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A B S T R A C T   

Hybrid nanoparticles composed of different biopolymers for delivery of enzyme/prodrug systems are of interest 
for cancer therapy. Hyaluronic acid-coated chitosan nanoparticles (CS/HA NP) were prepared to encapsulate 
individually an enzyme/pro-drug complex based on horseradish peroxidase (HRP) and indole-3-acetic acid 
(IAA). CS/HA NP showed size around 158 nm and increase to 170 and 200 nm after IAA and HRP encapsulation, 
respectively. Nanoparticles showed positive zeta potential values (between +20.36 mV and +24.40 mV) and 
higher encapsulation efficiencies for both nanoparticles (up to 90 %) were obtained. Electron microscopy 
indicated the formation of spherical particles with smooth surface characteristic. Physicochemical and thermal 
characterizations suggest the encapsulation of HRP and IAA. Kinetic parameters for encapsulated HRP were 
similar to those of the free enzyme. IAA-CS/HA NP showed a bimodal release profile of IAA with a high initial 
release (72 %) followed by a slow-release pattern. The combination of HRP-CS/HA NP and IAA- CS/HA NP 
reduced by 88 % the cell viability of human bladder carcinoma cell line (T24) in the concentrations 0.5 mM of 
pro-drug and 1.2 μg/mL of the enzyme after 24 h.   

1. Introduction 

Bladder cancer (BC) is one of the diseases most frequently related to 
the urinary tract and is directly associated with a high mortality rate, 
multiple comorbidities, recurrence episodes and expensive cost of 
treatment [1,2]. Nanotherapy has been shown to be assertive as stra-
tegies in order to improve BC therapy. 

Chitosan nanoparticle (CS NP) is considered an excellent alternative 
for carrying cytotoxic drugs by having biodegradability/biocompati-
bility, provide controlled release kinetics, low cost and good chemical, 
physical and biological stability [3–6]. The advantages of using CS NP in 
cancer therapy, such as reduced side effects and the possibility of action 
directed to the tumor site, can be maximized with the incorporation of 
hyaluronic acid (HA) to CS NP [7]. Thus, many studies have been 
developed in order to investigate hybrid nanoparticles (CS/HA) 

containing cytotoxic agents for the treatment of several types of cancer 
[8–14]. 

HA is an anionic polymer capable of interacting electrostatically with 
chitosan (cationic structure). It is abundantly present in many living 
beings [7,15–17]. HA is non-immunogenic and highly soluble in water. 
Nanoparticles containing HA have longer circulation time, which 
improve the directing to the tumor area [18,19]. Also, HA interacts with 
the cell surface through the CD44 receptor, an important glycoprotein 
which is commonly over-expressed in several types of tumor cells [7, 
20–22]. 

In addition to nanotechnology, the therapy enzyme/prodrug is 
considered promising. In this proposal, the cytotoxic asset will only be 
available after the enzyme-prodrug reaction in situ. A classic example of 
this system is the combination of the vegetable enzyme horseradish 
peroxidase (HRP) and indole-3-acetic acid (IAA), a substance 
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responsible for plant growth and development [23]. Studies carried out 
in cell culture revealed that in the presence of horseradish peroxidase, 
IAA acts as a pro-oxidant that increases the formation of reactive oxygen 
species - cytotoxic species recognized by causing of lipid peroxidation 
and lesions in nucleic acids [23–25]. Oxidative stress caused by the 
HRP/IAA system forms the basis of the use of this system in cancer 
therapy [24,26], including bladder cancer [27,28]. 

In this work, the enzyme/prodrug therapeutic model consisting of 
HRP and IAA was encapsulated in different hyaluronic acid-coated 
chitosan nanoparticles (CS/HA NP) as a promising new proposal for 
bladder cancer therapy. 

2. Materials and methods 

2.1. Reagents 

Horseradish Peroxidase (HRP) Type VI, RZ 3.0, E.C. 1.11.1.7, Indole- 
3-acetic acid (IAA) (C10H9NO2) (98 % purity), Chitosan (Medium Mo-
lecular Weight, 190− 310 kDa), Sodium Tripolyphosphate (Na5P3O10, 
85 %), Hyaluronic acid from Streptococcus equi (Mw = 1500 kDa) and 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (5 
mg/mL) were purchased from Sigma-Aldrich Co. (St. Louis, USA). 
Guaiacol (C7H8O2), Hydrogen Peroxide (H2O2) 30 %, Dibasic sodium 
phosphate dihydrate (Na2HPO4.2H2O), Sodium hydroxide (NaOH), 
Ethanol (C2H5OH), Sodium acetate (CH3COONa), and Acetic acid 
(C2H4O2) were obtained from Vetec Química. For biological assays, the 
reagents used were RPMI-1640, fetal bovine serum (FBS), penicillin- 
streptomycin (10,000 U/mL), amphotericin B (Fungizone®), and 0.5 
% trypsin/EDTA solution were obtained from Gibco Laboratories 
(Carlsbad, USA). All other chemicals and solvents were analytical grade, 
and solutions were prepared using ultrapure or distilled water. 

2.2. Preparation of nanoparticles 

Chitosan nanoparticles (CS NP) were prepared by ionotropic gelation 
method [29] using CS:tripolyphosphate (TPP) ratio of 5:2 (w/w), based 
on our previous report [30]. Hyaluronic acid-coated chitosan nano-
particles (CS/HA NP) were prepared according to previous literature 
[31,32]. HA (0.1 mg/mL) (adapted from [31,32]) was dissolved in so-
dium acetate buffer (100 mM, pH 5.0) and stirred (1200 rpm/30 min). 
CS NP were added dropwise into a HA solution at a volumetric ratio CS 
NP:HA of 1:1. 

