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Article 

Fluorescent probes with FRET function for 
monitoring the gelation and formation of 
nanoparticles based on chitosan copolymers  

Igor D. Zlotnikov, Ivan V. Savchenko 1 and Elena V. Kudryashova * 

Faculty of Chemistry, Lomonosov Moscow State University, Leninskie Gory, 1/3,  
119991 Moscow, Russia; zlotnikovid@my.msu.ru (I.D.Z.); ivan.savchenko@chemistry.msu.ru (I.V.S.) 
* Correspondence: helenakoudriachova@yandex.ru 

Abstract: Chitosan and its derivatives as a biocompatible, biodegradable polymer that has been well-
established in biotechnology and medicine as the nanogels and nanofilms forming material, has a number of 
practical applications in the field of the supply of medicines, food colloids, agrotechnology, as well. In this 
paper, the focus of attention is the study of physico-chemical principles of the gels and nano-particles formation 
using fluorescence spectroscopy methods. We have obtained chitosan (Chit5) and pegylated chitosan (Chit5-
PEG) particles with an average size of 170 or 400 nm, respectively by counterflow extrusion method. The paper 
presents three based fluorescent probes sensitive to the formation of chitosan particles: congo red, malachite 
green as well as covalently attached pyrene-label. Dyes fluoresce about an order of magnitude brighter in the 
composition of chitosan nanogel particles. With these fluorescence probes, the pH- and temperature-dependent 
behavior of polymers was studied, and the influence of the genipin-based crosslinking agent on the gel 
formation parameters, such as kinetics and concentration dependence of the nanoparticles formation 
accompanied by sharply increases in the fluorescence intensity of dyes was evaluated. A sensitive approach 
for tracking gelation and including of small drug molecules and protein by FRET using a pyrene-tryptophan 
donor-acceptor pair is proposed using tryptophan or ovalbumin as fluorophores-donors. Upon nanogel 
formation FRET effect is observed manifested in sharp increase if the fluorescence intensity of the pyrene 
(acceptor). Thus, the application of the fluorescent probes with FRET function for monitoring the gelation and 
nanoparticles formation as well as drug encapsulation in chitosan-based parts, which have broad prospects in 
biomedical practice and food industry. 

Keywords: FRET; chitosan; nanoparticles; gelation; fluorescent probe; ovalbumin 
 

1. Introduction 

Chitosan (Chit) is a linear copolymer of D-glucosamine and N-acetyl-D-glucosamine bonded 
together by a β(1-4) bond, usually obtained from natural chitin polysaccharide by partial or complete 
deacetylation. Due to its properties, including cellular and tissue biocompatibility, as well as 
biodegradability, chitosan has a wide range of applications and is now being implemented in many 
areas [1]: environmental protection, medicine, food production, drug production, etc. This polymer 
is a promising structural material in medicine because of its antimicrobial [2], antioxidant and 
regenerative activity [3], as well as the possibility of effective encapsulation of drugs, proteins [4], 
nucleic acids [5], eukaryotic cells [6], bacteria [7] and viruses [8]. Chitosan is also widely used as a 
feed additive, due to its proven ability to accelerate weight gain, strengthen the immune system and 
reduce cholesterol levels in domesticated animals [9]. Of great importance in this regard is the 
improvement of the quality of fish feed [10], as well as the improvement of their habitat due to the 
effectiveness of chitosan as an adsorbent [11]. 

One of the features of chitosan is the ability to form nano- and microgels, the properties of which 
can be changed in a wide range due to chemical modification of the functional groups of the polymer, 
its crosslinking with other macromolecules, as well as non-covalent interaction with proteins and 
DNA [12,13]. Specific methods for obtaining chitosan nanoparticles of various shapes and molecular 
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structure have been actively developed since their first production and include ionotropic gelation 
methods [14], microemulsions [15], reverse micellar method [16], emulsification by solvent diffusion 
[17], electrospinning [18]. 

It has been shown that chitosan is able to form gels in the presence of crosslinking agents, among 
which succinic anhydride [19,19–22], glutaraldehyde [23,24] and genipin are most often used, which 
covalently bind to several chitosan polymer molecules and act as bridges [25,26]. Genipin is an 
aglycone derived from an iridoid glycoside from the fruits of jasmine gardenia, 10,000 times less toxic 
than glutaraldehyde. Moreover, genipin has anti-inflammatory, anti-angiogenic properties, is used 
for liver disorders, stimulates the release of insulin. Cross-linking with other macromolecules and 
polymers is often used to change the physico-chemical parameters of gels - mechanical strength, 
sensitivity to medium acidity, biodegradability, etc. Crosslinking of polymer chains with 
simultaneous capture of the fluorophore inside the polymer tangle (chemical gelation) significantly 
affects the properties of the probe, more strongly than physical gelation. 

Gelation can also occur in the presence of coordinating heavy metal ions interacting between 
polymer molecules. The formation of gels and nanoparticles in such conditions depends very much 
on the concentration of the crosslinking agent, the acidity of the medium and temperature, which can 
also be used in the development of methods for obtaining particles of a certain size and density [27]. 

