® (Genentech), Lucentis® (Genentech), and Herceptin® 

(Genentech). 

On top of that, autophagy induction property of trehalose and its application in disease 

treatments is the most promising and interesting topic to study [39], [40], [41]. Autophagy is a 

cellular recycling process that degrades cytoplasmic components, including damaged 

organelles, protein aggregates, and lipid droplets and recycles them via a degradative 

organelle−lysosome in response to a variety of stress stimuli (e.g., nutrient and energy stress, 

hypoxia, and pathogen invasion) [42], [43]. This process is important to maintain cells 

homeostasis, differentiation, and survival. Due to its critical role in cellular processes, the 

imbalance and dysfunction of autophagy are connected to a number of human disorders, such 

as neurodegenerative disorders, cardiovascular disease, pulmonary disorders, renal diseases, 

cancer, autoimmune disorders, and metabolic syndromes [42], [43].  

There are currently two main hypotheses explaining how trehalose induces autophagy. The first 

pathway involves trehalose blocking glucose and fructose transport through glucose transporter 

(GLUT) family proteins, creating a low adenosine triphosphate (starvation-like) state which 

consequently activates unc-51-like kinase 1 (ULK1) and AMP-activated protein kinase 

(AMPK) and then trigger autophagy [39], [44], [45]. The second mechanism involves the 

activation of transcription factor EB (TFEB) by trehalose, which promotes autophagy by 

increasing the production of membrane proteins, lysosomal degradation enzymes, and other 

autophagy-related components [46]. 
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The clinical trials of trehalose for the treatments of diseases related to impaired autophagy and 

protein aggregation has been summarized in [P1] [47]. There are currently 9 ongoing clinical 

trials using trehalose administered orally or intravenously for the treatments of type 2 diabetes, 

Parkinson’s disease, Alzheimer’s disease, acute coronary syndrome, amyotrophic lateral 

sclerosis, and spinocerebellar ataxia type 3 according to the data from the Clinical trials 

database (https://clinicaltrials.gov). One major drawback, however, is that to maintain its ability 

to induce autophagy, trehalose must be administered at extremely high doses due to its 

hydrophilic nature and susceptibility to enzymatic degradation [40]. The examples are:100 mM 

for in vitro study and 2−3 g/kg/day (administered parenterally) or 2−4 w/v (administered orally 

in drinking water) for in vivo study. Additionally, a report in Nature, which was published in 

2018, showed that dietary trehalose at doses above 10 mM enhances the virulence of epidemic 

Clostridium difficile, making it urgent to reduce trehalose intake [48].  

 

2.4. Trehalose-containing nanocarriers to target impaired autophagy 

Nanocarriers containing trehalose, where trehalose is integrated either chemically or physically, 

are currently being explored as an alternative option to free trehalose to enhance its efficacy for 

the treatment of impaired autophagy-associated disorders (e.g., neurodegenerative diseases, 

nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes, cancer, and atherosclerosis), 

which has been reviewed in [P1, Table 2 on page 5] [47]. The field is relatively new, with 

reports mostly published after 2017, leaving many unknowns, limitations, and challenges to be 

addressed.  

A total of 8 studies on trehalose-bearing carriers to stimulate autophagy have been published 

recently, which include nanocarriers with physically entrapped trehalose (e.g., mesoporous 

silica nanoparticles and β-cyclodextrin-based nanoassemblies) [49], [50] and nanocarriers with 

chemically bound trehalose (e.g., nanoassemblies [51], [52], [53], [54] and solid-lipid 

nanoparticles [55] and glycopolymers [56]). The chemical conjugation of trehalose can be 

either labile or permanent. The first approach relies on covalent bond which can be cleaved 

under biologically relevant conditions triggering trehalose release. On the other hand, the 

second strategy implies trehalose being permanently bound to the carrier, making it non-

releasable. In this scenario, “poly-(trehalose)” species, which are composed of several copies 

of trehalose in a single macromolecule or nanoparticle, are currently the main subject of 

investigation.  

As the mechanism of actions of trehalose-bearing nanocarriers to induce autophagy has not 

been explained, we hypothesize that there are four possible mechanisms through which 
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trehalose-containing nanocarriers can stimulate autophagy (Figure 2). First, the carrier enters 

the cell through endocytosis, releases trehalose in cytosol, and subsequently induces autophagy 

via TFEB. Second, the carrier decorated with pendant and permanently bound trehalose 

penetrates the cell by the same mechanism but interacts directly with autophagy substrates via 

a multivalent binding interaction and/or causes indirect stimulation of autophagy. Third, the 

carrier interacts with GLUT in a multivalent manner, which blocks the transporter and trigger 

a starvation-like response that induces autophagy via the AMP-activated protein kinase 

(AMPK) pathway. Last, trehalose interacts with GLUT after being released from the carrier in 

the extracellular fluid, resulting in a similar effect. 

 
Figure 2. Four possible pathways through which trehalose-bearing carriers can stimulate autophagy. Reproduced 

with permission from ref. [47]. Copyright 2023 American Chemical Society. 

 

The Seneci group was the first one to investigate the autophagy-stimulating potential of 

trehalose-bearing carriers by developing nanoassemblies of trehalose-squalene and trehalose-

betulinic acid conjugates [54]. However, these nanoassemblies failed to induce autophagy in 

vitro, the most probably due to insufficient free trehalose release. In a subsequent study, two 

nanoassemblies from trehalose-monosqualene and trehalose-disqualene conjugates containing 

a biologically labile disulfide bond were fabricated. The disqualene one showed better 

autophagy induction efficacy than free trehalose and the monosqualene counterpart [51]. The 

authors hypothesized that this effect is due to the higher permeability of disqualenylated 

nanoassemblies, which have more hydrophobic cores, through the cellular membrane compared 

to monosqualenylated nanoassemblies. In the third attempt, trehalose-decorated gold 
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nanoparticles were prepared through the reduction of gold salt in the presence of thiol-

terminated PEG-trehalose conjugate, as trehalose non-releasable nanocarrier [55]. This 

nanoparticle could successfully induce autophagy in vitro, but the mechanism is still unknown. 

In other group, nanocarriers prepared by either rapid mixing of amphiphilic trehalose–

nucleolipid conjugates into solid lipid nanoparticles or encapsulation of the conjugates into 

PLGA nanoparticles showed enhanced autophagy activity in neuronal cells compared to free 

trehalose [53]. Other attempt by Chen’s group showed a promising result of enhanced 

autophagy-mediated cancer cell ferroptosis using trehalose-loaded mSiO2@MnOx-mPEG 

nanoparticles [50]. 

Furthermore, two significant reports have demonstrated the effectiveness of autophagy 

stimulation by trehalose-bearing carriers to treat atherosclerosis [49], [52]. The first report 

discusses multiloaded self-assembled nanovesicle systems composed of amphiphilic H9 

peptide and hexadecyl phosphorylcholine, which were loaded with trehalose and β-

cyclodextrin/oridonin inclusion complex [49]. The second report focuses on constructing 

nanomotors through the double self-assembly of trehalose conjugates containing four arginine 

molecules and nanoparticles functionalized by phosphatidylserine, resulting in trehalose-

containing nanomotors [52]. 

In other study two glycopolymers containing 20 or 40 repeating units of 6-O-acryloyl-trehalose 

have been tested for their autophagy-inducing potential in an in vitro model of NAFLD [56]. 

Their polymer backbones were identical, yet they varied in the amount and density of pendant 

trehalose. While treatment with the glycopolymer containing higher amount of trehalose units 

in free fatty acid (FFA)-induced lipotoxicity of hepatocytes could significantly induce 

autophagy, the glycopolymer containing lower amount of trehalose units could only slightly 

increase the autophagic activity, which was similar to free trehalose.  

It is anticipated that considering the increasing number of in vitro and in vivo studies on 

trehalose-bearing carriers to stimulate autophagy and treat diseases, the clinical trials of 

trehalose-containing nanocarrier will likely commence soon, even though no clinical study is 

presently underway. 

 

  



18 
 

3. Results 

The research on trehalose-releasing nanogels has started from the elaboration of the optimal 

polymerization conditions for nanogel synthesis by FRP using inverse miniemulsion technique, 

what is shortly discussed in the beginning of this chapter. This stage was focused on the 

synthesis aspects and concerned nanogels without trehalose. As a result of this elaboration 

cationic and anionic nanogels were developed, which were then studied as carriers for model 

therapeutics: anionic nanogels for doxorubicin encapsulation ([P2] [57]) and cationic nanogels 

for miRNA complexation ([P3] [58]). Further discussion in this chapter concerns  trehalose-

containing nanogels, which were developed based on the elaborated synthesis procedure, and 

starts from the synthesis of trehalose monomers. The basis of trehalose release from nanogels 

and rationales for monomers selection are shortly described. The influence of the composition 

of nanogels on their physicochemical characteristics and trehalose release is thoroughly 

investigated in ([P4] [59] and [P5] [60]). The main goals concerning the characteristics of 

trehalose-containing nanogels were to create nanogels with high content of conjugated 

trehalose, which can be sustainably released at pH 7.4 and which are characterized by high 

colloidal stability in serum-enriched cell media, hemocompatibility, and lack of cytotoxicity. 

