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Abstract
Nanocellulose (NC) has a wide variety of emerging applications, including enzyme immobilization, drug delivery, and imag-
ing diagnosis. On the other hand, derivatives of hydrazinonicotinic acid (HYNIC) have been used as coordination-agents 
for their binding to 99mTc in the development of potential radiopharmaceuticals. To this end, we studied and developed 
NC-HYNIC-99mTc for diagnostic imaging using NC obtained from rice husk using Trichoderma reseii and Phanaerochaete 
chrysosporium in a semi-solid fermentation system to generate a potential nanoradiopharmaceutical agent. In this work, 
we performed the separation of nanosilica, microcellulose, and nanocellulose using the TAPPI T203 os-74 technique. The 
synthesis of conjugate NC-HYNIC was performed following a one-pot procedure. The NC and the conjugate NC-HYNIC 
were characterized by Fourier Transform Infrared Spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning elec-
tron microscopy (SEM), and atomic force microscopy (AFM). We obtained NC with a structure of laminar-like nanofibers. 
The yield of NC was 55% and the conjugate NC-HYNIC was obtained with a yield of 36%. The TGA and FTIR analyses 
showed that the NC functionalized with HYNIC had similar characteristics to those of NC. In addition, the AFM analysis 
of the functionalized NC showed an average height of 8 ± 3 nm, while the NC showed an average height of 10 ± 4 nm. The 
subsequent binding to 99mTc was assayed, and the purity of the radiolabeled product and the efficiency of the process was 
studied by ITLC chromatography. The radiolabeling process was very efficient with a radiochemical purity of 98 ± 1.2%, 
which opens the possibility of a new potential-imaging agent.
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Statement of Novelty

Rice husk represents an abundant waste and currently has 
limited uses due to its composition, having negative effects 
on the environment by its slow biodegradation rate. We stud-
ied the valorization of rice husk as a source of nanocellulose 
in a semi-solid fermentation system and its functionalization 
with hydrazinonicotinyl moiety. This new strategy of radi-
olabeled nanocellulose demonstrates a promising application 
of F127-nanocellulose-HYNIC-99mTc as a nanoradiophar-
maceutical agent according to its high radiolabeling yield 
and stability.

Introduction

Nowadays, there is a great amount of waste derived from 
renewable bio-resources, which could be an alternative to 
replace petroleum-based products due to their advantages, 
such as easy availability, environmental friendliness, and 
relatively low cost [1, 2]. Cellulose, considered one of the 
most important natural resources, is non-toxic and it is the 
most abundant and renewable natural polymer on the Earth 
[2, 3].

Rice husk (RH), a residue produced by the rice industry 
in large quantities, has been a substantial problem because 
of the limited reuse it currently has due to its composition, 
which consists of cellulose-based fibers and minerals with 
long biodegradation times and high toxicity [4]. However, 
several processes could use RH waste as a raw material to 
generate high added-value products with multiple industrial 
applications [5, 6]. RH has been described as a source of 
silica, silicon compounds, xylitol, furfural, ethanol, acetic 
acid, nanoparticles, bioethanol production, flexible foams, 
and nanocellulose [4, 5, 7–9].

Nanocellulose (NC) is a renewable, biodegradable, and 
relatively inexpensive polymer of high aspect ratio and 
surface area [3, 10–12]. It has been reported as a potential 
agent for enzyme immobilization, drug delivery application, 
diagnostic imaging, and other biomedical uses [13, 14]. In 
this sense, NC has become a new class of nanomaterial for 
polymer reinforcement and nanoformulation [15] due to its 
exceptional characteristics. Among its properties, NC exhib-
its high mechanical resistance (100–140 GPa young’s modu-
lus), low density (1.6 g cm−3), environmental sustainability, 
and low aqueous solubility, while also constituting a non-
toxic, biodegradable, renewable, low-cost, and chemically-
modifiable material [4, 16]. It can be extracted from cellu-
lose from various raw materials by using different methods, 

including chemical, physical, and biological treatments [17]. 
However, the main extraction methods are acid hydrolysis, 
enzymatic hydrolysis, and mechanical processes [12].