FRET (Förster resonance energy transfer) can be considered as a promising method of analysis 
of nanoparticles formation, which consists in the interaction of two fluorophore molecules resulting 
in a change in the wavelength of radiation due to intermediate energy transfer to the acceptor after 
the donor is excited [28]. Due to the strong dependence of the efficiency of such transfer on the 
chemical environment of fluorophore molecules and the distance between them, FRET is widely used 
in studying the structure of chitosan itself [29], materials based on it [30] as well as nanoparticles 
[31,32]. In addition to determining the physico-chemical parameters of labeled particles based on 
chitosan, the FRET phenomenon is also used to modulate their fluorescence spectrum [33,34]. For 
FRET phenomenon tryptophan (also in protein) and pyrene, respectively, can be effectively used 
[35,36]. In the present work, gelation process was studied using FRET between pyrene-labeled Chit5 
and Chit5-PEG as acceptors and Trp or ovalbumin Trp as donors. 

One of the most important aspects of chitosan is the possibility of modifying its nanoparticles 
with fluorophores, which is actively used in bio-imaging technology used both in clinical practice 
and in fundamental research [37–39]. In this case, the fluorophore molecule can be adsorbed by the 
polymer [40] or bind to it covalently [41]. In the present work pyrene as covalent probe, congo red 
and malachite green as non-covalent fluorophores as fluorophores sensitive to local 
microenvironment and folding of polymer chains. 

Physicochemical parameters of polymers prone to gelation, such as solubility, sensitivity to 
acidity of the medium, fluorescence intensity and position of maxima, optical absorption spectrum, 
kinetic and thermodynamic stability, strongly depend on the conditions of preparation and structural 
features of the polymer [42,43]. When polymeric nano(micro)particles are formed, the intensity of 
dye fluorescence may ignite due to changes in the microenvironment or fluorescence quenching 
during the formation of large particles and a significant increase in the viscosity of the solution. 

Fluorescent probes (including those with the FRET option) can be effectively used to study the 
formation of particles from modified chitosans, for example, pegylated chitosans capable of forming 
thermogels [44]. In this regard, polyethylene glycol (PEG) is often used, the molecules of which can 
be bound to amino groups in the chitosan molecule and thus obtain a polymer (Chit-PEG) with 
increased solubility in water and greater stability [45,46]. Modified chitosan nanoparticles find 
extremely important use in medicine due to their ability to include nutrients, drugs, peptides, nucleic 
acids, viruses, etc. In connection with these applications of chitosan, it is expected to increase the 
effectiveness of the treatment of malignant tumors and reduce the toxicological effect of the drug on 
the body due to the controlled release of the drug in the pathogenic region [12]. It has been shown 
that due to the presence of reactive functional groups in chitosan and, as a consequence, the wide 
possibilities of conjugating it with numerous proteins, lipids and with specific molecules capable of 
binding to pathogenic cells of the body, it is possible to develop methods of targeted effective therapy 
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of oncological diseases [47,48]. Varying the particle sizes and their physico-chemical properties also 
makes it possible to reduce the side effects of drugs, their effective dose and at the same time increase 
the time of excretion from the body [24]. 

When studying the organization of chitosan-based nanoparticles, infrared and optical 
absorption spectroscopy are often resorted to, which makes it possible to prove the binding of the 
crosslinking agent with chitosan [49,50]. In order to determine the stability of the colloidal system of 
nanoparticles and their size, electrokinetic measurements and measurement of static light scattering 
are used, respectively [51]. 

Thus, this work is devoted to the development of the approach based on the fluorescent methods 
(with the FRET option) to study the physicochemical aspects of particle formation depending on pH, 
temperature, and the presence of a crosslinking agent, which is promising for creating optimal 
biomedical gels, ointments, and dosage formulations. The inclusion of ovalbumin in polymer 
particles is interesting in aspects of potential application in the biomedicine (including vaccine 
formulations), food industry for the creation of foams and emulsions, gels, mousses, in cosmetology. 

2. Materials and Methods 

2.1. Reagents 

Chitosan oligosaccharide lactate 5 kDa (Chit5), activated PEG 5 kDa (N-succinimidyl ester of 
mono-methoxy poly(ethylene glycol)), ovalbumin, tryptophan (Trp), 1M 2,4,6-
trinitrobenzenesulfonic acid (TNBS) were purchased from Sigma Aldrich (St. Louis, MI, USA). 1-
pyrenebutanoic acid  succinimidyl ester was bought from Invitrogen (Molecular Probes, Eugene, 
OR, USA). Congo red and malachite green were kindly presented by Sergey Krylov (Senior 
Researcher, Zelinsky Institute of Organic Chemistry, RAS). 