For the preparation of IAA-loaded CS/HA nanoparticles (IAA-CS/HA 
NP), IAA was added in HA solution and maintained under magnetic 
stirring for 30 min. IAA loading effect (8.0–80.0 μM) was evaluated. CS 
NP were dripped in the HA solution (0.1 mg/mL) containing the IAA at 
volumetric proportion 1:1. For the preparation of HRP-loaded CS/HA 
nanoparticles (HRP-CS/HA NP), HRP (8.0 μg/mL) was added into the 
chitosan solution, followed by the crosslinking with TPP [30]. Then, 
chitosan nanoparticles containing HRP were dripped into the hyaluronic 
acid solution (0.1 mg/mL) at volumetric proportion of 1:1. All the 
samples (natural form or lyophilized) were stored at 4 ◦C. 

2.3. Enzyme activity assay 

Enzymatic activity (HRP and HRP-CS/HA NP) was measured based 
on the formation of tetraguaiacol by oxidation of guaiacol at 25 ◦C in the 
presence of H2O2 [33,34]. One enzyme unit (U) corresponds to the 
amount of enzyme capable to produce 1 μmol of product/min at 25 ◦C 
and pH 6.0. The reactions were monitored at 470 nm using a UV–vis 
spectrometer Libra S22 (Biochrom). 

2.4. Determination of encapsulation efficiency (EE) 

Nanoparticles containing HRP or IAA was centrifuged at 10,000 x g 
(4 ◦C/1 h). IAA concentration was determined spectrophotometrically 

(280 nm) [35]. Encapsulation efficiencies (EE) for HRP and IAA were 
calculated according to Eqs. 1 and 2. The IAA encapsulated concentra-
tion was obtained by Eq. 3. 

EEHRP =
Uo – Uf

Uo
x 100 (1)  

EEIAA =
IAAo – IAAf

IAAo
x 10 (2)  

[IAA]encapsulated(μM) = IAAo – IAAf (3)  

Where Uo is units of peroxidase activity offered for encapsulation and Uf 
is free units of peroxidase presents in the supernatant after centrifuga-
tion. IAA0 is concentration offered for encapsulation, IAAf is concen-
tration of the prodrug presents in the supernatant after centrifugation. 

2.5. Characterization 

Dynamic Light Scattering (DLS) technique was used to obtain the 
mean size and polydispersity index (PDI) of the nanoparticles. Zeta 
potentials of the nanoparticles were measured by a Malvern Zetasizer 
Nano S. Scanning electron microscopy (SEM) images were taken using a 
Inspect F50 microscope (FEI Company) with field emission guns. Liquid 
samples were dropped on aluminum stubs covered with carbon tape, 
dried at 40 ◦C for 2 h, metalized with gold in the secondary electron 
mode, and then analyzed at 20 kV. Lyophilized nanoparticles and raw 
materials (HRP, IAA, CS and HA) were analyzed by Fourier-transformed 
infrared spectroscopy (FTIR) in spectrophotometer Cary 630 (Agilent 
Technologies), equipped with a zinc selenide crystal (ZnSe) and ATR 
(total attenuated reflection) device. Thermogravimetric analysis (TGA) 
was performed in SDT equipment model Q600 (TA Instruments): heat-
ing flow 10 ◦C/min (35 ◦C–600 ◦C) under nitrogen atmosphere (10 mL/ 
min). Differential scanning calorimetry (DSC) was performed in DSC-50 
cell (Shimadzu): heating flow 10 ◦C/min (30 ◦C–500 ◦C) under nitrogen 
atmosphere (50 mL/min). 

2.6. Determination of kinetic parameters 

Kinetic parameters (KM and Vmax) of HRP-CS/HA NP were calculated 
using the values obtained from Lineweaver-Burk plot. Oxidation rates 
for guaiacol (concentration range 10–100 mM) were obtained using 
methodology described in the topic 2.3. 

2.7. In vitro release of IAA 

IAA-CS/HA NP sample (10 mL) - suspension obtained from IAA 
encapsulation at 80 μM - was placed into a dialysis bag (5 cm length, 25 
mm wide and 16 mm in diameter, 14,000 MWCO - InLab) which was 
immersed in 90 mL of phosphate buffer solution simulating the tumor 
microenvironment (pH 5.5) at 37 ◦C, under magnetic stirring (200 rpm). 
At programmed times (0, 0.5, 1, 2, 3, 6, 9, and 12 h), 1 mL of the release 
medium was collected, and an equal volume of fresh medium was added. 
The released IAA in the outside medium was measured by spectropho-
tometry (280 nm). The cumulative release percentage (CR) of IAA was 
determined from the Eq. 4: 

CR =
IAAt

IAAi
x 100 (4)  

where IAAt and IAAi are the amount of drug released at the time t and 
the initial amount of drug encapsulated in the nanoparticle, 
respectively. 

Release data were analyzed by using different kinetic model equa-
tions (zero order, first order, Higuchi’s square root plot, Korsmeyer- 
Peppas, and Hixson-Crowell cube root plot). The diffusion exponent 
(n), which indicates the release mechanism, was calculated from the 
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slope of the plot obtained through the Korsmeyer-Peppas model. 

2.8. Cytotoxicity assay 

Human urinary bladder cancer cell line (T24) (ATCC) was cultured in 
RPMI medium supplied with 10 % fetal bovine serum (FBS), 0.5 U/mL 
penicillin/streptomycin at 37 ◦C in a humidified atmosphere containing 
5% CO2. Then, cells were lifted from the subconfluent cultures with 0.5 
% trypsin in 5 mM EDTA. 5000 cells were seeded in 96-well plates and 
grown for 24 h, followed by treatment with the combination between 
free HRP (1.2 μg/mL) and IAA (0.1, 0.5 and 1.0 mM), or HRP-CS/HA NP 
(1.2 μg/mL) and IAA-CS/HA NP (0.1, 0.5 and 1.0 mM) for 24 h. CS/HA 
NP, HRP-CS/HA NP and IAA-CS/HA NP were carried out individually 
(positive control) and cells treated only with medium consisted the 
control experiment for comparative purposes. Considering the encap-
sulation efficiency of nanoparticles as a correction factor, the appro-
priate concentrations of HRP and IAA into the nanoparticles were 
obtained after centrifuging the dispersions at 5000 x g and different spin 
times using an Amicon® Ultra-15 Centrifugal Filter with a molecular 
weight cutoff of 100 kDa. 