Thus, we propose to produce NC by a semi-solid fermen-
tation process using Trichoderma reseii and Phanaerochaete 
chrysosporium [18, 19]. The biological treatment using 
microorganisms via an enzymatic reaction is a green process 
[20] that could incorporate other methods such as pretreat-
ments to shorten process times [12]. Different types of poly-
meric micelles have been used as solubilizers or surfactants 
of different poorly soluble molecules [21–23]. Particularly, 
F127 poloxamers form spherical amphiphilic copolymers 
with low critical micelle concentration (CMC), providing a 
platform for the solubilization and the delivery of nanostruc-
tures like NC derivatives as molecular diagnostic agents.

Furthermore, 99-metastable technetium (99mTc) is one of 
the most used among the diagnostic radionuclides employed 
in medicine to prepare radiopharmaceuticals [24, 25] for 
molecular imaging by scintigraphic techniques. 99mTc has 
attractive characteristics such as nuclear decay, polyvalent 
redox chemistry, and widespread clinical utility [26]. In 
addition, the 6-hydrazinonicotinic acid (HYNIC) agent and 
its derivatives were well reported as efficient bifunctional 
chelators of 99mTc, binding to a variety of biomolecules 
such as peptides and proteins for molecular imaging [27, 
28]. The use of 99mTc-HYNIC derivatives has been exten-
sively described for the detection of tumors, infections, and 
inflammatory diseases [29, 30]. However, to date only few 
studies have reported the use of NC and 99mTc for diagnostic 
imaging [31, 32]. In this sense, herein we propose the devel-
opment and use of NC-HYNIC-99mTc for diagnostic imaging 
through the binding of NC to a derivative of HYNIC which 
is able to coordinate with metals like 99mTc.

Experimental Methods

Trichoderma reseii and Phanaerochaete 
chrysosporium Pre‑Inoculum

The microorganisms (Trichoderma reseii and Phanaero-
chaete chrysosporium) were cultured separately, each ina 
Yeast Extract Peptone Dextrose broth (YPD) medium 
(10 g/L of distilled water) at 37 °C for 10 days. The two 
strains were cultured separately to be able to inoculate the 
RH at time zero of the semi-solid fermentation (SSF) sys-
tem, and with Trichoderma reseii at 5 days of fermentation 
in the SSF system to perform the polymer transformation 
and depolymerization.
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Nanocellulose (NC) Extraction from Rice Husk

The material to obtain NC from RH was provided by the 
Uruguayan rice production company SAMAN S.A. in 2-kg 
bags at the port of Montevideo, Uruguay, without having 
gone through any stage of purification.

NC was obtained from RH by means of a biologic method 
using a microscale-up technique with some modifications 
to the SSF system [18, 19]. The SSF assay took place in a 
wetted column system (20 mL) (Rainbow system) [33, 34], 
with five pellets of Trichoderma reseii and five pellets of 
Phanaerochaete chrysosporium pre inoculum (experimental 
methods 2.1), during 40 days at 37 °C. Samples obtained 
by SSF at a humidity of 60% and pH = 5 were taken every 
7 days by leaching with sterile water until the time of fer-
mentation, with the subsequent separation and quantification 
of the nanosilica, the microcellulose, and the nanocellulose 
performed by the TAPPI T203 os-74 technique [35]. Sterile 
samples were dried in a stove at 40 °C for 10 days and were 
used for characterization analysis and further functionaliza-
tion without further treatment.

The NC yield was determined from the mass of the nano-
cellulose suspension obtained after precipitation by centrifu-
gation at 15,000 rpm for 10 min and drying to constant mass 
in an oven at 50 °C. The NC yield was calculated according 
to the following relation [36]:

MSS: grams of RH that was initially used to extract the 
NC.