2.2. Chitosan PEGylation and pyrene-modification 

Chit5 was pegylated according to previously reported technique [44] with small modification. 
Chit5-PEG5 copolymer was obtained by reaction between Chit5 aminogroups and activated 
carboxylic group of PEG. The samples of the components in the same mass ratio were mixed and 
dissolved in PBS, the mixture was heated to 60 °C and incubated for 4 hours. Copolymer was freeze-
dried at –70 °C (Edwards 5, BOC Edwards, UK). 

Chit5 and Chit5-PEG in concentrations of 1 mg/mL (to achieve optimal modification rate) were 
pyrene-modified by amino group reaction with activated pyrene (1-pyrenebutanoic acid 
succinimidyl ester) in PBS (pH 7.4) for 72 h at 40 °C (Scheme is presented on Figure 1b, kinetic curves 
are presented on Figure 2d). Molar ratio Chit5:pyrene = 2:1, Chit5-PEG:pyrene = 2.5:1 

The degree of Chit5 modification be PEG or pyrene was determined using A420 values for amino 
group adducts with 2,4,6-trinitrobenzenesulfonic acid (TNBS) in 0.02 M sodium borate buffer (pH 
9.2). 

2.3. Nanoparticles obtaining and characterization 

Chit5 and Chit5-PEG nanoparticles was obtained using extrusion (200 or 400 nm membrane, 
Avanti Polar Lipids) after 1 h incubation of samples (0.01-1 mg/L) at 40 °C. The initiation of gelation 
was performed by placing a solution with an alkaline medium (pH 8-10), ovalbumin or alginic acid 
as the counterions in a syringe receiver. 

Particles hydrodynamic diameter sizes and ζ-potentials were measured using Zetasizer Nano S 
«Malvern» (Malvern, UK) (4 mW He–Ne laser, 633 nm, scattering angle 173°) in 0.01 M PBS (pH 7.4). 
Dynamic Light Scattering data were analyzed using «Zetasizer Software» (v. 8.02). 

2.4. Fluorescence approach to study of nanoparticles and gel formation 

Fluorescence emission spectra were recorded on a Varian Cary Eclipse fluorescence 
spectrometer (Agilent Technologies, USA). λexci(pyrene) = 330 nm. 
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2.5. FTIR Spectroscopy 

FTIR spectra of samples were recorded using a Bruker Tensor27 spectrometer equipped with a 
liquid nitrogen-cooled MCT (mercury cadmium telluride) detector, as described earlier [52–55]. 

3. Results and Discussion 

The research is aimed at developing the sensitive approach based on the fluorescent methods to 
monitor the formation of chitosan-based particles and gels. The main steps in the work to understand 
the physico-chemical principles of gelation are as follows: 
i) Synthesis of polymers and characterization of their molecular composition using FTIR 
spectroscopy before gelation, as well as obtaining particles by various methods, including extrusion 
with counterion coacervation; ii) Comparison of the properties of volume-phase macrogel with 
nanoparticles using fluorescent probes. Optimization of gelation conditions with subsequent particle 
formation under certain conditions; iii) Studying of the particle’s formation depending on 
temperature, pH, polymer concentration, the presence of a crosslinking agent using non-covalent 
fluorescent probes (malachite green and congo red) determination of gelation conditions and 
nanoparticles formation; iiii) Application of covalently attached to chitosan chain pyrene probe to 
monitor nanoparticles formation as well as encapsulation of the cargo : inclusion of a small molecule 
(tryptophan as model drug molecule) and a protein (ovalbumin) into pyrene-labeled chitosan 
particles as a simulation of loading of drugs into polymer carriers and demonstration of a new 
technique for tracking inclusion using FRET 

3.1. Polymers and particles characterization 

Figure 1 shows the FTIR spectra of Chit5 and Chit5-PEG in D2O, which makes it possible to 
monitor the oscillations of N–H and O–H bonds in solution. FTIR spectroscopy provides valuable 
data on the microenvironment and the state of functional groups. When modifying chitosan amino 
groups with PEG, an increase in the peak corresponding to the oscillations of N-H bonds (3400 cm–1) 
is observed, but only using D2O as a solvent, since in H2O these oscillations are “banned”. The Chit5-
PEG conjugate exhibits an intense absorption loss of C-H bond oscillations (weak intensity in simple 
chitosan) of 2850-2970 cm–1, and the intensity of amide 1 and amide 2 peaks corresponding to valence 
oscillations C=O and deformation oscillations N-H increases. The most striking fact confirming the 
presence of both components in the Chit5-PEG conjugate is the changes in the shape of the peak 
corresponding to the oscillations of the C-O bonds (1100 cm–1), since the functional groups of both 
chitosan and PEG contribute. 
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Figure 1. FTIR spectra of Chit5 and Chit5-PEG in D2O. T = 22 °C. 

Important parameters characterizing the stability of the colloidal system of particles and their 
structure are the zeta potential and the radius of the particles. The zeta potential is the potential 
difference between the dispersion medium and the stationary liquid layer surrounding the particle. 
This value shows the stability of this colloidal system and the tendency of particles to coagulate [56]. 
The radius of the particles also affects their properties and determines the scope of their applications.  