The biological studies on selected trehalose-releasing nanogels are further discussed, 

particularly their ability to induce autophagy in transgenic zebrafish and Drosophila larvae 

([P4] [59]) as well as their potential therapeutic applications to treat atherosclerosis ([P5] [60]). 

Finally, discussion on two different attempts to label nanogels with fluorescent dyes which have 

been used for fluorescent imaging in biological studies (in publications [P3] [58], [P4] [59], 

and [P5] [60]) is provided. 

 

3.1. Elaboration of free radical polymerization in inverse miniemulsion for nanogel 

synthesis 

Nanogels were synthesized via photoinitiated free radical polymerization (FRP), involving an 

inverse miniemulsion method (Figure 3A). In this “inverse” setting, water-soluble monomers 

are dissolved in an aqueous phase, which is dispersed in continuous organic phase, creating a 

water-in-oil (w/o) emulsion [61], [62], [63]. Generally, miniemulsion can be obtained by high 

shear force, such as using ultrasonication or high-pressure homogenization. The polymerization 

occurs in the miniemulsion droplets to afford polymeric nanoparticles with nanoparticle 

diameter within the diameter range of the droplets, which are generally about 50–500 nm. 

Herein, the organic phase consisted of cyclohexane and Span 80 as emulsifier, while the 
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aqueous phase was composed of phosphate buffer, monomers (non-ionic and ionic), 

crosslinker, photoinitiator and NaCl as osmotic pressure agent. The presence of ionic monomer 

was important to provide further colloidal stability of nanogels through electrostatic repulsion. 

Key parameters in nanogel synthesis, which were optimized included: light irradiation 

wavelength, irradiation direction (bottom-up or top-down), irradiation time, initiator 

concentration, stirring condition, aqueous to organic phase (w/o) ratio, and monomer 

concentration in aqueous phase.  

 

Figure 3. (A) Equipment for the synthesis of nanogels by photoinitiated FRP in inverse miniemulsion using LED 

(395-405 nm). Vials containing miniemulsion were wrapped with aluminium foils and then exposed to light 

irradiation from the bottom of the vials. (B) Optimization of nanogel synthesis by photoinitiated FRP in inverse 

miniemulsion. Green arrows indicate the selected polymerization conditions for the optimized synthesis procedure 

after carefully evaluating nanogel properties. (C) Visual appearance of colloidal stability of nanogels synthesized 

with different monomer concentrations in aqueous phase (20, 25, 30, and 40% w/v). Nanogels were dispersed in 

PBS (pH 7.4) and left for 24 h (nanogel concentration: 1.0 mg/mL). 

 

The optimal parameters were selected considering three following factors: yield, dH, and 

colloidal stability in PBS. For example, when selecting stirring condition, low speed stirring 

(350 rpm) resulted in a bigger size (double) of the obtained nanogels compared to that of 

polymerization without stirring. Meanwhile, during the reaction carried out with high-speed 

stirring (>1000 rpm), no polymerization products were formed. Therefore, polymerization 

reaction was carried out without stirring. In the end of the optimization, reducing the monomer 

concentrations in aqueous phase from 40% to 20% has been found to greatly improve the 

colloidal stability of nanogels in biological media (Figure 3C). Finally, the selected 
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polymerization conditions included: bottom-up and 30 min of 395−405 nm light irradiation, 

1% w/w LAP initiator, polymerization without stirring, 1:10 v/v of w/o emulsion, and 20% w/v 

monomer concentration in aqueous phase (Figure 3B). The optimization stage resulted in the 

preparation of anionic and cationic nanogels, which were then studied as nanocarriers for model 

ionic therapeutics: DOX and miRNA, respectively, and are discussed in chapter 3.1.1 and 3.1.2. 

 

3.1.1. Anionic nanogels as doxorubicin carrier 

Doxorubicin (DOX) hydrochloride is one of the most potent chemotherapeutic drugs to treat a 

wide range of malignancies. However, free DOX has low bioavailability, causes cardiotoxicity, 

and tends to aggregate into fibril-like structures under physiological conditions [64]. To address 

these issues, in the first work [P2] [57], anionic pH/reduction-responsive, degradable nanogels 

were synthesized using N,N-dimethylacrylamide (DMAM) as the main monomer, 2-

carboxyethyl acrylate (CEA) as the ionic monomer, and N,N’-bis(acryloyl)cystamine (CBA) as 

the redox-responsive crosslinker (Figure 4A). The obtained nanogels (NG-CBA) were used to 

encapsulate free DOX via electrostatic interactions with the oppositely charged carboxylate 

moieties from CEA units, with the aim to improve its solubility, prevent DOX aggregation, and 

control the release of DOX. 

While GSH levels in blood plasma are only in micromolar concentrations (2–20 µM), they can 

reach millimolar concentrations (2–10 mM) in cytoplasmic cancer environments [65]. 

Moreover, the pH of the tumor tissue (pH 6.4–7.0) is lower than that of healthy tissues (pH 7.2–

7.5) [66]. Therefore, it is expected that DOX release from NG-CBA can be enhanced in two 

ways. First as a result of protonation of carboxylate moieties at lower pH and weakening of 

electrostatic interactions. And second, due to the cleavage of disulfide crosslinker in more 

reductive environment causing nanogels disintegration (Figure 4A). In addition, non-

degradable nanogels were also synthesized by replacing CBA with N,N’-

methylenebisacrylamide (MBA) at the equimolar ratio for comparative study. 

In general, anionic NG-CBA had average dH of ~90 nm (PdI = 0.30) and negative ζ-potential 

of -23.6 mV and were capable to encapsulate DOX with high drug loading capacity (DLC) of 

up to ~28% w/w [P2, Table 1 on page 4] [57]. TEM analysis confirmed nanogels degradability 

in reductive environment [P2, Figure 1 on page 3] [57]. Nanogels could prevent DOX from 

aggregating in biological media up to DOX concentrations of ~160 µg/mL, whereas free DOX 

was only stable at concentrations lower than 40 µg/mL [P2, Figure 2 on page 6] [57]. The 

visual difference in solubility in biological media between free DOX  and that encapsulated in 

NG-CBA/DOX-1 can be seen in Figure 4C. 
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Figure 4. (A) Scheme of the synthesis of anionic, pH/reduction-responsive, degradable nanogels. (B) DOX release 

profile from NG-CBA/DOX-1 nanogels (squares and solid lines) and NG-MBA/DOX-1 nanogels (stars and dotted 

lines) in four solutions: GSH (0 and 5 mM) in PBS (pH 7.4 and 5.0) at 37 °C. The data were presented as mean ± 

SD (n = 4). (C) Visual appearance of DOX (100 µg/mL) and NG-CBA/DOX-1 nanogel containing 100 µg/mL of 

DOX in PBS (pH 7.4) after 1 day at 37 °C. The white arrow indicates DOX aggregates. Adapted with permission 

from ref. [57] under the terms of the CC BY 4.0 license. Copyright 2022 The Authors, published by 

Multidisciplinary Digital Publishing Institute.  

 

Furthermore, NG-CBA/DOX-1 showed enhanced DOX release rates at lower pH (i.e., pH 5.0) 

and in a reducing environment (5 mM GSH) as a result of protonation of carboxylate groups in 

polymer network and weakening of electrostatic interactions as well as the cleavage of the 

disulfide crosslinker, showing an obvious pH/reduction dual responsive controlled drug release 

capability (Figure 4B). Meanwhile, NG-MBA/DOX-1 only showed pH-responsive but not 

reduction-responsive DOX release due to the lack of degradation ability of the MBA crosslinker 

(Figure 4B). In vitro studies revealed that the bare nanogel was not cytotoxic to HCT 116 colon 

cancer cells, whereas DOX-containing nanogels were toxic against HCT 116 colon cancer cells 

with a slightly better efficacy than free DOX [P2, Figure 4 on page 7] [57]. Taken together the 

conducted study presented straightforward and facile approach to improve DOX solubility and 

efficacy. 
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3.1.2. Cationic nanogels for miRNA complexation 

MicroRNA (miRNA), a naturally-occurring noncoding RNA characterized by short 18–25 

nucleotide sequences, plays a significant role in regulating diverse cellular mechanisms such as 

proliferation, programmed cell death, carcinogenesis, and tumor metastasis [67], [68]. 

Currently, extensive research has been conducted on miRNA-based therapies involving both 

miRNA antagonists and mimics for cancer treatment [69]. However, the delivery of miRNA 

encounters obstacles, primarily attributed to low cell uptake and possible degradation by 

extracellular nucleases abundant in blood plasma, leading to their short half-life [69]. The 

application of nanocarriers to deliver miRNA is expected to solve these classical problems of 

free miRNA transfection.  