Synthesis of Conjugate NC‑HYNIC (NC‑HYNIC‑TFA)

The synthesis of NC-HYNIC-TFA was developed according 
to the bibliography with slight modifications [37–41]. NC 
(4 mg) was briefly suspended in N,N-dimethylformamide 
(DMF, 0.5 mL), and subsequently ultrasonicated at 400 W 
for 5 min [42, 43] in a water bath to avoid the overheating 
of NC. Then, triethylamine (0.05 mL) and 6-(2-trifluoro-
acetylhydrazinyl) nicotinic acid N-hydroxysuccinimide 
(NHS-HYNIC-TFA, 2.5 mg) were added [44]. The reac-
tion was stirred for 16 h at room temperature. After that, 
the solid was filtered off and the solid residue was washed 
with DMF (10 mL). Finally, the system was centrifuged at 
9500 rpm for 11 min. After centrifugation, the supernatant 
was discarded and the pellet was washed twice with ethanol 
(via additional centrifugations), followed by two additional 
washes and centrifugation with water. Once the washings 
were performed, the obtained solid product, NC-HYNIC-
TFA, was lyophilized and stored at 4 °C for further charac-
terization and experiments. The yield of NC-HYNIC-TFA 

Yield of NC (%) = (g of dried mass (NC)∕g of MSS) × 100

was calculated based on the isolated and dried final product 
from the reaction milieu (n = 3).

Characterization of NC and NC‑HYNIC‑TFA

Fourier Transformed Infrared Spectroscopy Analysis

The samples were ground in a mill and the powders were 
pressured with KBr (Sigma Aldrich). The analysis was done 
by FTIR in a Nicolet spectrophotometer 6700 (Thermo Sci-
entific), using an ATR accessory with a diamond crystal. 
The analyses were performed in triplicate. FTIR spectra of 
NC and NC-HYNIC-TFA were performed on each sample 
in attenuated total reflectance mode (4000–500 cm−1) and 
16 scans were of 4 cm−1 of resolution on average.

Thermogravimetric Analysis

The TGA of NC and NC-HYNIC-TFA were performed 
using TGA Q500 equipment (TA Instruments, USA), and the 
Universal Analysis 2000 software (version 4.5A, TA Instru-
ments). The analyses were performed using a temperature 
ramp of 10 °C/min from room temperature to 600 °C and 
subsequently ramped up to 20 °C/min from 600 to 1000 °C 
under nitrogen (flow rate of 90 mL/min). The analyses were 
performed in triplicate on 5–8 mg samples placed in a stand-
ard platinum pan.

Scanning Electron Microscopy

The morphology of NC and NC-HYNIC-TFA was metalized 
with a thin layer of gold by sputtering in a Denton Vacuum 
Desk V at 20 mA with an exposure time of 5 min. The 
images at different magnifications were taken using a JEOL 
scanning electron microscope (model JSM-6390LV), with 
an acceleration voltage of 15 kV, detecting secondary elec-
trons (SEI) with a spot size of 50. The representative images 
of NC and NC-HYNIC-TFA were reported in 5 regions of 
three independent samples.

Atomic Force Microscopy

The height and frequency of three independent samples of 
NC and NC-HYNIC-TFA were imaged with an Asylum 
Research microscope (MFP-3D AFM). A drop of the sam-
ples in suspension was placed into a mica substrate and was 
allowed to air dry at room temperature (23 °C) for 24 h. 
Samples were analyzed via tapping mode AFM using a 
Nanosurf Dyn190Al probe with a resonant frequency of 
f0 = 190 kHz (160–220 kHz) and a stiffness of k = 48 N/m 
(28–75 N/m). Histograms from NC and NC-HYNIC-TFA 
were performed using IBM SPSS (version 20.0; SPSS Inc, 
Chicago, IL, USA).
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Radiolabeling of NC‑HYNIC‑TFA

Preparation of F127‑NC‑HYNIC‑TFA Polymeric Micelles

The NC-HYNIC-TFA polymeric micelles (PMs) were pre-
pared using a self-assembly method in an aqueous solution 
[23]. Briefly, Pluronic F127 and NC-HYNIC-TFA (95:5, 
w/w) were hydrated in Milli-Q water at 4 °C for 45 min. 
The NC-HYNIC-TFA was completely solubilized by stir-
ring at 200 rpm for 1 h at 25 °C. Lastly, NC-HYNIC-TFA 
PMs and F127-NC-HYNIC-TFA were filtered in 0.22 µm 
polycarbonate membranes and were used without any further 
purification [45].