An interesting aspect is the comparison of volume phase gel and nanogel, as well as the variation 
of gel-initiating conditions (pH or counterion). During gel extrusion, particles were formed due to a 
sharp change in pH from 6 to 10 or due to interaction with counterion (alginic acid): a counterflow of 
Chit5 or Chit5-PEG solutions meets with an anti-solvent in an extruder camera with the formation of 
poly- and interpolyelectrolyte complexes. The method of particles preparation can be reflected on 
their properties. 

Table 1 presents data on the hydrodynamic size and zeta potential of particles formed by Chit5 
and Chit5-PEG gelation compacted with the situation where alginic acid used as counterion. Chit5 in 
a dilute solution at рН 7.4 forms bulky aggregates, because the charge of amino groups is lost in a 
neutral medium, and polymer chains stick together (almost zero zeta potential). At the same time, 
PEGylated Chit5 has increased solubility and forms 450 nm nanoparticles. After extrusion, 
homogeneous, neat particles with hydrodynamic radius of 170 nm (Chit5) and 400 nm (Chit5-PEG) 
are obtained. In the case of PEG-chitosan, the hydrodynamic volume is greater due to PEG hydration 
shell [57]. 

Alginic acid, negatively charged polysaccharide, forms electrostatic complexes with chitosan 
during extrusion, the counterflow of chitosan particles undergoes coacervation due to compensation 
of charges of counterions of alginic acid polyanions. Chit5-(alginic acid) particles have a larger size 
than Chit5 particles. On the contrary, Chit5-PEG-(alginic acid) particles are compacted by polyanion 
as crosslinking agent (Table 1). 

The recharge of chitosan particles upon coacervation with alginic acid is observed due to 
formation of polyelectrolyte complexes (Table 1). This recharge is more pronounced in Chit5 than in 
Chit5-PEG (in which chitosan chains are partially shielded), which is reflected in the values of zeta 
potentials –15 mV vs –5.5 mV.  
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Table 1. Physico-chemical parameters of particles formed by Chit5 and Chit5-PEG compacted with 
alginic acid (30-50 kDa, 2-fold molar excess). Concentration of polymers 0.1 mg/mL. PBS (0.01 M, pH 
7.4). Extrusion was performed in borate buffer with pH 10, or alginic acid (pH 7.4). 

Polymer Sample 
Hydrodynamic diameter of 

particles, nm 
ζ-potential, mV 

Chit5 (5 kDa, 90% degree of 
deacetylation) 

native > 1μm 0.7±0.3 
400 nm extrusion in 

pH 10 
170±40 –1.9±0.8 

400 nm extrusion in 
solution with alginic 

acid 
260±40 –15±2 

Chit5-PEG (1/1 w/w, 10 
kDa)* 

native 450±70 3.5±0.9 
400 nm extrusion in 

pH 10 
400±30 –0.3±0.2 

400 nm extrusion in 
solution with alginic 

acid 
190±10 –5.5±1.9 

*determined by FTIR (Figure 1) and by the number of amino groups in Chit5 by TNBS-titration before and after 
modification. 

3.2. Grafting of polymers with pyrene 

3.2.1. FTIR spectroscopy 

For studying gel or particle formation using fluorescent approach was applied with using 
pyrene probe covalently attached to chitosan chain (Figure 2a). The introduction of a pyrene label 
into polymers significantly affects the FTIR spectra (Figure 2b): characteristic peaks of C-C(aromatic) 
oscillations appear (1500-1600 cm–1) and the peak intensity of oscillations of the C=O and N-H in 
amide bond increases. On average, 0.5 and 0.4 pyrene molecules per Chit5 and Chit5-PEG polymer 
molecule, respectively (based on UV spectroscopy data on pyrene absorption (Figure 2c) and data on 
the number of amino groups by TNBS-titration). 

3.2.2. UV and fluorescence spectroscopy 

Covalent crosslinking of activated pyrene with Chit5 and Chit5-PEG leads to a change in the 
microenvironment of the fluorophore, which is reflected in the shift of absorption maxima from 354 
to 342-343 nm and from 336 to 327-328 nm (Figure 2c) this spectral change  itself can serve as an 
analytically significant signal (modification or gelation). In the literature, data on the non-covalent 
pyrene label are described [58–60], however, show less sensitivity and informativeness in comparison 
with covalent [36,53,61,62]. In the covalent conjugate pyrene fluoresces much brighter than the free 
fluorophore (Figure 2d). The kinetic curves of pyrene grafting to polymers is presented in Figure 2d, 
where two stages can be distinguished: 1) 0-2 hours – mainly covalent crosslinking of pyrene with 
chitosan, 2) 2-72 hours – mainly folding of the polymer into a globule due to the use of medium-gel-
forming concentrations. 
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(c) 

 
(d) 

Figure 2. (a) Scheme of synthesis of pyrene-grafted Chit5 (for Chit5-PEG the reaction is similar). (b) 
FTIR spectra of Chit5-pyrene and Chit5-PEG-pyrene. PBS (0.01M, pH 7.4). T = 22 °C. (c) UV spectra 
of activated pyrene and pyrene crosslinked with Chit5, Chit5-PEG in PBS-DMSO (0.01% DMSO v/v). 
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(d) Fluorescence spectra of pyrene during conjugation with polymers and corresponding kinetic 
curves. PBS (0.01M, pH 7.4). T = 40 °C. 