Cell viability was evaluated by MTT colorimetric assay [36]. Optical 
density was measured at 570 nm in automated Victor X3 plate reader 
(PerkinElmer). Cell viability (%) was calculated as Eq. 5: 

Cell viability =
Absorbancesample

Absorbancecontrol
x 100 (5)  

2.9. Statistical analysis 

All experiments were carried out in triplicate and data were pre-
sented as the standard error of the mean (mean ± S.E.). The significance 
level in all statistical analyses was set as a probability of p < 0.05. The 
statistical significance was determined using one-way or two-way 
ANOVA. 

3. Results and discussion 

3.1. Particle size, polydispersity index, zeta potential and encapsulation 
efficiency 

The mean size of CS NP was 125.2 ± 0.89 nm and Zeta potential (ZP) 
value shows a positive charge (+28.53 ± 0.61 mV) due to the presence 
of protonated amino groups on their surface. Similar results were found 
by our group [30]. In comparison with CS NP, CS/HA NP showed 
increasing on mean size (158.3 ± 1.2 nm) and decreasing on positive 
surface charge (+20.00 ± 0.89 mV). These changes are justified by due 
to the large volume of the HA chains interacting with the protonated free 
chitosan clusters on the outside of the NP, resulting in a polyelectrolyte 
complex [37]. Finally, PDI value for CS NP and CS/HA NP was 0.39 ±
0.01, indicating a relatively homogeneous dispersion of nanoparticles, 
considering the nature of the constituent of the nanoparticle (a natural 
polymer - chitosan) [38]. 

HRP was encapsulated on chitosan nanoparticles coated with HA 
(HRP-CS/HA NP) with EE of 94.29 ± 0.04 %. HRP encapsulation was 
carried out in two steps pathway: firstly, the cross-linking of the chitosan 
matrix containing the enzyme with TPP, followed by coating the 
nanoparticle with HA. This result points to a better efficiency of HRP 
encapsulation after coating with HA compared with EE of HRP on chi-
tosan nanoparticles (65.8 %) [30]. This indicates that the presence of HA 
plays an important role in HRP encapsulation in biopolymeric nano-
particles. Protein and polysaccharide molecules are able to associate via 
non-covalent interactions, such as electrostatic and hydrophobic in-
teractions, steric exclusion and hydrogen binding. In fact, electrostatic 
interactions are predominant considering charged polysaccharides and 
are especially favored between negatively charged polysaccharides (i.e. 
hyaluronic acid - COO− ) and positively charged proteins [39]. HRP has a 

pI of 8.3. Thus, this enzyme has a positive net charge (NH3
+) at pH 5.0 

[40]. The negative charge density along the biopolymer (HA) and its 
flexibility may be sufficient to conform the charged units of the polymer 
with the regions positively charged of the enzyme [41], resulting in the 
high encapsulation efficiency of HRP in CS/HA nanoparticles. The 
literature exemplifies the most successful loading of positively charged 
proteins in HA. Loading efficiency of 59.9 % for positively charged 
lysozyme in HA microgel was observed in literature, while for neutral 
IgG and negatively charged BSA was 6.5 % and 5.4 %, respectivelly [42]. 

Fig. 1 shows the effect of IAA loading (8.0–80.0 μM) on the encap-
sulation in CS/HA NPs. The increase in offered IAA results in a linear 
increase of encapsulated IAA (solid circles). The EEIAA presented a slight 
reduction as the IAA concentration was increased (open squares) - from 
100 % (8 μM) to 92.36 ± 0.04 % (80 μM). These results indicate that a 
10-fold increase in the offered IAA concentration results in an EE 
reduction lower than 10 %, demonstrating that CS/HA NP is able to 
encapsulate high contents of IAA. In the present proposal, in addition to 
a high EE, it is desired higher number of encapsulated prodrug mole-
cules. Thus, IAA offered in the concentration of 80 μM was adopted as 
the optimal loading for obtaining IAA-CS/HA NP. 

The high EEIAA values observed for obtaining IAA-CS/HA NP sug-
gests that prodrug was both physically confined in the interstices of the 
nanostructured material and bound by weak interactions (hydrogen 
bonding) to the polymeric matrices. IAA can be involved in two different 
types of hydrogen bonding: N–H•••O and O–H•••O between the NH of 
the tryptophan moiety of IAA as well as the carbonyl/carboxyl groups 
with the biopolymers [43]. Also, interactions between the acidic 
hydrogen of the carboxyl group from IAA and the hydroxyl oxygen of C6 
from chitosan, should be mentioned. In addition, there is a possibility of 
the hydrogen linked to the pyrrolic nitrogen of IAA interacts weakly also 
with the hydroxyl oxygen of C6 from HA in the stabilization phase, 
before chitosan nanoparticles were dripped in the HA/IAA solution. 
Once these groups are capable of establishing interactions with the 
polymeric matrices of HA and CS, these weak interactions reinforce the 
fixation of IAA to the nanomaterial. 

In comparison with CS/HA NP (158.3 ± 1.2 nm), the loaded nano-
particles (HRP-CS/HA NP and IAA-CS/HA NP) exhibited an increase in 
the mean diameter (200.3 ± 4.36 nm and 170.9 ± 6.11 nm, respectively) 
indicating HRP immobilization and IAA incorporation in the nano-
particles. The increase of the mean size in chitosan nanoparticles after 
HRP immobilization is also reported by literature [30]. 