Radiolabeling and Radiochemical Stability 
of F127‑NC‑HYNIC‑99mTc

Tricine coligand (7 mg, Sigma-Aldrich, USA) was dissolved 
in saline solution (NaCl solution 0.9%, 0.8 mL). The pH 
was adjusted to 4.5–5.0 with an aqueous solution of hydro-
chloric acid (1.0 M, 0.05 mL) and a saline solution was 
added to complete 1.0 mL (solution A). In a second vial, 
SnCl2.2H2O (6 mg, J. T. Baker, USA) was dissolved in etha-
nol (EtOH, 0.5 mL) and 0.05 mL of this solution was added 
to solution A [46] as a reducing agent. Finally, the volume 
was adjusted to 1.0 mL with a saline solution (solution B). 
Afterwards, F127-NC-HYNIC-TFA (400 μL) was radiola-
beled by mixing it with solution B (100 μL) and Na99mTcO4 
(130–185  MBq, 99Mo-99mTc generators, TecnoNuclear, 
Argentina) (300–400 μL). The mixtures were incubated at 
room temperature for 20 min. Lastly, the mixture of the reac-
tion was filtered through 0.22 µm polycarbonate membranes 
to eliminate the 99mTcO2 impurity [47, 48].

The radiochemical purity (RCP) of F127-NC-HYNIC-
99mTc was established by ascending an instant thin-layer 
chromatography (ITLC-SG (Pall Corporation, USA) and 
Whatman 1 (W1) (Sigma Aldrich, USA), using the chro-
matographic mobile phase systems of saline/W1, acetone/
ITLC-SG, and 2-butanone/W1. After that, the strips were 
air-dried and cut in 6–8 segments. The activity was counted 

in a CRC7 Capintec dose calibrator (Mirion Technologies, 
USA) and in a solid scintillation counter detector with a 
3″ × 3″ NaI(Tl) crystal associated with a single channel ana-
lyzer (ORTEC, Oak Ridge, TN) [48, 49].

Radiochemical stability in the reaction milieu (saline 
solution at 25 °C) was determined from samples (100 uL, 
3–4.2 MBq) collected at 30, 60, 90, and 180 min after the 
radiolabeling of three independent F127-NC-HYNIC-99mTc 
fresh solutions. The radiochemical stability in mouse serum 
was done by the incubation of F127-NC-HYNIC-99mTc 
(fresh solutions, 100 uL, 3–4.2 MBq) in 900 μL of mouse 
serum up to 3 h at 37 °C. Proteins were precipitated with 
100 μL of anhydrous acetonitrile, shaken on a vortex and 
centrifuged at 1000 g for 5 min (4 °C) [49, 50]. The RCP in 
both milieus (reaction milieu and mouse serum) were evalu-
ated through chromatography systems previously described 
in this work.

Results

Nanocellulose (NC) Extraction from Rice Husk 
and NC‑HYNIC‑TFA Synthesis

The extraction yield of NC was 55.2 ± 5.29% of the dried 
final product obtained (2.94 ± 0.19 g) of RH (5.02 g). NC 
was characterized by FTIR, TGA, and SEM analysis. The 
NC functionalization was performed following a one-pot 
procedure as schematically depicted in Fig. 1, where the C6 
primary alcohol of NC [37–41] reacted with an activated 
HYNIC-derivative, NHS-HYNIC-TFA [25]. The yield of 
the NC-HYNIC-TFA synthesis was 36%. For each HYNIC-
derivative, three replicate samples were analyzed.

Characterization of NC and NC‑HYNIC‑TFA 
Nanomaterials

The NC and NC-HYNIC-TFA samples were analyzed by 
FTIR, TGA, SEM, and AFM studies.