3.3. Gel or nanoparticles formation 

3.3.1. Pyrene probe to optimize the conditions for the formation of macrogels (in volume-phase) 

The formation of marogels studied in detail using fluorimetry with a pyrene probe (Figure 3). 
Covalent pyrene is a suitable probe for micelle formation [36,53,58–63], probably this label is also 
applicable for studying of gelation, since the microenvironment in chitosan becomes hydrophobic 
during gelation. During the formation of chitosan volume-phase gel a change in the pyrene 
microenvironment takes place, and fluorescence quenching is observed.  

To monitor the gelation, the follows scheme of the experiment was applied: a starting solution 
where chitosan is soluble at pH 2.5 (all of amino groups are charged) was used and gelation was 
initiated by changing the pH to 3.0, 7.4 or 10.5. Chit5-PEG at pH 3.0 and 7.4 forms particles with a 
size of 400-500 nm. In an alkaline medium, the solubility of Chit5-PEG decreases, which leads to the 
formation of sol (visually, but not pieces of polymer as in the case of simple chitosan). At pH 3, the 
formation of particles practically does not occur for both polymers, but after initiation from pH 8-10, 
changes in the pyrene fluorescence are pronounced (Figure 3). 

Copolymers Chit5-PEG can self-organize into polymeric micelles in aqueous solution: 
hydrophobic Chit5 form the core of micelles, while hydrophilic PEG chains interact with water 
molecules in the “PEG-corona” to ensure the solubility of the hydrogel [44,64]. As result, fluorophore 
molecules change the fluorescence properties dramatically when the microenvironment changes, 
when pyrene is incorporated into the hydrophobic core. 

 
Figure 3. Fluorescence spectra of pyrene-grafted Chit5 and Chit5-PEG during gel or nanoparticles 
formation at different pH. Cpolymer = 1 mg/mL. Gelation was pH-induced. T = 40 °C. λexci(pyrene) = 330 
nm. 

3.3.2. Ignition of dye fluorescence as indicator of volume-phase macrogel formation 

Congo red and malachite green were chosen by us as non-covalent fluorescent probes for 
monitoring the formation of chitosan particles to study the change in the fluorescence spectrum 
during the transition from an aqueous solution to a hydrophobic region in a polymer tangle. Figure 
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4 shows the emission spectra of fluorescence dyes in PBS, DMSO, as well as in the composition of 
polymer chitosan particles. When incorporated into the chitosan particles, there is a sharp increase in 
the fluorescence of both dyes by about an order of magnitude - this phenomenon can be used as a 
fluorescent probe for gelation. 

(a)  

(b)  

Figure 4. Fluorescence spectra of congo red and malachite green (10 μg/mL). T = 40 °C. λexci(malachite 
green) = 370 nm, λexci(congo red) = 480 nm. 

3.3.3. pH-sensitive volume-phase gel formation 

pKa of chitosan ≅6.3-6.4, therefore, at pH below 6 chitosan is soluble, and at neutral or alkaline 
pH values it is prone to aggregation due to loss of charge of amino groups. For Chit5-PEG, this effect 
is leveled by hydrophilic PEG chains that maintain solubility in a wide pH range. Using the probe 
described above, the pH-dependent character of gelation kinetics was studied. Figure 5 shows the 
kinetic curves of the fluorescence emission of a fluorescent probe (congo red) after pH-initiated gel 
formation. At pH 6.2, Chit5 and Chit5-PEG form nanoparticles (a small increase in fluorescence), 
while the degree of inclusion of dye in pegylated chitosan is 2.5 times higher than in unmodified (as 
can be judged from the values of fluorescence emission). At a physiological pH value of 7.4, chitosan 
aggregates with the formation of microparticles, Chit5-PEG forms nanoparticles (the upward curve) 
and the capture of congo red is observed in both cases (Figure 5, Table 1). Chit5-PEG almost instantly 
formed nano- and microparticles in pH 8.4, and at pH 10.5 precipitates large aggregates (the 
downward curve), and the capture of the dye from the solution is observed. Chit5 aggregates rapidly 
at pH>8 and precipitates as large polymer particles. Thus, pegylated chitosan can be used in 
medicine, since it forms stable particles in a wide pH range. 
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Figure 5. Kinetic curves of congo red (10 μg/mL) fluorescence emission during particles and gel 
formation by Chit5 and Chit5-PEG. T = 40 °C. λexci(congo red) = 480 nm. The curves were normalized 
to the values of free dye emission at a given pH. 