HRP-CS/HA NP and IAA-CS/HA NP exhibited PDI value of 0.39 ±
0.02 and ZP values of + 24.40 ± 0.90 mV and + 23.37 ± 1.30 mV, 
respectively. Thus, positive charge referring to the positive amino 
groups from CS surface was conserved. The reduction in surface charge 
compared to the chitosan nanoparticle before coating indicates the 
presence of HA on the particle surface, contributing to the targeting of 

Fig. 1. Effect of IAA loading (8 to 80 μM) on the encapsulation efficiency (%) 
and encapsulated IAA (μM) for obtaining IAA-CS/HA NP. 
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CD44 and cell uptake. 
The permeable vasculature of tumor tissues allows particles 

measuring up to 200 nm to passively accumulate due to enhanced 
permeability and retention effect (EPR) [44]. The particle size for both 
IAA-CS/HA NP and HRP-CS/HA NP (170 and 200 nm, respectively) may 
indicate an effective targeting to the cancer tissue once the vascular 
cut-off in a large range of tumors occurs from 380 to 780 nm [45]. The 
literature shows penetration and accumulation of HA-based nano-
particles with an average size of 200 nm in the tumor tissue [46]. In 
addition, the maintenance of the positive surface charge of nanoparticles 
even with the addition of HA is interesting to cancer therapy once 
studies have already shown that the electrostatic interaction between 
the positively charged nanoparticle and the negatively charged plasma 
membrane of cancer cells is decisive in the internalization of nano-
particles [47]. Furthermore, the colloidal stability of the particles de-
pends directly on their surface charge, indicating, therefore, that 
particles with a charge between +20 mV and +30 mV are moderately 
stable [48]. PDI values below 0.5 indicates the formation of relatively 
homogeneous dispersions of nanoparticles based on natural polymers 
[49]. Thus, considering mean size, ZP, and PDI values, both HRP and 
IAA-CS/HA nanoparticles present the ideal parameters for application in 
cancer therapy in terms of physicochemical and biological properties. 

3.2. SEM analysis 

SEM images showed the majority of spherical, individual and rela-
tively homogeneous (corroborating with the PDI value - 0.39) (Fig. 2). 

SEM image of the CS NP (Fig. 2a) shows a size range between 
100− 140 nm [50]. CS/HA NP, on the other hand, shows a diameter 
range predominantly around 150 nm (Fig. 2b), indicating that the 

coating with HA causes a slight increase in the particle size [51]. Fig. 2c 
shows IAA-CS/HA NP with mean diameter between 158 nm and 185 nm. 
Fig. 2d exibhits HRP-CS/HA NP with a diameter from 170 nm to 214 nm, 
suggesting that the encapsulation of the pro-drug and enzyme that 
promotes an increase in the mean diameter of CS/HA nanoparticles 
[52]. Also, SEM images confirm that HRP-CS/HA NP and IAA-CS/HA NP 
are potential candidates for controlled drug delivery systems consid-
ering the morphologic characteristic presented and nanometric size near 
to 200 nm, being appropriate for use in venous chemotherapy [46]. 

3.3. FTIR spectra 

CS spectrum (Fig. 3a) shows absorption band at 3430, 1660, and 
1564 cm− 1, resulting from the vibration of the stretching of free axial 
hydroxyl groups (OH), secondary amine and primary amine, respec-
tively, while band at 2900 cm− 1 is attributed to the C–H stretch vi-
bration [53]. The band at 1556 cm− 1 is due to the presence of the 
protonated amine (deacetylation of chitin) [54]. Bands presented at 
1426 cm− 1 and 1376 cm− 1 are resulting of asymmetric angular de-
formations of CH3 and acetamide groups, respectively. Another band at 
1150 cm− 1 is attributed to the elongation of C–O–C β (1 → 4) [55,56]. 

CS NP spectrum shows a band between 3000 cm− 1 and 3450 cm-1 

that is attributed to the stretching vibration of the hydroxyl and amino 
groups. This band is wider when compared to the spectrum of pure 
chitosan, indicating strong hydrogen bonds involved in the formation of 
nanoparticles [57]. Bands at 1564 cm-1 corresponds to NH flexion vi-
bration of the amine І (shifted to 1560 cm− 1) and the carbonyl stretch of 
the amide II at 1660 cm− 1 (shifted to 1654 cm− 1), confirming that the 
groups − CONH2 and –NH2 are involved in the electrostatic interactions 
with TPP phosphate groups [58]. The spectrum of CS NP also shows 

Fig. 2. Micrographs of (a) chitosan nanoparticles (CS NP); (b) hyaluronic acid-coated chitosan nanoparticles (CS/HA NP), (c) hyaluronic acid-coated chitosan 
nanoparticles containing IAA (IAA-CS/HA NP), and (d) hyaluronic acid-coated chitosan nanoparticles containing HRP (HRP-CS/HA NP). 
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bands in the range of 1156 cm− 1 to 1100 cm− 1 referring to P––O 
stretching, suggesting the interaction between chitosan and TPP [59]. 

AH spectrum reveals a characteristic broadband at 3450 cm− 1 cor-
responding to the presence of abundant − OH in polysaccharide chains, 
and band at 1630 cm− 1, due to the presence of C––O of the amide [60], 
and another band at 1415 cm− 1 corresponding to the C–O connection of 
the –COONa group [61]. For CS/HA NP spectrum, characteristic bands 
of HA were observed: a broad and intense band that extends from 2400 
cm− 1 to 3600 cm− 1 referring to the N–H and O–H stretch vibrations, 
present in hydrogen bonds. Band at 3100 cm− 1 is characteristic of the 
presence of NH [62]. Absorption band around 2900 cm− 1 is attributed to 
CH2 (C–H symmetrical and asymmetric stretching). The extended 
bands from 1500 cm− 1 to 1720 cm− 1 indicate the superposition of the 
amide I and amide II, as well as C––O from carboxyl. The band at 1560 
cm− 1 in NP QS was shifted to 1540 cm− 1 in CS/HA NP, pointing to an 
interaction between the amide groups from chitosan and OH groups 
from hyaluronic acid [63]. 