Fig. 1   Schematic procedure to obtain NC-HYNIC-TFA and the radiolabeling derivative F127-NC-HYNIC-99mTc
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Fourier Transformed Infrared Spectroscopy Analysis Results

In order to determine the correct NC-functionalization, FTIR 
analyses of the lyophilized NHS-HYNIC-TFA, NC, and NC-
HYNIC-TFA were performed (Fig. 2). Otherwise, the gen-
erated NC-HYNIC-TFA maintained, like NC, the hydroxyl 
stretching signals in 3200–3800 cm−1, the C–H stretching 
vibration at region 2904 cm−1, and the stretching vibration of 
C–O–C at 1050 cm−1. The spectral peaks observed at 1379 
and 1314 cm−1 were attributed to the twisting vibration of 
C–O–C and –CH2 groups. Additionally, the product NC-
HYNIC-TFA has new bands in the 1812–1603 cm−1 range, 
which may correspond to the stretching vibration of the car-
bonyl group of the ester and hydrazide, and at 1450 cm−1, 
which may correspond to the stretching vibrations in the pyr-
idine ring [51] functionalities incorporated in the reaction.

Thermogravimetric Analysis (TGA)

The weight-loss mass of NHS-HYNIC-TFA functional-
ized with NC was measured by TGA. The TGA curves 
of pure NHS-HYNIC-TFA, NC, and NC-HYNIC-TFA 
(Fig. 3a) show that the higher percentage of decomposition 
of NHS-HYNIC-TFA, NC, and NC-HYNIC-TFA occurred 
at 30–484.22 °C (77.58% wt), 160–411 (81.25% wt), and 
117–303 °C (42.97% wt), respectively (Fig. 3b).

Scanning Electron Microscopy (SEM)

Figure 4 shows SEM micrographs of the NC of RH produced 
by enzymatic treatment (Fig. 4a) and the NC-HYNIC-TFA 
derivative (Fig. 4b). In image A, it is possible to observe 
the RH residue after the enzymatic treatment, where some 
cellulose nanofibers can be identified. The NC-HYNIC-TFA 
(Fig. 4b) images show the presence of cellulose nanofib-
ers more clearly, probably due to physical processes during 
the functionalization stage. In both images, it is possible to 
observe the nanofibers by demarcating them with circles and 
red arrows (Fig. 4a and b).

Atomic Force Microscopy Analysis

AFM studies were performed in order to supplement the 
SEM images. The microscopies showed nanometric struc-
tures in at least one dimension (Fig. 5), with an average 
height of 10 ± 4 nm (n = 23) for NC and 8 ± 3 nm (n = 23) 
for NC-HYNIC-TFA.

Radiolabeling of NC‑HYNIC‑TFA

The solubility in the aqueous solution of NC and NC-
HYNIC-TFA was poor; consequently, and in order to avoid 
this problem, we analyzed the use of a poloxamer (Plu-
ronic F-127) as a solubilizer. These polymeric micelles 

Fig. 2   FTIR spectra of 
Suc-HYNIC-TFA (a, blue), 
NC of RH (b, red), and 
NC-HYNICTFA (c, black). 
The relevant signals for Suc-
HYNIC-TFA, NC of RH and 
NC-HYNIC-TFA are marked in 
blue, red and black, respec-
tively. Green square marked 
new functional groups
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allowed the partial and complete-solubilization of NC 
and NC-HYNIC-TFA, respectively. With these results, 
we assayed the F127-NC-HYNIC-TFAs radiolabeling 
with 99mTc following the procedure shown in Fig. 1. The 
pH of the radiolabeled F127-NC-HYNIC was 6.9 ± 0.3. 
The processes were successful at 20 min of radiolabeling, 
generating products with radiochemical purity higher than 

98 ± 1.2%. The radiolabel of F127-NC was unsuccessful in 
showing the relevance of the incorporation of the HYNIC-
group for the correct labeling. In vitro evaluation of radio-
chemical stability in saline solution was determined dur-
ing that time at room temperature (RT) and in the mouse 
serum at 37 °C, finding good stability up to a time greater 
than three hours (Fig. 6).