In the second work [P3] [58], cationic degradable nanogels (NG-CBA) were developed for 

miRNA complexation, which were synthesized using DMAM as the main monomer, [2-

(acryloyloxy)ethyl]trimethylammonium chloride (ATC) as the ionic monomer, and CBA as the 

redox-responsive crosslinker (Figure 5A). Antisense miRNA oligonucleotide against miR-21 

(a-miR21) was encapsulated into NG-CBA by employing electrostatic interaction between 

positively charged ATC units in NG-CBA and negatively charged phosphate groups in a-

miR21.The obtained cationic NG-CBA had average dH of ~90 nm (PdI = 0.43) and ζ-potential 

of +27 mV. After complexation with miRNA at different N/P ratios (NG/a-miR21-1: N/P = 10, 

NG/a-miR21-2: N/P = 5, and NG/a-miR21-3: N/P = 2), there were a notable increase in dH as 

well as a significant reduction of ζ-potential as the N/P ratio decreased. These changes in 

nanogel properties confirmed the successful complexation of miRNA with NG-CBA. For 

instance, NG/a-miR21-3 as the best nanogel, showed average dH of ~120 nm (PdI = 0.43) and 

ζ-potential of +12 mV [P3, Table 1 and Figure 2 on page 4] [58]. Both bare NG and NG/a-

miR21-3 at a concentration of 100 µg/mL had excellent colloidal stability in various biological 

media, including serum-enriched media [P3, Figure 4 on page 5] [58]. miRNA loading capacity 

(MLC) was dependent on N/P ratio – the lower N/P, the higher MLC. Meanwhile, miRNA 

loading efficiency (MLE) was always ~100%. At N/P = 2, NG-CBA was capable to encapsulate 

a-miR21 up to 6.7% w/w [P3, Table 1 and Figure 2 on page 4] [58]. TEM analysis confirmed 

nanogels degradability in reductive environment [P3, Figure 3 on page 5] [58]. 

The cleavage of disulfide bonds causing disintegration of the nanogel network in the presence 

of GSH had only a minor effect on enhancing miRNA release rate. After 24 h, miRNA release 

from NG/a-miR21-1, 2, and 3 reached 35.0%, 31.6%, and 55.8%; while, in the presence of GSH 

(5 mM), the release increased to 49.4%, 44.4%, and 67.4%, respectively. A markedly 

accelerated release of miRNA was observed in the presence of a strong heparin polyanion, 
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indicating the reversibility of the complexation. No significant difference was observed in 

miRNA release between acidic (pH 4.5) and neutral conditions (pH 7.4), which was attributed 

to the lack of a pH-responsive property of the nanogel (Figure 5B, C).  

 

Figure 5. (A) Scheme of the synthesis of cationic degradable nanogels for miRNA complexation. (B, C) miRNA 

release profile by (B) percentage and (C) concentration from NG/a-miR21-1,2,3 at a nanogel concentration of 100 

µg/mL with or without GSH treatment (5 mM GSH) in PBS (pH 7.4) at 37 °C for 72 h. (D) Cell uptake of FL-

NG/Cy5-a-miR21-3 in HCT 116 colon cancer cell line (concentration: 500 µg/mL). Blue color indicates cell 

nuclei, green color indicates NG-CBA, and red color indicates miRNA. Scale bars = 20 μm. Adapted with 

permission from ref. [58] under the terms of the CC BY 4.0 license. Copyright 2023 The Authors, published by 

Multidisciplinary Digital Publishing Institute. 

 



24 
 

The miRNA-loaded nanogels showed tolerable cytotoxicity and were efficiently uptaken by 

HCT 116 colon cancer cells [P3, Figure 7 on page 8] [58]. In vitro cell uptake study employing 

fluorescein-labelled nanogels and Cy5-labelled miRNA (FL-NG/Cy5-a-miR21-3) clearly 

showed that miRNA-loaded nanogels could be uptaken by the cells within 3 h of incubation 

(Figure 5D). 

Summing up, the study present facile method to synthesize miRNA nanocarriers, however 

further improvements are required. The main issue was very strong complexation of miRNA 

restricting complete release. It could be improved, e.g., through introduction of groups that have 

charge switching properties. 

 

3.2. Trehalose-containing nanogels 

This and next chapter (3.3.) are based on results from publication [P4] [59] and [P5] [60] and 

are supplemented in some parts with unpublished results. 

Trehalose is a water-soluble and non-charged compound that poses challenges for 

encapsulation in nanocarriers via physical loading due to its tendency for premature release. 

The effort to covalently attach trehalose to polymers in a way that allows its controlled release 

at pH 7.4 is quite challenging due to the limited functional groups available, which are only 

hydroxyl groups. One way to involve hydroxyl group for conjugation is through an ester 

linkage. The utility of the ester bond to form labile conjugation is limited because hydrolysis 

rates of esters at physiologically relevant conditions are generally very slow [70]. However 

specific structural features can boost the hydrolysis rate. For example, McCoy et al. 

demonstrated that the release rate of model antibiotic – nalidixic acid, attached to poly(methyl 

methacrylate) through an ester linkage can be accelerated and controlled by nucleophilicity, 

geometry, and steric bulk of neighboring pyridyl or tertiary amine moieties [71]. Very recently, 

our group have found that in polymeric networks of hydrogels fabricated from acrylamides and 

acrylates, primary or secondary acrylamide-type units significantly accelerate hydrolysis of 

ester moiety in acrylate units [72]. Utilizing trehalose mono-/diacrylate, this effect was further 

exploited to develop bulk trehalose-rich hydrogels capable of sustained trehalose release at pH 

7.4 [73]. On this basis, herein we have moved to nanoscale and aimed to develop trehalose-

releasing nanogels, which could potentially serve as nanocarriers to deliver trehalose as a potent 

autophagy inducer. Similarly, trehalose monoacrylate was utilized to ensure labile trehalose 

incorporation into nanogels. It was combined with various compositions of acrylamide-type co-

monomers to study the compositional effects on trehalose release rate and physicochemical 

properties, with the aim to find an optimal nanogel composition for biological study on 
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autophagy induction. Additionally, influence of the replacement of trehalose monoacrylate by 

its monomethacrylate analogue on trehalose release was also investigated.  

 

3.2.1. Synthesis of trehalose monomers 

The α,α’-trehalose has eight hydroxyl groups, and it is a bit challenging to selectively modify 

one of them to form monoester. Fortunately, two of these hydroxyls are primary and more 

reactive than the others. In this regard, our group has successfully developed a multistep 

regioselective protection/deprotection strategy to synthesize trehalose monoacrylate monomer 

(6-O-acryloyl-trehalose, TreA) with satisfactory yield [73]. Generally, the synthesis procedure 

includes four steps, and involves trimethylsilyl (TMS) protecting group strategy due to the fact 

that primary and secondary trimethylsilyl-protected hydroxyl groups have different 

susceptibilities to methanolysis. In addition, trehalose methacrylate monomer (6-O-

methacryloyl-trehalose, TreMA) could also be obtained by the same procedure, just by 

replacing acryloyl chloride with methacryloyl chloride in the third step (Figure 6). 

 

Figure 6. Synthesis of trehalose monomers: 6-O-acryloyl-trehalose (TreA) and 6-O-methacryloyl-trehalose 

(TreMA). 

 

The synthesis started with the conversion of anhydrous trehalose to 2,3,4,6, 2’,3’,4’,6’-octa-O-

trimethylsilyl-trehalose, which afterward underwent regioselective deprotection in methanolic 

solution at mild basic conditions with a catalytic amount of K2CO3. Under such conditions, 

trimethylsilyl group can be removed from one primary hydroxyl group at C-6 and  
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2,3,4,2’,3’,4’,6’-hepta-O-trimethylsilyl-trehalose can be obtained as a main product by careful 

control of temperature and reaction time. It can subsequently be isolated using silica gel flash 

chromatography with 51% of yield. Following a regioselective monoesterification by acryloyl 

or methacryloyl chloride, hepta-TMS-protected trehalose was transformed into TMS-protected 

trehalose monomer with (meth)acrylate functionalization at O-6. After purification with silica 

gel flash chromatography, a colorless solution of 6-O-acryloyl-2,3,4,2’,3’,4’,6’-hepta-O-

trimethylsilyl-α,α’-D-trehalose or 6-O-methacryloyl-2,3,4,2’,3’,4’,6’-hepta-O-trimethylsilyl-

α,α’-D-trehalose was obtained with 63 or 67% of yield, respectively. Finally, Amberlyst 15, an 

acidic resin, facilitated the final deprotection of the monomer from the remaining TMS groups 

and allowed for isolation of TreA or TreMA monomer with almost quantitative yield. The 

overall yields of TreA and TreMA starting from free trehalose until final products were 27 and 

29%, respectively. 