HRP spectrum (Fig. 3b) shows characteristic bands of the protein: 
1639 cm− 1 (amide I) related to α-helix structure, 1540 cm− 1 (amide II) 
corresponding to N–H bending and C–N stretching and 1229 cm− 1 

(amide III) related to several modes of NH [64]. IAA spectrum shows a 
characteristic absorption band at 3389 cm− 1 assigned to indole ring 
(N–H) stretching [65]. The bands at 2874 cm− 1 and 2958 cm− 1 are 
attributed to the CH section consisting of asymmetric and symmetric 
CH2, respectively. The band at 1690 cm− 1 corresponds to the carboxylic 
elongation C––O [66]. The bands observed at 1365 cm− 1 and 1405 cm− 1 

are attributed to the aromatic vibration of C––C, while bands at 1220 
cm− 1 and 1490 cm− 1 indicate the presence of CC– elongation. The band 
at 1100 cm− 1 corresponds to C–H vibration and the band at 738 cm− 1 

corresponds to the flat deformation of CH2 [67]. 
FTIR spectra of the HRP-CS/HA NP and IAA-CS/HA NP nanoparticles 

were similar to CS/HA NP. The bands corresponding to HRP were 
overlapped due to the presence of the high intensity bands attributed to 
the − COO− group from hyaluronic acid (1405 cm-1) and amine II from 
chitosan (1540 cm-1), as previously explained. However, a slight 

increase in these two bands can be observed (Fig. 3c). These changes 
occur possibly by the overlap with the amide II band from HRP (1540 
cm-1) or due to the interactions between those groups from polymers and 
the enzyme surface. 

On the other hand, after the IAA encapsulation, the band at 3389 
cm− 1 attributed to the asymmetric stretching mode of N–H bond of 
prodrug was concealed by an broad and intense peak produced from the 
stretching mode of hydrogen-bonded hydroxyl groups in the CS/HA 
nanoparticles [68]. In addition, an increase of intensity in two regions 
may be observed to IAA-CS/HA NP with peaks at 922 cm− 1 and 1049 
cm− 1 (Fig. 3d). These bands are attributed to the modification of − OH 
from the carboxylic group [69] and the C–OH stretching [70] from IAA, 
respectively, that may interact with electronegative regions of the 
polymers, as we propose for the encapsulation model. 

3.4. Thermal analysis 

Weight loss values as a function of temperature allow to establish the 
thermal stability of the sample and its decomposition kinetics [71]. TGA 
and DTG profiles of the CS and nanoparticles can be observed in Fig. 4a 
and b. CS was degraded in three-stage process. On the first stage 
(35− 100 ◦C), a weight loss of 10 % referring to removal of water (Tpeak 
at 53.23 ◦C) was observed [72]. The second inflection point occurs at 
296 ◦C and is related to the decomposition of the acetylated and 
deacetylated units and dehydration of the saccharide rings of the 
biopolymer, corresponding to around 50 % of the weight loss [63,73]. 
On the third stage (300− 500 ◦C) was observed a weight loss of about 30 
% of the total sample weight and attributed to the chitosan pyrolysis 
process [74]. 

Thermogram of CS NP sample reveals that the first stage of the 
degradation was extended to 200 ◦C (Tpeaks at 56 ◦C and 142 ◦C) with a 
loss of 20 % of the total weight, this value was higher than that observed 
for CS. It is due to the probable increase in the content of free water 
molecules related to CS NP formation process. Chitosan, like many 
polysaccharides, has a high affinity for water and tends to be easily 

Fig. 3. FTIR spectra of (a) chitosan (CS), hyal-
uronic acid (HA), chitosan nanoparticles (CS 
NP), and hyaluronic-coated chitosan nano-
particles (CS/HA NP); and (b) horseradish 
peroxidase (HRP), hyaluronic acid-coated chi-
tosan nanoparticles containing HRP (HRP-CS/ 
HA NP), indole-3-acetic acid (IAA), and hyal-
uronic acid-coated chitosan nanoparticles con-
taining IAA (IAA-CS/HA NP); comparison of the 
FTIR spectra of (c) CS/HA NP and HRP-CS/HA 
NP between 1610 and 1350 cm− 1; and (d) CS/ 
HA NP and IAA-CS/HA NP between 1100 and 
900 cm− 1.   
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hydrated [75]. On the second stage of degradation (230− 490 ◦C), where 
the sample decomposition corresponded to 40 % of the total weight with 
Tpeak around 260 ◦C, dehydration of the saccharide rings and depoly-
merization of the polymeric units occurs [76]. The decrease in the 
decomposition temperature of CS NP relative to the chitosan is attrib-
uted to the polymer crystallinity loss after solubilization and 
cross-linking, which becomes an amorphous material and, consequently, 
reducing its thermal stability [77]. The values of weight loss and TGA 
profile of CS and CS NP samples were also reported by literature [30]. 

Thermogravimetric analysis of CS/HA NP shows three thermal 
events, the first being in the range of 58 ◦C–200 ◦C, referring to water 
loss (30 %) suggesting a higher content of free water and interaction 
between the chains of HA and CS NP. On the second stage of degrada-
tion, as observed with CS NP, a weight loss of 40 % was observed, 
however with Tpeak at 492.83 ◦C [78]. This result indicates the HA 
coating of the CS NP, possibly by the HA adsorbed on the surface of the 
CS NP. HA coating causes a delay on the CS/HA NP thermal degradation 
since the thermal events that signal the depolymerization of the CS/HA 
NP occurred at a temperature higher than the degradation of the CS NP. 
Also, CS/HA NP thermogram showed a reduction in the weight loss (20 
%) when compared to CS NP (38 %) until 350 ◦C. This behavior may be 
attributed to the interactions between chitosan and hyaluronic acid 
chains that reinforces the structure of CS NP after coating [79]. This 
result points to an increase in the thermal stability of chitosan nano-
particles after the incorporation of HA, corroborating the literature [80]. 