3.3.4. Concentration dependences of gelation 

Fluorescence polarization characterizes the rotation of plane-polarized light, which is chaotic for 
small fluorophores and has specific values for fluorophores associated with large molecules 
(proteins, polymers, DNA, etc.). Figure 6a shows the polarization spectra of congo red fluorescence 
depending on the concentration of the added polymer. It is expected that with an increase in the 
concentration of the polymer, the gel-forming ability increases. It is necessary to find out the critical 
concentration of the formation particles and how this is affected by PEGylation and how gelation is 
reflected on fluorescent probes. Chit5 at a concentration of 1 μg/mL and above forms nano- and 
microparticles, which is reflected in a sharp increase in fluorescence polarization. Chit5-PEG at a 
concentration of 1 μg/mL forms nanoparticles (50-100 nm by DLS, polarization 0.13), above 5-10 
μg/mL 400 nm particles (by DLS, polarization 0.4-0.5) are formed. 

In order to study the issue of gelation in more detail, fluorescence emission spectra were 
recorded depending on the concentration of polymers (Figure 6b). Up to a concentration of 1 mg/ml 
Chit5-PEG and 0.1 mg/mL Chit5, the fluorescence emission of the probe is ignited, which indicates 
an increase in the particle size and the degree of inclusion of the dye, accompanied by a shift of the 
maximum to the long-wavelength region by 10-20 nm (Figure 6bc). With a higher concentration of 
polymers, fluorescence quenching is observed due to the formation of large aggregates giving a 
reflection of 500-550 nm, which is consistent with the fluorescence polarization data.  
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(c) 

  
                (d)                                         (e) 

Figure 6. Fluorescence approach to study the concentration dependence of gelation: (a) Fluorescence 
polarization spectra, (b) emission spectra, (c) corresponding dependences of maxima positions and 
intensity. Congo red (10 μg/mL) was used as probe. PBS (pH 7.4). T = 40 °C. λexci(congo red) = 480 nm. 
(d)-(e) Photos of samples 30 min of incubation. Chit5 forms colored polymer pieces, and Chit5-PEG 
forms a stable colloidal system. 

3.3.5. Temperature dependences of gelation 

The application of a fluorescent probe to monitor gelation provides valuable information about 
the flexibility of the polymer chain or hydrophobic sites formation, for example, when using a 
covalent pyrene label [65]. Previously, we described a technique for tracking gelation or micelles 
formation using rhodamine 6G, but its sensitivity is low and can be improved by using congo red 
and malachite green [44,66]. Gelation is accompanied by an increase in the viscosity of the solution, 
an increase in hydrophobicity due to the aggregation of polymer chains, which can potentially affect 
the fluorescence of the dye [67,68].  

Due to strengthening the hydrophobic interactions of chitosan chains at high temperature the 
gelation is observed. However, in the case of unmodified chitosan, large aggregates are formed. 
Contrariwise, pegylated chitosan forms volume-phase gel.  
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Figure 7 shows thermograms of Chit5 and Chit5-PEG gelation studied using congo red probe. 
The direct and reverse processes of phase transitions were studied, since they are important for 
understanding the reversibility and stability of the formed particles. When the temperature increases, 
the fluorescence quenches due to both the temperature factor and gelation. For Chit5, there is almost 
a coincidence of the forward and reverse path (the process of dye inclusion and particle formation is 
fast and reversible). For pegylated chitosan, the curve of the reverse process lies significantly below 
the curve of the direct process and does not come to the starting point, which means that the 
destruction of the gel from Chit5-PEG is practically not observed. So, once formed, the gel will be 
stable even at lower temperatures. 

 

Figure 7. Thermo-curves of congo red (10 μg/mL) fluorescence emission during particles and gel 
formation by Chit5 and Chit5-PEG. λexci(congo red) = 480 nm. PBS (pH 7.4). 

3.3.6. Genipin cross-linked polymers 

Chemical gelation, in contrast to the physical one (described above), can have a number of 
interesting new properties. Chemical crosslinking of polymer chains can be performed with 
bifunctional crosslinking agents (diisothiocyanates [69,70], dialdehydes [23,24], activated derivatives 
[71–76]), however, the issue of safety and biocompatibility is important for use in medical practice. 
Genipin is 10,000 times less toxic than glutaraldehyde, and has been successfully used in a number 
of articles for crosslinking chitosan [21,25,26,77]. 

When crosslinking polymer chains with genipin, the microenvironment of dyes changes 
dramatically, but at the same time its position is quite clearly fixed in the tangle of polymer (Figure 
8). The intensity of the fluorescence of the probes increases and the shift to the wavelength region of 
the emission maximum due to an increase in the hydrophobicity of the microenvironment increases. 
Congo red reacts most vividly to gelation, as in the case of physical gelation. Chemical gelation causes 
drastic changes in the spectra of fluorescent probes. In this case, crosslinking of pegylated chitosan 
leads to the formation of a blue solution of particles, and insoluble flakes are formed from simple 
chitosan. 
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(a) 

 

(b) 

Figure 8. (a) Fluorescence spectra of congo red and malachite green (10 μg/mL) during Chit5 and 
Chit5-PEG chains genipin (1 mg/mL) crosslinking. T(reaction) 70 °C, T(spectra registration) 40 °C. 
λexci(malachite green) = 370 nm, λexci(congo red) = 480 nm. PBS (pH 7.4). (b) Photos of samples after 1 
h of reaction: A – malachite green in Chit5-PEG5, B – congo red in Chit5-PEG, C - malachite green in 
Chit5, D - congo red in Chit5. 