 

3.2.2. Synthesis and physicochemical characterization of nanogels 

To synthesize trehalose-containing nanogels, the elaborated synthesis procedure described in 

the previous chapter 3.1 was used. The set of monomers for synthesis of nanogels included four 

type of monomers: (A) trehalose-incorporating monomer: TreA or TreMA, (B) non-ionic 

monomer: acrylamide (AM) - primary amide or DMAM – tertiary amide, (C) ionic monomer: 

3-acrylamidopropyltrimethylammonium chloride (AMPTMAC) – secondary acrylamide with 

quaternary ammonium moiety or ATC – acrylate with quaternary ammonium moiety or 4-

acrylamidobutanoic acid (4-AMBA) - secondary acrylamide with carboxylic acid group, and 

(D) crosslinker: MBA – bis-(secondary acrylamide) or poly(ethylene glycol)400 diacrylate 

(PEG400DA) – bis-acrylate (Figure 7A−D). 

The selection of monomers is crucial for the characteristic of nanogels in terms of releasable or 

non-releasable trehalose as well as network charge. Combining trehalose (meth)acrylate with 

secondary and primary acrylamides (AM and AMPTMAC or AMBA and MBA) should enable 

trehalose release at pH 7.4. In turn replacing these acrylamides with tertiary acrylamide 

(DMAM) and acrylates (ATC and PEG400DA), which do not accelerate ester hydrolysis, should 

not induce trehalose release at pH 7.4. Ionic monomers functionalize nanogels with positive 

(AMPTMAC or ATC) or negative (AMBA) network charge, and one of the reasons for their 

introduction was to provide colloidal stability of nanogels. Network charge also offers further 

possibility of electrostatic binding with bioactive compounds, what could extend nanogels 

functionality.  
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Figure 7. Monomers used for the synthesis of trehalose-containing nanogels. (A) Trehalose monomers: TreA and 

TreMA. (B) Non-ionic monomers: AM and DMAM. (C) Ionic monomers: AMPTMAC, ATC, and 4-AMBA. (D) 

Crosslinkers: MBA and PEG400DA.  

 

Nanogels TNG1−9 (described in [P4] [59]) were synthetized by varying TreA, AMPTMAC, 

and AM content to study the effect of nanogels composition on trehalose release profile, 

cytotoxicity, colloidal stability, and to select the optimal composition of trehalose-releasing 

cationic nanogels. 

The best nanogel formulation according to the study was found in TNG7-AM, which was 

subjected to further modifications to investigate other related effects. In TNG10-AM, which 

was just described as TNG in [P5] [60], the cationic AMPTMAC was replaced by carboxylic 

acid group-bearing 4-AMBA with the aim to synthetize corresponding nanogel with opposite 

network charge. In TNG7a-AM, TreA was replaced by its methacrylate analogue TreMA to 

study if trehalose release is influenced by the structure of the acyl moiety, through which 

trehalose is incorporated within nanogel network. In TNG7b and TNG7c, AMPTMAC was 

replaced by corresponding acrylate type monomer ATC, while AM was replaced by tertiary 

acrylamide-type monomer DMAM. Moreover, TNG7c was crosslinked by PEG400DA, to 

exclude MBA, which has secondary acrylamide moieties. The replacement of primary and 

secondary acrylamide-type monomers by acrylates and tertiary acrylamide was done to remove 

an accelerating effect on ester hydrolysis in acrylate units, and hence obtain nanogels with 

covalently bound but non-releasable trehalose, which could serve as biological controls for 
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trehalose-releasing nanogels. The illustration on how these acrylamide-based neighboring 

groups influenced the release of trehalose in physiological conditions is shown in Figure 8. 

The monomer compositions of nanogels are presented in Table 1. The majority of trehalose-

containing nanogels were designed to have a positive network charge (provided by AMPTMAC 

or ATC). The main reason is that cationic nanogels would be beneficial for treatment of 

neurodegenerative diseases in two ways, namely facilitation of BBB crossing via the AMT 

route and possibility of complexation with oligonucleotides. Antisense therapy, using synthetic 

oligonucleotides, holds promise in combating neurodegenerative diseases by targeting RNA to 

modify protein synthesis or splicing [74]. It has been shown in the earlier study [P3] [58] that 

cationic nanogels could effectively complex a-miR21 with high MLC. Hence, cationic 

trehalose-releasing nanogels could potentially be used for development of dual-functional 

nanomedicine which would act by autophagy stimulating effect of trehalose and therapeutic 

effect of oligonucleotide.  

 

 
Figure 8. The impact of primary (blue arrow), secondary (green arrow), and tertiary (purple arrow) acrylamide-

type co-monomers on ester hydrolysis-mediated trehalose release at pH 7.4.  
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Table 1. Monomer compositions of trehalose-containing nanogels. 
 

No. Samples 
Trehalose monomers 

Non-ionic 

monomers 
Ionic monomers Crosslinkers 

Category* 

TreA TreMA AM DMAM AMPTMAC ATC 4-AMBA MBA PEG400DA 

1. TNG1-AM ++ - ++ - +++++ - - + - TR 

2. TNG5-AM +++++ - ++ - ++ - - + - TR 

3. TNG6-AM +++++ - +++ - + - - + - TR 

4. TNG7-AM +++++ - ++ - + - - + - TR 

5. TNG2 +++ - - - +++++ - - + - TR 

6. TNG3 ++++ - - - ++++ - - + - TR 

7. TNG4 +++++ - - - +++ - - + - TR 

8. TNG8 +++++ - - - ++ - - + - TR 

9. TNG9-AM +++++ - ++ - - - - + - TR 

10. TNG10-AMƟ +++++ - ++ - - - + + - TR 

11. TNG7a-AM - +++++ ++ - + - - + - TR 

12. TNG7b +++++ - - ++ - + - + - TR 

13. TNG7c +++++ - - + - + - - ++ TNR 

Note: TR: trehalose-releasing nanogels, TNR: trehalose-non releasing nanogels. Ɵ TNG10-AM was denoted as 

TNG in publication [P5] [60]. Monomer feed: + = < 10% w/w, ++ = 10-20% w/w, +++ = 21−40% w/w, ++++ = 

41-50% w/w, and +++++ = >50% w/w. 

 

Table 2. Physicochemical characteristics of trehalose-containing nanogels. 

No. Samples Yield (%) 
CTre 

(% w/w) 

dH (PdI) in 

DMEM (nm) 

ζ-potential 

(mV) 

1. TNG1-AM 91 13.9 Aggregated +35.8 

2. TNG5-AM 77 46.9 213 (0.26) +32.9 

3. TNG6-AM 70 45.4 187 (0.23) +37.6 

4. TNG7-AM 73 53.3 115 (0.21) +22.8 

5. TNG2 85 27.6 162 (0.21) +38 

6. TNG3 86 33.3 126 (0.18) +40.9 

7. TNG4 74 46.9 127 (0.18) +41.5 

8. TNG8 61 57.2 81 (0.19) +25.5 

9. TNG9-AM 54 58.6 116 (0.22) -5.7 

10. TNG10-AM 67 57.6 56.6 (0.24) -17.6 

11. TNG7a-AM 71 35.8 265.6 (0.30) +24.1 

12. TNG7b 75 53.3 144.9 (0.24) +30.4 

13. TNG7c 92 51.5 45.0 (0.30) +22.6 

 

On the other hand, TNG10-AM was synthesized to prolong circulation time of nanogels and 

accumulate in the plaque by passive targeting due to the inflammation-caused leakiness of 

endothelial cell lining in the blood vessel walls, particularly in the plaque area [described in P5] 

[60]. More importantly, the development of anionic trehalose-releasing nanogels can also serve 

as carriers for cationic compounds or drugs and conjugation with proteins through active esters. 
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The main goals concerning the physicochemical characteristics of nanogels were to create 

trehalose-rich nanogels with high content of conjugated trehalose (CTre) of ~50% w/w, while 

also guaranteeing the sustained release of trehalose and the colloidal stability of nanogels in 

serum-enriched cell media. The physicochemical characteristics of trehalose-containing 

nanogels including CTre, dH with PdI, and ζ-potential can be seen in Table 2.  

The nanogel yields varied between 54 and 92% and generally higher yields were obtained for 

nanogels with lower CTre. It can be related to the greater difficulties in polymerization at higher 

TreA feeding due to the steric hindrance in trehalose monomer caused by its bulky structure.  

Covalent incorporation of trehalose into nanogels and their purity was confirmed by 1H NMR 

spectroscopy as shown on the example of TNG10-AM (Figure 9A).  

 
Figure 9. (A) Section of 1H NMR spectra of TreA (top) and TNG10-AM (bottom) proving covalent incorporation 

of trehalose into TNG10-AM (D2O, 600 MHz). (B) Cryo-TEM micrograph of TNG10-AM in water. (C) Colloidal 

stability of TNG10-AM in DMEM + 10% FBS monitored by dynamic light scattering (DLS) measurement. 