Thermograms of the loaded nanoparticles showed similar profiles 
compared to the pure CS/HA NP. However, HRP-CS/HA NP presents a 
decomposition event in the range between 200 and 300 ◦C (Tpeak at 249 
◦C), more intense than in pure CS/HA NP. In addition, another event in 
the range of 400–500 ◦C (Tpeak at 494 ◦C) showed an overall weight loss 
for HRP-CS/HA NP greater than for pure CS/HA NP (25.22 % and 23.84 
%, respectively). Such events may correspond to the thermal degrada-
tion of the enzyme. The same was observed by other authors [81,82]. 
IAA-CS/HA NP thermogram, on the other hand, shows four thermal 
events at 87 ◦C (correspond to moisture loss), 145 ◦C (prodrug thermal 
decomposition event, as pointed by literature [67]), 252 ◦C, and 323 ◦C 
(both attributed to changes in the chitosan decomposition). In addition, 

the weight loss observed for IAA-CS/HA NP (22.27 %) is slightly greater 
when compared to CS/HA NP (20.64 %) until 400 ◦C. The slight dif-
ferences in the decomposition temperatures of IAA-CS/HA NP points to 
the effective loading of the indolic compound. These results are in 
agreement with reported by the literature [77]. 

DSC curve of CS (Fig. 4c) shows an endothermic peak at 86 ◦C (be-
tween 70 ◦C and 130 ◦C) related to water content associated with the 
hydrophilic groups of CS. Also, an exothermic peak at 296 ◦C referring to 
thermal decomposition of the chitosan pyranose ring was observed. 
Similar results were reported by literature [72,83]. For CS NP, DSC 
curve presented endothermic peaks at 57 ◦C and 282 ◦C corresponding 
to dehydration water and breakdown of electrostatic interactions be-
tween chitosan and TPP, respectively. Also, an endothermic peak at 330 
◦C was observed. This peak is attributed to structural changes of the CS 
due to reticulation process in the nanoparticles synthesis [84]. 

HA curve shows an endothermic peak at 88 ◦C attributed to a 
dehydration event [85]. An exothermic peak also may be exhibited on 
the HA curve, presenting crystallization around 230 ◦C [86]. In the 
CS/HA NP curve, an endothermic peak at 57 ◦C, also observed in the CS 
NP curve and attributed to water associated to the biomaterials became 
sharp, especially by the high hydrophilicity of HA. The coating of CS NP 
with HA caused the disappearance of the exothermic peak of HA at 230 
◦C, attributed to the modification of the native structure of HA after the 
electrostatic interactions with CS [87]. Another endothermic peak of 
greater intensity (336 ◦C) compared to the noted in the CS NP curve (330 
◦C) was observed. This peak assigned to the breakdown of interactions 
between chitosan and HA [88] also observed the appearance of a peak in 
this region after the crosslinking of chitosan with alginate, another 
anionic polymer. 

HRP curve presents an endothermic event at 67 ◦C, attributed to the 
thermal denaturation of the enzyme (Fig. 4d) [89]. DSC curve of 
HRP-CS/HA NP shows two endothermic peaks at 59 ◦C and 330 ◦C 
referring to water loss and decomposition of the nanoparticle, respec-
tively, as previously discussed. In addition, the first peak of the 
HRP-CS/HA NP spectrum presented a different profile to the observed 
for CS/HA NP, with a melting point followed by decomposition 
(extended until 123 ◦C), indicating a superposition between the 

Fig. 4. Thermogravimetric (a) and Derivative 
Thermogravimetric (b) profiles of chitosan (CS), 
chitosan nanoparticles (CS NP), hyaluronic 
acid-coated chitosan nanoparticles (CS/HA NP), 
hyaluronic acid-coated chitosan nanoparticles 
containing HRP (HRP-CS/HA NP), and hyal-
uronic acid-coated chitosan nanoparticles con-
taining IAA (IAA-CS/HA NP); DSC curves of 
pure nanoparticles and their raw materials (c); 
and horseradish peroxidase (HRP), indole-3- 
acetic acid (IAA), and loaded nanoparticles (d).   
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dehydration and enzyme denaturation events. This finds suggests an 
enzyme-nanoparticle interaction and an increase in the thermal stability 
for HRP after encapsulation [90]. 

DSC curve of IAA reveals a characteristic and sharp melting point at 
171 ◦C [65]. However, no melting peak of IAA could be detected for the 
IAA-CS/HA NP formulation. The no detectable endothermic point sug-
gests that the prodrug is present in a molecular dispersion or solid so-
lution state in the polymeric nanoparticles [91]. These results are in 
agreement with several studies that reported the encapsulation of other 
drugs using at least one of the polymers evaluated in this study [86, 
92–94]. 

3.5. Kinetic parameters of HRP-CS/HA NP 

Vmax represents the maximum rate of the reaction catalyzed by the 
enzyme under saturation conditions of substrate, while KM indicates the 
substrate concentration that provides half of enzyme maximal activity, 
representing the degree of enzyme-substrate affinity [95–97]. Vmax and 
KM for HRP-CS/HA NP were calculated using Lineweaver-Burk plot 
(Fig. 5). 

The calculated value of Vmax for HRP-CS/HA NP was 3.85 ± 0.02 
mM/min. This value is lower than that reported in the literature for free 
HRP using guaiacol as substrate (5.07 ± 0.11 mM/min) [30]. The au-
thors also observed a reduction of 24.6 % on Vmax after encapsulating 
HRP in chitosan nanoparticles. It is known that immobilization process 
of an enzyme can promote conformational changes in its structure [98]. 
Thus, after immobilization, the reduction on the Vmax value of the 
enzyme is observed with frequency in literature [99–103]. 