3.4. Förster resonance energy transfer (FRET) as a tool for study gel formation and drug molecules 

incapsilation 

FREТ is a mechanism of energy transfer between two chromophores (from donor to acceptor), 
which occurs without intermediate photon emission and is the result of dipole-dipole interaction 
between donor and acceptor [33,78–83]. FRET was effectively used to monitor gelation, since the 
implementation of FRET requires a spatial arrangement of fluorophores less than 10 Å, which can be 
realized, for example, in a hydrophobic core of micelles or in a tangle of polymer during gelation. 
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3.4.1. Tryptophan as a model small (aromatic) drug molecule encapsulation with FRET options 

Vloume-phase Macrogels formation 

We found that upon chitosan-copolymer gel formation pronounced FRET effect in pyrene-
tryptophan donor-acceptor pare is observed. Figure 9a shows the fluorescence spectra of volume 
phase macrogel of Chit5-pyrene in the presence of tryptophan (Trp). There is a quenching of Trp 
fluorescence (355 nm) compared to the values observed in the absence of pyrene. There is an increase 
in the proportion of the short-wave pyrene component at 396 nm and a decrease in the intensity of 
the long-wave pyrene component (418 nm) (Figure 9a) with an increase in the concentration of Trp 
due to FRET. 

FRET occurs when fluorophores converge, so this phenomenon should be expected during 
gelation this process intensified with an increase in the polymers concentration. Figure 9b shows the 
fluorescence spectra of pyrene-labeled polymers with added Trp at a variable polymer concentration. 
With an increase in the polymer concentration in the case of Chit5, pyrene fluorescence quenching is 
observed, and in the case of pegylated chitosan, first an increase and then a decrease in fluorescence 
due to the inclusion of dyes in the gel. During gelation, FRET increases, which is reflected in an 
increase in pyrene fluorescence while quenching tryptophan. In the absence of the polymer, FRET 
practically does not occur (Figure 9b, purple curve), and Trp fluorescence is mainly observed. In the 
presence of a high concentration of the polymer, FRET practically occurs (Figure 9b, green curve), 
and pyrene fluorescence is mainly observed, the spectrum is shifted to the long-wavelength region, 
a wide “tail” fluorescence signal is observed. 

Nanogels 

Figure 9c shows the fluorescence spectra of particles formed using extrusion methos by Chit5 
and Chit5-PEG containing pyrene, tryptophan or mixture. After particle formation (by extrusion), 
due to pH initiated coacervation several times higher fluorescence observed compared to original 
pyrene-Chit5 and Chit5-PEG. But in the case of alginic acid used as counterion the quenching of the 
fluorescence was observed. FRET is intensified significantly after formation of pegylated chitosan 
particles by extrusion, while for non-modified chitosan the spectral differences were smaller. 

 
(a) 
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(b) 

 
(c) 

Figure 9. (a) The fluorescence spectra of Chit5-pyrene in the absence and in the presence of different 
concentrations of tryptophan, and the corresponding dependences of fluorescence integral intensities 
and percentages. (b) Fluorescence spectra of Chit5-pyrene, Chit5-PEG-pyrene, pyrene in the presence 
of tryptophan, depending on the concentration of the polymer. PBS (pH 7.4). (c) Fluorescence spectra 
of particles: Chit5, Chit5-PEG with pyrene (covalent), Trp or its mixture – native, 400 nm extrusion in 
solution with pH 10, 400 nm extrusion in solution with alginic acid. T = 40 °C. 
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3.4.2. Ovalbumin as a model large molecule for drug delivery with FRET options 

Volume-phase Macrogels 

Ovalbumin is a 43 kDa protein, the main component of a chicken egg, which was selected as a 
model biomedically significant protein for encapsulation in the chitosan particles. The formation of 
ovalbumin-chitosan volume-phase gels is accompanied by the intensification of FRET between Tyr, 
Trp protein and pyrene in the polymer composition (Figure 10ab). With an increase in the 
concentration of the added protein to the pyrene-labeled chitosan, the proportion of the (400 nm) 
pyrene-component increases (green, Figure 10ab). At chitosan concentration of 0.05 mg/mL (below 
gel formation concentration), pyrene peaks strongly overlap with the peak of Trp emission in the 
protein, and at a concentration of 1 mg/ml (exceeding gel formation concentration), pyrene peaks are 
well resolved due to FRET. Thus, gelation is brightly manifested by FRET.  