Reproduced with permission from ref. [60]. Copyright 2023 Springer Nature. 

 

The presence of broad signals typical for polymers in the range of 3.3–4.6 and 5.0−5.5 ppm, 

which are well correlated with proton signals of the trehalose monomer TreA, and the absence 

of signals from protons of the acrylate group in the range of 6.0–6.5 ppm, both prove successful 

incorporation of TreA into polymeric network. Additionally, distinct signals from key structural 

fragments such as methylene groups from 4-AMBA (1.7–1.9, 2.3–2.5 and 3.1–3.3 ppm) and 
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polymer backbone derived from acrylates and acrylamides (1.1–3.0 ppm) can be easily 

identified in the spectrum.  

The enzymatic assay was utilized to determine the exact content of trehalose (CTre) in 

nanogels. The principle of enzymatic assay is presented in Figure 10. Briefly, trehalose is 

hydrolyzed to D-glucose by the enzyme trehalase, and then it is phosphorylated by the enzyme 

hexokinase (HK) and adenosine-5’-triphosphate (ATP) into glucose-6-phosphate (G-6-P) with 

the simultaneous formation of adenosine-5’-diphosphate (ADP). Nicotinamide-adenine 

dinucleotide phosphate (NADP+) then oxidizes glucose-6-phosphate (G-6-P) to gluconate-6-

phosphate in the presence of the enzyme glucose-6-phosphate dehydrogenase (G6P-DH), 

producing reduced nicotinamide-adenine dinucleotide phosphate (NADPH). The amount of D-

glucose and, thus, twice the amount of trehalose, are stoichiometric with the amount of NADPH 

generated in this reaction. In this assay, the amount of NADPH is measured by the increase in 

its absorbance at 340 nm, for calculating the exact content of trehalose using a generated 

standard curve of trehalose. 

 

Figure 10. The principle of enzymatic determination of trehalose content using a commercially available 

enzymatic kit. 

 

TNG2-AM and TNG9-AM showed the lowest and the highest CTre (27.6 and 58.6% w/w, 

respectively). Generally, the amount of incorporated trehalose correlated well with trehalose 

monomer feeding. TNG7a-AM, TNG7b and TNG7c were synthesized as counterparts of 

TNG7-AM. The low content of trehalose in TNG7a-AM but not in TNG7b and TNG7c might 

be due to the lower relative reactivity of TreMA monomer, in comparison to TreA monomer, 

and thus causing enrichment of nanogel in other monomers in comparison to the feeding.  
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The size of trehalose nanogels was determined via DLS in DMEM (chosen as a commonly 

utilized biological medium) and was expressed as the Z-average value. TNG10-AM and TNG7c 

had the smallest dH (~50 nm), while the others varied from 80 to 265 nm (PdI range: 0.18−0.3). 

In general, size of trehalose-releasing nanogels that have been fabricated were in the desired 

range for long-circulating nanocarriers, which is about 70−200 nm [75]. Cryo-TEM observation 

revealed that trehalose-releasing nanogels had spherical shape, with average diameter of about 

50 nm, which is smaller than the dH determined by DLS (Figure 9B). Nanogels demonstrated 

varied ζ-potential reaching -5.7 mV for nanogel TNG9-AM containing no ionic monomeric 

units, -17.6 mV for nanogel TNG10-AM with anionic carboxylic acid moieties and ranging 

from +22.6 to +41.5 mV for cationic nanogels containing quaternary ammonium cations in the 

AMPTMAC units. Some negative charge in nanogel TNG9-AM results from the presence of 

carboxylate anions from the residual photoinitiator moieties. It is important to note that only a 

nanogel exhibiting a moderate positive or negative are more desired for in vivo studies, because 

a strong positive charge may be toxic to cells, whereas a high negative charge may reduce cell 

uptake [76], [77]. 

The colloidal stability of trehalose-containing nanogels were assessed in different media such 

as water, PBS (pH 7.4), 5% dextrose in normal saline (D5NS), DMEM + 10% FBS, RPMI + 

10% FBS, and primary cell medium (low serum) over 72 h [P4, Figure 4 on page 6] [59]. 

Nanogels that were colloidally stable in non-serum containing media were not necessarily 

colloidally stable in serum. Particularly, nanogels with trehalose content more than 45% are 

generally colloidally stable in serum-containing media. The colloidal stability of nanogels in 

serum is paramount important, especially for conducting in vitro and in vivo studies. It must be 

ensured that nanogels do not aggregate, since this might lead to toxicity to the cells and impair 

their capacity to perform as nanocarriers. According to literature, cationic nanoparticles could 

be more cytotoxic than anionic or zwitterionic nanoparticles, which might be due to the affinity 

of cationic particles to the negatively charged cell membrane [76], [77].  

As checked by DLS, the selected nanogels could keep their colloidal stability for at least 24 h 

of incubation at 37 °C (Figure 9C and P4, Figure 5 on page 7) [59]. Interestingly, trehalose 

greatly improved the colloidal stability of nanogels, what has been demonstrated by replacing 

trehalose monomer with 2-hydroxyethyl acrylate (HEA) monomer (hydrophilic monomer with 

one hydroxyl group). HEA-containing counterpart nanogels were only colloidally stable in 

water but they aggregated immediately in PBS (pH 7.4), NS, DMEM, and the most aggregation 

was found in DMEM + 10% FBS, as described in publication [P5] (Figure S1 in Supplementary 

Information) [60]. The additional evidence for beneficial effect of trehalose on colloidal 
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stability is an example of TNG9-AM, which did not contain additional ionic monomer (the 

charge came only from the residual initiator), but had high trehalose content, and was 

colloidally stable. In contrast, TNG1-AM (with high AM and low TreA) was instantly 

aggregating. Similarly, TNG2−4 were also colloidally unstable in biological media due to low 

content of trehalose [P4, Figure 4 on page 6] [59]. The improved colloidal stability of nanogels 

with high content of trehalose might be influenced by its great hydrophilicity and a large number 

of hydroxyl groups, reflecting a stabilization mechanism based on short-range repulsive 

hydration forces [78]. Similar beneficial effects of trehalose on the colloidal stability of 

polyplexes based on trehalose glycopolymers have been previously hypothesized by Reineke, 

et al. [79], [80]. The colloidal stability of the cationic trehalose-releasing nanogels in serum has 

been found to significantly influence the cytotoxicity profile of the nanogels. Colloidally 

unstable nanogels were significantly more cytotoxic compared to the stable ones as tested in 

primary human umbilical vein endothelial cells (HUVECs) up to relatively a high concentration 

of 1.0 mg/mL [P4, Figure 9 on page 10] [59]. 

 

 
Figure 11. Spider graphs of colloidally (A) unstable and (B) stable nanogels, showing their characteristics in terms 

of yield, CTre, ζ-potential, stability in serum-containing DMEM, trehalose release, and dH. Spider graphs were 

constructed according to the scoring classifications on a scale from 0 to 5, with 5 being the most desirable. 

Reproduced with permission from ref. [59]. Copyright 2022 Elsevier. 

 

To compare all physicochemical characteristics of nanogels, a scoring method was employed, 

in which five parameters including yield, CTre, ζ-potential, stability in serum, dH, and trehalose 

release were given a score from 0 to 5, with 5 being the most desirable (P4, Table S3 in 

Supplementary Information) [59]. The spider graphs showed how nanogels differed from each 

other in terms of their physicochemical characteristics (Figure 11A, B). It is clear that nanogels 

that contained more than 50% w/w of CTre generally scored the best, with TNG7-AM being 

the highest score followed by TNG9-AM. 

 



34 
 

3.2.3. Trehalose release study 

Trehalose release was followed by enzymatic determination of trehalose concentration from 

time-point release experiments, and the resulting release profiles are shown in Figure 12A-F. 

Trehalose release experiments were conducted in 10 mM PBS (pH 6.5, 7.4, and 8.0) at 37 °C, 

with nanogel concentrations of 0.1 and 1.0 mg/mL. For comprehensive analysis, trehalose 

release was presented based on concentration and percentage. These two types of analysis allow 

observation of different aspects of trehalose release. Specifically, release presented as a 

percentage allows comparison of the release rate, while release presented as a concentration 

provides information about the nanogel’s performance in the context of the amount of released 

trehalose.  