Enzymes can lose some of their catalytic properties after being 
immobilized in different kinds of matrix, as the apparent KM values of 
immobilized enzymes became higher than those for free enzymes [104]. 
Other works have also demonstrated the maintenance of KM after HRP 
immobilization [105–108]. In contrast, previous work involving HRP 
immobilization on different nanoparticles for potential application in 
cancer therapy demonstrated KM values notably higher to that of the free 
enzyme [109,110]. The apparent KM for HRP-CS/HA NP was 17.29 ±
0.19 mM, similar value than that reported in the literature for free HRP 
(17.78 ± 0.68 mM) [30], suggesting that enzyme-substrate affinity was 
not affected after encapsulation. 

An important parameter must be considered in enzyme immobili-
zation: diffusion constant (Kα - defined as Vmax /KM ratio). For free HRP 
this value is 0.27 ± 0.02 min− 1 [30], while for HRP-CS/HA NP this value 
was 0.22 ± 0.01 min− 1, indicating enzyme encapsulation. This behavior 

occurs due to the limitation in the substrate mass transfer through the 
reticulated network of chitosan or some possible steric hindrance due to 
the structural rigidity of the enzymatic structure distorted after encap-
sulation [103], reducing the guaiacol diffusion to the inside of the 
nanoparticle. 

The results of the kinetic parameters, in special KM value mainte-
nance, indicate that the application of HRP-CS/HA NP for enzyme/ 
prodrug model presents itself as a suitable resource for anticancer 
therapeutic studies. HRP-CS/HA NP can convert the prodrug into active 
molecules, regardless of the release of HRP from the nanoparticle. 

3.6. In vitro release study for IAA 

In order to study the prodrug (IAA) release profile from IAA-CS/HA 
NP, in vitro release test was carried out with maximum time duration of 
12 h at pH 5.5 in order to mimic the tumor microenvironment (Fig. 6). 
The release profile of IAA revealed a biphasic characteristic based on an 
initial and rapid release phase followed by a sustained release [111]. In 
the first 3 h the drug release in order of 72 % was observed. This value 
increases to 88 % after 12 h of testing. According to this result, the 
literature reports the release profile of heteronemin (a natural marine 
compound) from HA nanoparticles and also observed a relatively fast 
and steady pattern in the initial hours, reaching ~73 % after 6 h, and 
~90 % after 24 h of incubation [112]. In other study, curcumin was 
encapsulated in chitosan nanoparticles coated with hyaluronic acid and 
PEG. The initial release of curcumin in the first two hours was 19 %, 
increasing to 80.83 % within 6 h [113]. These results suggest the in-
fluence of HA in controlling the release of therapeutic agents from 
nanoparticles. 

Table 1 shows the release model analysis of IAA-CS/HA NP based on 
in vitro release experiment data. Zero-order kinetics means that the 
release of an active agent is governed as a function of time at a constant 
rate independent of its concentration. Drug dissolution occurs from 
dosage forms that do not disaggregate and release the drug slowly. This 
relationship is commonly found in drug delivery systems such as 
transdermal slow release matrix, coated, and osmotic systems [114]. 
Thus, it is considered that the zero-order kinetic is not suitable as a 
release model for IAA-CS/HA NP. First-order release kinetics points that 
the amount of drug released is proportional to the amount of remaining 
drug in the matrix and decreasing over time - the amount of active 
released tends to decrease in function of time. Soluble active agents 
incorporated into a porous matrix generally provide first-order release 
kinetics [114]. Considering IAA is sparingly soluble in aqueous solution, 
first-order kinetics is also not suitable as a release model for IAA-CS/HA 

Fig. 5. Lineweaver-Burk plot of HRP-CS/HA nanoparticles.  
Fig. 6. Cumulative release profile for IAA-CS/HA NP at pH 5.5 during 12 h. 
Data are shown as mean ± SD (n = 3). 
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NP. 
Higuchi’s model considers that the solubility and release of the active 

agent happen through the porosity of the matrix, where no important 
alteration of matrix structure occurs during its contact with water [114]. 
Fitting the data obtained to this release model provided a low correla-
tion coefficient (R2 = 0.9144), indicating that changes in the matrix 
structure in aqueous media should be considered. 

Hixson-Crowell equation affirms that the dissolution of the matrix 
happens in planes parallel to its surface, decreasing proportionally over 
time while the geometrical form maintains constant. The drug release is 
limited by dissolution velocity and not by diffusion, which can occur 
through the polymeric matrix [114]. Hixson-Crowell model appears to 
be the best fit for IAA release (R2 = 0.9937) indicating the substance is 
released from the surface reducing the size is proportionally and main-
taining the geometric shape [115]. Thus, IAA is released when the HA 
coating is deconstructed over the time of exposure to the acidic envi-
ronment. The term ks of the Hixson-Crowell equation represents release 
constant, which relates surface and volume. For cubic or spherical 
particles this value is constant if the dissolution is constant over the 
entire system. If the particles are irregular, this behavior is different and 
a deviation in relationship to values theoretically provided through 
equation appears [114]. Thus, Hixson-Crowell model for IAA release 
corroborates the results obtained in the SEM analysis (regular spherical 
nanoparticles - Fig. 2c). 