Nanogels 

An important aspect for comparison of volume-phase gel and nanogel obtained by extrusion 
(with 400 nm membrane pores) and after washing of the particles (from soluble components by 
centrifugation (Figure 10c). It turned out that Chit5 at a concentration of 0.01 mg/mL after filtration 
does not form particles and exits through the pores. And at a concentration of 0.1 mg/mL and higher 
(up to 1 mg/mL), protein-chitosan nanoparticles (with pyrene fluorescence at λmax ≅ 375 nm,) are 
formed. At the same time, Chit5-PEG forms protein-polymer particles at all the concentrations 
considered (0.01-1 mg/mL), which determines its potential for biomedical use as drug delivery 
systems or the creation of gel formulations. 

FTIR spectroscopy studies of ovalbumin-chitosan interaction upon gelation.  
FTIR provides valuable data on the molecular details of gelation and was used by us to confirm 

the fluorescence data. Figure 10d shows the FTIR spectra of ovalbumin in free form and in complex 
with chitosan particles. In the protein spectrum, the main absorption bands are: amide 1 (1600-1700 
cm–1, ν(C=O)) and amide 2 (1500-1600 cm–1, δ(N–H)), ν (C–H) 2580-2970 cm–1. In the spectrum of 
complex particles, a characteristic peak of oscillations of C-O bonds in Chit5-PEG appears, the shape 
of the ν(C-H) band changes and the intensity of the absorption bands of amide 1 and amide 2 
decreases, which is associated with complexation and was shown by us earlier on concanavalin A 
[55,84–86]. 
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(e) 

Figure 10. (a) The fluorescence spectra of Chit5-pyrene (0.05 mg/mL of Chit5, 0.5 μg/mL of pyrene) in 
the absence and in the presence of different concentrations of ovalbumin, and deconvolution of peaks 
with gaussians. (b) The fluorescence spectra of Chit5-pyrene (1 mg/mL of Chit5, 0.5 μg/mL of pyrene) 
in the absence and in the presence of different concentrations of ovalbumin, and deconvolution of 
peaks with gaussians. Phosphate buffer (10mM pH 6). Borate buffer (10mM pH 9). (c) The 
fluorescence spectra of particles formed by Chit5, Chit5-PEG alone (black) and after extrusion in 
borate buffer with pH 7.4 containing ovalbumin (red) or with subsequent centrifuge purification and 
separation of nanoparticles (blue). (d) FTIR spectra of ovalbumin free and ovalbumin-(Chit5-PEG) 
particles. (e) FTIR spectra deconvolution on followed components: 1638 cm–1 β-sheets, 1657 cm–1 α-
helix, 1686 and 1676 cm–1 β -turns, 1626 - intermolecular β-sheets (aggregates). T = 40 °C. 

The inclusion of ovalbumin in the particles of pegylated chitosan and protein gelation is 
accompanied by pronounced changes in the secondary structure (Figure 10e). 1638 cm–1 and 1657 cm–

1 component intensities decrease when Chit5-PEG+ovalbumin particles are formed, which means that 
the proportion of β-sheet and α-helix decreases by 25% and 10% correspondingly, due to protein 
denaturation and the formation of disordered structures. Peak at 1624 cm–1 is increased, which 
corresponds to the formation of intermolecular aggregates (characteristic for ovalbumin), which was 
previously described in works on the properties of ovalbumin, adsorbed at the air-water interface 
[19,87,88]. Thus, ovalbumin is well incorporated in the chitosan particles, which follows from the 
aggregation of the protein upon chitosan particles formation and gelation. The property of gelation 
is promising for the creation of medicinal formulations, dietary supplements and thickeners in the 
food industry. 

4. Conclusions 

Particles based on chitosan and chitosan modified by PEG are of particular interest in aspects of 
the development of gels, medicinal formulations, as well as a biological additive for preventive and 
therapeutic feeding of animals. Optimization of the conditions for the formation of such particles and 
the selection of optimal parameters of nanoparticles and gels can be performed using fluorescent 
probes presented in this paper (pyrene, malachite green, congo red). Fluorophores abruptly ignite 
when nanoparticles are formed, and FRET is activated. According to the FRET phenomenon, it was 
shown that particles efficiently load both small drug molecules (on the tryptophan model) and large 
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ones (on the ovalbumin model). The fluorescent approach is quite accurate and highly sensitive to 
the microenvironment of the included drug molecule in nanoparticles. Original techniques for 
tracking gel formation are presented, which open up wide possibilities to find out the details of the 
formation of various molecular ensembles, for example, micelles from a new point of view and 
optimize existing particles with the potential for introduction into medicine and biotechnology. In 
addition, FTIR spectroscopy was used to elucidate the molecular details of the formation of 
ovalbumin-chitosan complexes accompanied by protein denaturation, aggregation and gel 
formation. The proposed polymers are effective as a broad-profile drug delivery system, and a 
narrow specialization of particles can be selected by varying the crosslinking conditions, pore sizes 
in the membrane, and monitoring the formation of particles using the methods developed by us. 
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