Both, the content and the structure of the acrylamide-type co-monomers significantly affected 

the hydrolysis rate of ester moieties in acrylate units and thus trehalose release. It is well 

reflected in trehalose release profile of the following nanogels: TNG2, TNG4, TNG8, TNG5-

AM, and TNG7-AM (Figure 12A, B). The trehalose release rate from TNG2, TNG4, and 

TNG8 was considerably decreasing with the increase in TreA and the decrease in acrylamide-

type (AMPTMAC) contents. Consequently, even though TNG8 had twice as much conjugated 

trehalose compared to TNG2 (~57% vs ~28%, respectively), the amount of trehalose released 

over time was about equal. This suggests that a decrease in the proportion of acrylamide-type 

monomer units to TreA units resulted in a slower hydrolysis of ester groups in acrylate units, 

and thus to a slower release of trehalose. Acceleration of ester hydrolysis in acrylate units by 

acrylamide-type units depends on amide order, and is more prominent for primary amide than 

for secondary amide, thus the release rate was greatly accelerated when AM was present in 

nanogel network. It is well observed in release profiles of nanogels TNG4 and TNG5-AM, 

which contained similar amount of trehalose acrylate, but in TNG5-AM half of AMPTMAC 

was replaced by AM. For example, after one week, TNG5-AM released approximately 25% 

more trehalose than TNG4. Unfortunately, although TNG5-AM was the best performing 

nanogel in terms of trehalose release as it released the highest amount of trehalose per time 

among all discussed nanogels, it had poor colloidal stability in serum-containing media, where 

it aggregated immediately. An excellent improvement in colloidal stability was obtained, by 

increasing TreA content in place of AMPTMAC as was done in nanogel TNG7-AM. Although 

it slowed down the release rate, higher trehalose content guaranteed that the amount of trehalose 

released from TNG7-AM was comparable to that released from TNG5-AM. 
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Figure 12. Trehalose release profiles of trehalose-containing nanogels for 12 days in PBS (pH 7.4) at 37 °C. (A, 

B) Trehalose release profile of TNG2, TNG4, TNG8, TNG5-AM, and TNG7-AM based on (A) percentage and 

(B) concentration. (C) Trehalose release profile of TNG7-AM and its counterparts (TNG7a-AM, TNG7b, and 

TNG7c). (D) Trehalose release profile of cationic TNG7-AM and anionic TNG10-AM at different pH (6.5, 7.4, 

and 8.0). (E, F) Trehalose release profile of TNG4, TNG5-AM, and TNG7-AM at different concentrations (0.1 

and 1.0 mg/mL) based on (E) percentage and (F) concentration. 
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In Figure 12C trehalose release profile for TNG7-AM was compared with that of its 

counterparts TNG7a-AM, TNG7b and TNG7c (Figure 12C). First, by looking at TNG7-AM 

and TNG7a-AM data it can be compared how the structure of the acyl moiety, through which 

trehalose was incorporated, influence the release of trehalose from nanogels. The percentage of 

trehalose release was approximately two to three times lower for nanogel TNG7a-AM with 

trehalose methacrylate units compared to nanogel TNG7-AM with trehalose acrylate units. 

Specifically, the percentage release from methacrylate vs. acrylate containing nanogel reached 

~6% vs. ~20% after 1 day, ~15% vs. ~45% after 6 days and ~25% vs. ~55% after 12 days, 

respectively. The observed differences are consistent with the existing literature indicating that 

methacrylate-based polymers are by far more resistant to alkaline hydrolysis than acrylate-

based polymers [81], [82]. 

The comparison of release profiles of TNG7-AM, TNG7b and TNG7c (Figure 12C), where 

TNG7b exhibited marginal trehalose release, and TNG7c almost no release of trehalose, shows 

that modification of the composition of nanogels and replacement of AM and AMPTMAC by 

co-monomers which do not accelerate ester hydrolysis in acrylate units (tertiary acrylamide 

DMAM and acrylate type monomer ATC, respectively) leads to the reduction of trehalose 

release. To completely avoid trehalose release it is important to replace also MBA crosslinker, 

as the presence of secondary acrylamide moieties in MBA crosslinker in TNG7b was still 

enough to provide some trehalose release. The almost zero percent of trehalose release was 

achieved when PEG400DA was used for crosslinking TNG7c instead of MBA, thus creating 

trehalose non-releasing nanogel, which could serve as a control in biological environment.     

Two oppositely charged nanogels, TNG7-AM with a quaternary ammonium cation and 

TNG10-AM with a carboxylic acid group, were included to investigate how network charge of 

nanogels and pH of the environment influence the release of trehalose from nanogels.  

Three distinct pH values (6.5, 7.4, and 8.0), which are considered as biologically relevant, were 

used to compare the release of trehalose. The results of trehalose release profiles from both 

nanogels provide a clear pH-dependent release rate, where the higher the pH, the faster the 

release rate (Figure 12D). The release from the cationic nanogel TNG7-AM was significantly 

faster than that from the anionic counterpart TNG10-AM, which might be due to the differences 

in local pH within nanogel network. Faster rate of ester hydrolysis in hydrogel network 

containing positively charged moieties compared to the one with negatively charged groups has 

also been previously observed in literature [83]. Jo et al., has demonstrated that hydrogel 

degradation proceeding through an ester moiety cleavage can be modulated by neighboring 



37 
 

amino acids with ca. 12-fold faster hydrolysis in case of network containing positively charged 

arginine units than that with negatively charged aspartic acid units [83]. 

The last study on trehalose release assessed comparison of trehalose release from TNG4, 

TNG5-AM, and TNG7-AM at different concentrations and is presented in Figure 12E−F. It 

revealed that the amount of released trehalose was proportional to nanogel concentration but 

the release rate was not concentration-dependent (0.1 vs 1.0 mg/mL, Figure 12E-F). This 

property is highly desirable for determining the optimal dose for any in vitro or in vivo studies. 

The successful and sustained release of trehalose from the nanogels at pH 7.4, 37 °C is also 

well evidenced in 1H NMR spectra, as shown on the example of TNG7-AM (Figure 13B,C). 

With increasing incubation time, the intensity of sharp peaks corresponding to protons of free 

(released) trehalose was increasing, whereas that of the broad peaks originating from protons 

of trehalose bound to the nanogel network was decreasing. 

 

Figure 13. Trehalose release from TNG7-AM (10 mg/mL) evidenced by 1H NMR spectroscopy. (A) Schematic 

presentation of trehalose release from the nanogel network via the hydrolytic cleavage of the ester bond at pH 7.4. 

(B) Section of 1H NMR spectra of TNG7-AM before and during the release of trehalose at pH 7.4, 37 °C. All 

spectra are normalized to the signal at 3.0 ppm corresponding to –CH3 protons from AMPTMAC units. (C) Section 

of 1H NMR spectrum of TNG7-AM after complete release of trehalose induced by the treatment of TNG7-AM 

with 1M NaOH at 70°C for 1 h. Reproduced with permission from ref. [59]. Copyright 2022 Elsevier. 
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The study on trehalose release from TNG7-AM was also extended with an additional 

experiment involving measurement of ζ-potential upon trehalose release. When ester hydrolysis 

occurs and the carboxylate ions are formed, the charge switch into the negative ζ-potential 

should be observed (Figure 8, 13A). To prove this hypothesis, the ζ-potential of TNG7-AM in 

the end of trehalose release experiment as well as after complete release have been measured 

and the result showed that the ζ-potential of TNG7-AM was significantly reduced from +22.8 

mV (before trehalose release) to +4.6 mV (after 12 days at pH 7.4, 37 °C; ~57% of released 

trehalose) and -15.1 mV (after complete trehalose release) (Figure 14A, B). 

 

Figure 14. (A, B) ζ-potential measurements of TNG7-AM before trehalose release, after 12 days at pH 7.4, 37 °C 

(~57% of released trehalose), and after complete trehalose release. 
 

3.3. Biological studies on trehalose-releasing nanogels 

Trehalose-releasing nanogels which have been developed and comprehensively studied here 

represent a significant achievement in the field of trehalose-bearing carriers, because 

nanocarriers characterized by covalent, yet labile conjugation of trehalose with its proved 

sustained release at pH 7.4 have not been developed so far. To investigate their further potential, 

an extensive investigation on their capacity to stimulate autophagy both in vitro ([P5] [60]) and 

in vivo ([P4] [59] and [P5] [60]) has been conducted. Initially, the cytotoxic effects of trehalose-

releasing nanogels in HUVECs were assessed, followed by hemocompatibility assay in human 

red blood cells (RBCs). Having established their non-cytotoxic and non-hemolytic property, 

the study proceeded to examine their ability to stimulate autophagy, both in cell and animal 
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models. Furthermore, the therapeutic potential of trehalose-releasing nanogels to facilitate lipid 

efflux-mediated atherosclerosis regression has also been studied. 

 

3.3.1. Autophagy stimulation in Drosophila and zebrafish larvae 

Two trehalose-releasing nanogels—TNG7-AM and TNG9-AM—were selected for the in vivo 

autophagy stimulation investigation owing to their outstanding characteristics, which was 

summarized in the spider graphs [P4, Figure 8 on page 10] [59], particularly due to the highest 

amount of CTre, good colloidal stability in serum, and a reasonable rate of trehalose release. 

Before conducting autophagy stimulation study, the cellular uptake ability of nanogels in 

HUVECs was tested to make sure that they could enter into cells by using fluorescein-labelled 

nanogels. Incubation of nanogels with HUVECs for 3 h at 37 °C, confirmed that both nanogels 

could be taken up by the cells as observed under CLSM (Figure 15A, B). 