Korsmeyer-Peppas model describes the drug release from polymeric 
systems when the release mechanism is not known or when more than 
one type of phenomenon of drug release is involved, usually matrix 
relaxation and drug diffusion. In this model also fraction of drug 
released at time and release rate constant, must be considered the 
release exponent (n-value) [116]. The n value is used to characterize 
different release for cylindrical shaped matrices. For the case of cylin-
drical tablets, 0.45 ≤ n corresponds to a Fickian diffusion mechanism, 
0.45 < n < 0.85 to non-Fickian transport (anomalous transport for 
spherical geometry), n = 0.89 to Case II (relaxational) transport, and n >
0.89 to super case II transport [114]. In anomalous transport, there is 
simultaneously diffusion and relaxation of the polymeric wall or the 
erosion of the particle as responsible for the release [88]. IAA-CS/HA NP 
exhibited release by anomalous transport (n = 0.8356) for spherical 
geometric shape - according to the SEM results (Fig. 2c) - and being in 
agreement with release kinetics profile (rapid release of IAA in the initial 
hours). The nanoparticle is swollen by the diffusion of the solvent and 
simultaneously its relaxation and dissolution, releasing IAA. Consid-
ering the highly hydrophilic nature of HA, this model is perfectly 
acceptable for the release of IAA from HA coated chitosan nanoparticles. 
In addition, the data from release kinetics and the diffusion exponent 
support the hypothesis that the IAA is physically confined in the in-
terstices of the polymeric matrix and also between the HA layer and the 
chitosan core of the nanoparticle because weak interactions with the 
polymers. Thus, the Hixson-Crowell model for IAA release corroborates 
the results of the DSC and FTIR analysis: no detectable endothermic 
point of IAA (Fig. 4d), suggesting that the prodrug is present in a mo-
lecular dispersion state in the polymeric nanoparticles; and increase in 
band intensity at 922 cm− 1 and 1049 cm− 1 in the FTIR spectrum of 

IAA-CS/HA NP (Fig. 3d) indicating interactions between IAA and elec-
tronegative regions of the polymers. 

3.7. Cell viability by MTT assay 

The potential of antitumor activity of the combination free (HRP and 
IAA) or HRP-CS/HA NP and IAA-CS/HA NP was evaluated by MTT assay 
in human T24 bladder carcinoma cell line after 24 h of exposure (Fig. 7). 
CS/HA NP, HRP-CS/HA NP and IAA-CS/HA NP, individually tested, did 
not promote changes in cell viability when compared to the control 
group. The cytotoxic activity of the prodrug/enzyme systems - free (HRP 
+ IAA) and encapsulated (HRP-CS/HA NP + IAA-CS/HA NP) - showed a 
cytotoxic effect concentration-dependent. Free HRP (1.2 μg/mL) + IAA 
at concentrations of 0.1 mM, 0.5 mM, and 1.0 mM provided cell viability 
of 35 %, 8% and 8%, respectively, showing potent cytotoxic effect of 
HRP/IAA against T24 bladder carcinoma cells. These results are in 
agreement with literature: HRP and IAA individually tested did not show 
cytotoxic activity, while HRP/IAA combination (HRP-1.2 μg/mL and 
IAA 0.5 mM) reduced the cell viability to less than 20 % [117]. 

For encapsulated system HRP-CS/HA NP (1.2 μg/mL) combined with 
IAA-CS/HA NP (0.1 mM, 0.5 mM, and 1.0 mM) the cell viability values 
observed were 77 %, 33 % and 12 %, respectively. The results show that 
the cell viability of human T24 bladder carcinoma cell line was statis-
tically equal in the assays with the free (HRP + IAA) and encapsulated 
(HRP NP + IAA NP) systems at concentration of 1.0 mM. This result is in 
agreement with the literature. The combined use of free HRP or 
encapsulated in chitosan nanoparticles at a concentration 1.2 μg/mL and 
free IAA (100 μM) provided 20 % of cell viability for the human breast 
cancer cell line (Bcap37) after 36 h [117]. 

A therapeutic approach involving HRP/IAA guided by chitosan/hy-
aluronic acid nanoparticles to bladder cancer is promising, since the 
encapsulated enzyme/prodrug system maintains the therapeutic prop-
erties of free biomolecules and presents a high cytotoxic activity in 
invasive cells. Furthermore, CS/HA NP containing HRP/IAA is advan-
tageous as therapy against tumor cells due to the controled release of 
IAA in the tumor microenvironment (acidic media), being potentially 
more effective as a therapeutic model for cancer treatment compared 
with enzyme/prodrug system in free form. 

4. Conclusion 

HRP and IAA were encapsulated with high encapsulation efficiencies 

Table 1 
Release model analysis of IAA-CS/HA NP based on in vitro release experiment 
data*.  

Release model Model equation R2 value n-value 

Zero order M0-Mt = kt 0.9822 — 
First order ln Mt = ln M0 + kt 0.9892 — 
Higuchi’s matrix M0-Mt = kt1/2 0.9144 — 
Korsmeyer-Peppas log (M0-Mt) = log k + n log t 0.9825 0.8356 
Hixon-Crowell M0

1/3-M t1/3 = kst 0.9937 —  

* M0 represents the initial drug amount; Mt indicates the amount of drug 
remaining at a specific time; k means the rate constant; t refers to the time; n is 
the diffusion exponent. 

Fig. 7. Cytotoxic effect of Free HRP/IAA and HRP-CS/HA NP (1.2 μg/mL) 
added to IAA-CS/HA NP in different concentrations (0.1 mM, 0.5 mM, and 1.0 
mM) in T24 cell line for 24 h/37 ◦C. Data were analyzed by one-way ANOVA, 
followed by Tukey post-hoc. *** p < 0.001, ** p < 0.01 and * p < 0.05. 
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(94.29 % and 92.36 %, respectively). HRP-CS/HA NP and IAA-CS/HA 
NP presented particle mean size ≤ 200 nm. Both loaded particles 
retained a positive surface charge (around +24 mV). SEM analysis 
showed spherical nanoparticles formation. Physicochemical and ther-
mal characterizations points to the effective encapsulation of molecules. 
HRP maintains its kinetic parameters after encapsulation in CS/HA 
nanoparticles. The nanoparticle formulation provided an initial release 
followed by a gradual and sustained release of IAA in pH 5.5 (88 % in 12 
h). The cytotoxic activity of the encapsulated prodrug/enzyme system 
(HRP-CS/HA NP + IAA-CS/HA NP) was concentration-dependent for 
T24 cell line and equal to free system (HRP 1.2 μg/mL, IAA 1.0 mM). The 
combined use of HRP-CS/HA NP and IAA-CS/HA NP is considered 
promising for bladder cancer therapy. 
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