 
Figure 15. (A, B) In vitro cell uptake of (A) TNG7-AM and (B) TNG9-AM by HUVECs observed under confocal 

laser scanning microscopy (CLSM) (500 µg/mL, 3 h). Brightfield indicates HUVECs, blue color indicates cell 

nuclei, and green color indicates nanogels (scale bars = 50 µm). Reproduced with permission from ref. [59]. 

Copyright 2022 Elsevier. 

 

In order to assess the effects of the selected trehalose-releasing nanogels on autophagy 

stimulation in vivo, a well-established zebrafish transgenic reporter line was used to observe the 

impact of prolonged exposure of those nanogels on the mortality of transgenic zebrafish larvae 

and their ability to induce autophagy. These studies were conducted by Dr. Máté Varga’s group 

from the Eötvös Loránd University (ELTE), Hungary. The results showed that no significant 

differences in the mortality of transgenic zebrafish larvae were observed during 4-day treatment 

(between 1 and 5 days post fertilization – dpf) with 500 g/mL of TNG7-AM or TNG9-AM. 
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On the contrary, when exposed to TNG7-AM, the treated larvae demonstrated a considerable 

increase in autophagic activity as evidenced from the green fluorescent protein (GFP)-

microtubule-associated protein 1A/1B-light chain 3 (LC3) signal, but no significant increase in 

GFP-LC3 signal was observed for TNG9-AM treatment (Figure 16A, B). Furthermore, an 

elevated degree of Sqstm1/p62 degradation was spotted in larvae treated with TNG7-AM, 

reflecting an increase in autophagic activity.  

 

Figure 16. In vivo autophagy-enhancing effects of trehalose-releasing nanogels. (A-B) Transgenic zebrafish larvae 

of the autophagy-reporter line Tg(CMV:GFP-Lc3) showed significantly enhanced fluorescence after 4 days of 

treatment with TNG7-AM, but not with TNG9-AM. (C) Zebrafish treated with TNG7-AM also showed a decrease 

in Sqstm1/p62 accumulation. (D-F) In the fat bodies of 3xmCherry-Atg8a transgenic Drosophila larvae raised on 

TNG7-AM-containing medium, the number of mCherry-Atg8a-positive structures increases. (G-I) Fat bodies of 

GFP-p62 transgenic animals show a marked decrease in the number of GFP-p62-positive structures, as compared 

with control. Reproduced with permission from ref. [59]. Copyright 2022 Elsevier. 

 

To further assess the potential of TNG7-AM in enhancing autophagy in vivo, Drosophila larvae 

were cultivated on a medium supplemented with the nanogel. Following continuous exposure 

for 3 days, significantly increased levels of mCherry-Atg8a-positive structures were observed 
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in the fat bodies of transgenic 3xmCherry-Atg8a larvae (Figure 16D−F). The Atg8a protein is 

one of the most effective markers used to trace autophagy in different organisms, including 

Drosophila [84]. A similar treatment regimen also led to a reduction in the abundance of GFP-

p62-positive structures in the fat bodies of GFP-p62 larvae (Figure 16G-I). These findings 

imply that prolonged exposure to TNG7-AM can enhance autophagic activity in in vivo systems 

without any observable toxicity. 

 

3.3.2. Autophagy stimulation for atherosclerosis treatment in mice 

Atherosclerosis is one of the diseases linked to autophagy dysfunction. This chronic disease is 

associated with plaque development and narrowing of blood vessels due to inflammation in the 

arterial walls caused by lipid deposition. The EPR effect facilitates nanocarriers to cross the 

disrupted endothelial lining/barrier at the site of atherosclerosis. In addition, many literature 

reports showed that negatively charged nanocarriers have an extended circulation time 

compared to positively charged nanocarriers [85], [86], [87]. Therefore, TNG10-AM or just 

called as “TNG” in [P5] [60] was synthesized following the formulation of TNG7-AM but 

replacing the cationic monomer AMPTMAC with anionic monomer 4-AMBA (Figure 17A). 

The effectiveness of this nanogel to stimulate autophagy was evaluated in in vitro and in vivo 

studies, and were conducted by Prof. Wei Wu’s group from Chongqing University, China. 

Before investigating autophagy-inducing potential of TNG10-AM in vivo, it is also crucial to 

first examine its effects in vitro. The in vitro study was conducted in macrophage-derived foam 

cells. These macrophages are a particular type of macrophages in blood vessel walls that ingest 

low-density lipoproteins and accumulate lipids in their cytosol, giving them a foamy 

appearance. The results from Western blot and fluorescence microscopy showed that TNG10-

AM, at a concentration equal to 100 μM of trehalose, was more effective than 100 μM of free 

trehalose in recovering autophagy in foam cells. This was demonstrated by an increase in the 

LC3-II/LC3-I ratio and a decrease in the p62/GAPDH level when compared to the control foam 

cells. In addition to its autophagy-inducting potential, TNG10-AM treatment could decrease 

lipid deposition and reactive oxygen species (ROS) generation in foam cells. This effect was 

likely attributed to the autophagic activity and antioxidant property of trehalose. 

Finally, to assess TNG10-AM efficacy for inducing autophagy and reducing plaque progression 

in vivo, TNG10-AM and free trehalose were administered intravenously (at doses of 16 mg/kg 

and 2.5 g/kg, respectively) every three days to ApoE−/− mice with additional high-fat diet (HFD) 

for 30 days (Figure 17B).  
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Figure 17. (A) The synthesis of anionic trehalose-releasing nanogels (TNG10-AM), and (B) timeline for ApoE-/- 

mice pretreatment and systemic administration of TNG10-AM via the tail vein. Reproduced with permission from 

ref. [60]. Copyright 2023 Springer Nature. 

 

After one month of treatment, TNG10-AM demonstrated a significant anti-atherosclerosis 

effect, reducing the overall plaque area by approximately 60%, surpassing the efficacy of free 

trehalose. On the other hand, analysis of p62 and LC3 expressions in atherosclerotic plaque 

areas indicated that TNG10-AM induced a substantial decrease in p62 level (over 50% 

reduction) and a nearly four-fold increase in LC3 level, indicating its significant autophagy 

induction. Free trehalose also promoted autophagy in atherosclerosis but to a lesser extent than 

TNG10-AM. In addition, TNG10-AM treatment effectively reduced macrophage count in the 

plaques, suggesting its potential to enhance plaque stability and impede atherosclerosis 

progression more efficiently than free trehalose. The fact that TNG10-AM was used at a dosage 

which was around 1500× lower than that of free trehalose demonstrated the potential use of 

nanocarriers to increase bioavailability, cell internalization, and efficacy of free trehalose to 

treat impaired autophagy-related diseases, such as atherosclerosis. This study is the first report 

on using nanogels as trehalose carriers to treat atherosclerosis.  

The results also showed that Cy5-labelled TNG10-AM displayed a notable accumulation in 

atherosclerotic plaques, which exceeded the accumulation of free Cy5. However, both were 

primarily accumulated in the liver compared to other organs, highlighting the liver’s role as the 

major metabolic organ (Figure 18A−D). Furthermore, the pharmacokinetics study confirmed 

that after 24 h, free Cy5 was almost entirely removed from the blood, while Cy5-labelled 
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TNG10-AM remained about 30% of the initial, which displayed a long-circulating property. 

TNG10-AM had a half-life (t1/2) of around 9 h (Figure 18E). 

 

Figure 18. (A) The ex vivo fluorescence images of the aorta and (B) quantitative analysis of fluorescence signals 

accumulated in the aorta of ApoE−/− mice after 24 h of intravenous (IV) administration with Cy5-TNG and free 

Cy5. (C, D) The ex vivo biodistribution images of Cy5-TNG and free Cy5 in major organs (heart, liver, spleen, 

lung, and kidney). Data are presented as mean ± SD, n = 3, ns: no significance, *p < 0.05 and **p < 0.01. (E) In 

vivo pharmacokinetics evaluation of nanogels in mice. Adapted with permission from ref. [60]. Copyright 2023 

Springer Nature. 

 

3.4. Fluorescent labeling of nanogels for imaging in biological studies 

Various imaging functionalities can be employed to utilize nanocarriers as diagnostic agents, 

and fluorescent labeling is among the most common ones, particularly due to their versatility, 

sensitivity and quantitative capabilities. The incorporation of fluorescent agents to nanocarriers 

can be done either by physical loading or chemical conjugation [88]. Herein, to enable 

fluorescent imaging in biological studies fluorescent dyes were incorporated to nanogels by the 

chemical conjugation using two different approaches (Figure 19A, B).  

In the first approach, commercially available fluorescent monomer (fluorescein O-acrylate, 

Figure 19A) was incorporated during polymerization, yielding fluorescein-labelled nanogels 

in one step. In the second approach, fluorescent labeling was carried out in post-polymerization 

route using reactive moieties installed in nanogels. Specifically self-made 4-AMBA-sulfo-NHS 

monomer (Figure 19B) was employed during polymerization to create sulfo-NHS-activated 
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nanogels. These nanogels were then reacted with sulfo-Cy5-amine to form an amide bond and 

yield Cy5-labelled nanogels.  

 
Figure 19. (A, B) The synthesis of fluorescently-labelled trehalose-releasing nanogels using (A) fluorescein O-

acrylate and (B) sulfo-Cy5-amine as green and red fluorescent agents, respectively. 

 

In the beginning of the study, fluorescein O-acrylate was used for fluorescent labeling of 

nanogels, but two main drawbacks were found using this fluorescent probe. First of all, this 

fluorescent monomer is not well soluble in water. Therefore, in order to make it soluble in the 
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aqueous phase, it was required to add DMSO (10% v/v), yet it could only dissolved to a 

maximum of 0.5% w/w. Secondly, fluorescence of fluorescein is pH dependent and depends on 

its protonation state, which is defined by its three pKa values (pKa1~2.1, pKa2~4.3, and 

pKa3~6.5) (Figure 20) [89]. The most deprotonated form, which is dianion, exhibits the highest 

fluorescence among all fluorescein forms, with fluorescence intensity significantly greater than 

monoanion form [90]. In fluorescein O-acrylate, acrylate functionalization is attached to one of 

phenolate group, and thus it can be deprotonated only to monoanion. It renders its relatively 

poor fluorescence. Both those drawbacks - low incorporation due to the solubility issue and 

rather low fluorescence intensity, forced to use a relatively high concentration of nanogels in 

biological experiments (500 µg/mL, in confocal imaging) in order to be detected (Figure 15A, 

B). 

 

 

Figure 20. Ionic forms of fluorescein and their relative fluorescence intensities. At neutral pH and under excitation 

at 490 nm, the most fluorescent dianionic form of fluorescein takes prominence over other forms. Below pH = pKa 

~6.4, monoanionic fluorescein displays a blue-shifted absorption followed by drastic decrease of fluorescence. At 

even lower pH, neutral and further cationic forms of fluorescein become non-fluorescent under irradiation at 490 

nm. Reproduced with permission from ref. [89] under the terms of the CC BY 4.0 license. Copyright 2020 The 

Authors, published by Multidisciplinary Digital Publishing Institute.  

 

In contrast, the second approach was for several reasons much better to create fluorescently-

labelled nanogels. First, the fluorescence of Cy5-labelled nanogels were not dependent on pH 

and. Secondly, nanogels had much higher fluorescent intensity, so it was possible to use a 

relatively low concentration of nanogels for confocal imaging. Another advantage is 

conjugation through amide bond, which is more resistant to cleavage through hydrolysis and 

prevents leaking of the fluorescent dye from nanogels. This strategy is also more versatile as it 

enables nanogels labeling with various fluorescent moieties. The fluorescence excitation (Ex) 

and emission (Em) spectra of both fluorescein and Cy5-labelled trehalose-releasing nanogels 
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can be seen in Figure 21A, B. Fluorescein-labelled nanogels showed λEx and λEm maximum at 

491 nm and 519 nm, respectively, while Cy5-labelled nanogels showed λEx and λEm maximum 

at 649 nm and 673 nm, respectively. 

 
Figure 21. (A, B) Excitation and emission spectra of fluorescently-labelled trehalose-releasing nanogels. (A) 

Fluorescein-labelled TNG7-AM showed λEx and λEm maximum at 491 nm and 519 nm. (B) Cy5-labelled TNG7-

AM showed λEx and λEm maximum at 649 nm and 673 nm. 
 

Sephadex G25 superfine-based gel filtration technique was used to purity the Cy5-labelled 

cationic and anionic trehalose-releasing nanogels (TNG7-AM and TNG10-AM, respectively) 

from unconjugated Cy5. Surprisingly, it has been found that both nanogels show different 

behavior. It can be seen from Figure 22A, B that the cationic Cy5-labelled nanogel had a 

specific interaction with sephadex G25 superfine compared to the anionic counterpart, which 

might suggest that the conjugation reaction failed in case of the cationic nanogel. In order to 

confirm the successful Cy5 conjugation in the cationic nanogel TNG7-AM, free sulfo-Cy5-

amine in equimass concentration was passed through the sephadex G25 superfine for 

comparison. It was shown that free sulfo-Cy5-amine left the column with delay and was 

collected in fractions 7−11 (Figure 22C), thus confirming the successful conjugation of Cy5 

into TNG7-AM. To further confirm the successful Cy5 conjugation, the cationic Cy5-labelled 

nanogel was incubated with 10% FBS for one hour before being introduced to the sephadex 

G25 superfine. Strong interaction of Cy5-labelled nanogel with serum proteins reduced nanogel 

interaction with the sephadex G25 superfine. Consequently, there was a substantial recovery of 

Cy5-labelled nanogel, similar to the anionic counterpart, and nanogel was collected in the same 

fractions (fractions 1−5, figure not shown). 
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Figure 22. (A) Interaction between cationic Cy5-labelled trehalose-releasing nanogels with sephadex G25 

superfine in a desalting column. (B, C) No significant interaction between (B) anionic Cy5-labelled trehalose-

releasing nanogels as well as (C) free sulfo-Cy5-amine with sephadex G25 superfine in a desalting column. 

 

Fluorescently-labeled nanogels have been included into three different biological studies. In the 

first study, it was possible to use fluorescein-labelled nanogels for in vitro cell uptake in HCT 

116 colon cancer cell line to confirm the successful delivery of miRNA (Figure 5D). In the 

second study, fluorescein-labelled cationic and anionic trehalose-releasing nanogels were used 

for in vitro cell uptake study in primary HUVECs (Figure 15A, B). In the last study, Cy5-

labelled TNG10-AM was used for in vivo plaque targeting, biodistribution, and 

pharmacokinetics study in atherosclerotic mice models (Figure 18A−E).  
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4. Summary and conclusions 

Trehalose is currently used in many biomedical applications, and has a promising potential as 

autophagy inducer. The construction of covalent, yet hydrolytically-labile at pH 7.4 conjugation 

of trehalose into nanogels developed as a part of the presented doctoral dissertation is expected 

to improve its bioavailability and efficacy. The use of FRP in inverse miniemulsion was proved 

to be suitable method to fabricate uniformly spherical nanogels with appropriate size and 

plausible yields. Trehalose was covalently conjugated within the polymer network via an ester 

bond, of which the specific location enabled its cleavage under physiologically-relevant 

conditions resulting in trehalose release. Trehalose release profiles were shown to be dependent 

on the content and the structure of acrylamide-type units. The lower the percentage of 

acrylamide-type monomer units in the polymeric network, the slower the release of trehalose 

from nanogels. The accelerating effect on trehalose release mediated by ester hydrolysis was 

observed to be more prominent for primary amides than for secondary amides, while it was not 

observed for tertiary amides. The structure of the acyl moiety, through which trehalose is 

incorporated within nanogel network, also influenced trehalose release from nanogels. It was 

found that trehalose release was faster from nanogels containing trehalose acrylate units in 

comparison to nanogel with trehalose methacrylate units. The network charge of nanogels also 

influenced trehalose release rate. Cationic nanogels exhibited faster trehalose release than its 

anionic counterpart, possibly due to the difference in the local pH within the nanogel network. 

Additionally, trehalose release was depended on pH, with higher pH levels leading to faster 

release rate. Finally, trehalose release rate does not appear to be concentration-dependent 

according to the results from three selected nanogels. This property is highly desirable for 

determining the optimal dose for any in vitro or in vivo studies. Trehalose presence in nanogels 

greatly improved their colloidal stability. 

As a result of the study, thirteen trehalose-containing nanogels have been successfully 

synthesized, of which twelve can be classified as trehalose-releasing nanogels and one as 

trehalose non-releasing nanogel. They were characterized by dH ranging from 57 to 266 nm and 

positive or negative zeta potential depending on the charge of the incorporated ionic moieties. 

The selected trehalose-releasing nanogels had high trehalose content (~50% w/w CTre), were 

colloidally stable in serum-enriched cell media, non-cytotoxic to HUVECs, and non-hemolytic 

to human RBCs. More importantly, trehalose-releasing nanogels could significantly induce 

autophagy in transgenic zebrafish and Drosophila larvae and they demonstrated the therapeutic 
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effects of autophagy stimulation in promoting lipid efflux and plaque reduction in a mouse 

model of atherosclerosis. 

The study was of a high degree of novelty as such trehalose-releasing nanogels had not yet been 

created and tested its autophagy stimulation effects before. Moreover, it represents a significant 

achievement in the field of trehalose-bearing carriers, because nanocarriers characterized by 

covalent, yet labile conjugation of trehalose with its proved sustained release at pH 7.4 have 

not been developed so far. 
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