Fig. 3   Gravimetric (a) and 
differential (b) curve profiles 
of thermal analysis of Suc-
HYNIC-TFA (1, blue), NC of 
RH (2, red), and NC-HYNIC-
TFA (3, black)
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Discussion

NC is a renewable natural material, biocompatible with a 
nanofiber-like surface reactivity structure [11, 52]. In addi-
tion, it has been reported that NC has low toxicity and envi-
ronmental risk [53], which encourages us to implement fur-
ther biomedical applications. A lot of processes have been 
extensively used for the isolation of NC from lignocellulosic 
biomass, such as acid hydrolysis, enzymatic treatments, and 
mechanical processes [42, 53]. Among them, NC obtained 
through a biological transformation by a partial depolymeri-
zation and transformation of cellulose is presented as a scal-
able, relatively clean, and economical methodology [54, 55]. 
In this research, we produced NC from rice husk (RH) using 
T. reesei and P. chrysosporium in a semi-solid fermentation. 
With this methodology, the yield of extracted nanocellulose 
was 55%, higher than that reported in the literature [54, 55]. 

Fig. 4   Scanning electron micro-
graphs of NC of RH (a) and 
NC-HYNIC-TFA (b). The cir-
cles show the cellulose nanofib-
ers and the arrow indicates the 
disaggregation of laminar-like 
cellulose structures

Fig. 5   AFM height images and 
size distribution histograms of 
NC (a, C) and NCHYNIC-TFA 
(b, d). Samples were presta-
bilized onto a mica substrate 
at 23 °C for 24 h prior to the 
analysis

Fig. 6   Stability studies by radiochemical purity (%RCP) analysis of 
F127-NC-HYNIC-99mTc at different time points in reaction milieu 
(pH = 6.9 at room temperature) and in serum (pH = 7.0 at 37 °C). 
The values represent the mean of %RCP ± S.D. (n=3)
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Satyamurthy et al. [54] produced microcrystalline cellulose 
using the fungus T. reesei and obtained a yield of 22%. Oth-
erwise, Satyamurthy and Vigneshwaran [55] used an anaero-
bic microbial consortium as a source of cellulase and found 
that this consortium was able to produce nanocellulose for 
7 days, with a maximum yield of 12.3%. T. reesei is used 
for the industrial production of lignocellulose-degrading 
enzymes and uses many different enzymes for the degrada-
tion of plant cell wall derived material [11, 54]. Moreover, P. 
chrysosporium belongs to a group of lignin-degrading fungi 
that produce oxidoreductive enzymes (lignin peroxidase and 
manganese peroxidase) [56–58]. It has been reported that 
the NC from enzymatic hydrolysis produces nanostructures 
that are easier to functionalize and have high thermal stabil-
ity [59]. Moreover, the physicochemical properties of the 
NC provided a high specific surface due to the nanometric 
size with hydroxyl groups. The hydroxyl group enables a 
reaction via ester bonds with small particles [60, 61] such 
as HYNIC derivatives for the development of 99mTc-linked 
radiotracers. Therefore, controlling the type of NC synthesis 
process is of great importance. Otherwise, the NC obtained 
from RH [34] was functionalized with NHS-HYNIC-TFA 
with one-pot synthesis and a yield of 36% [37–41], obtain-
ing NC-HYNIC-TFA. The characterization of both NC and 
NC-HYNIC-TFA was performed using different techniques 
such as FTIR, TGA, SEM, and AFM.

The FTIR spectra showed the presence of the relevant 
peaks of OH, C-O, and CH, confirming the presence of 
NC produced enzymatically from RH. Several studies 
on NC extraction from agricultural waste showed similar 
peaks of NC IR spectra [17, 62, 63]. The chemical bond-
ing of HYNIC-TFA with NC was confirmed using the FTIR 
spectrum, showing a characteristic peak in the range of 
1812–1603 cm−1, which may correspond to the stretching 
vibration of the carbonyl group of the ester and hydrazine, 
and at 1450 cm−1, which may correspond to the stretching 
vibrations in pyridine ring [51] functionalities incorporated 
in the reaction. These peaks did not appear in the individual 
FTIR spectra of NC. Otherwise, the SEM micrographs of 
NC showed cellulose nanofibers and laminar-like structures 
produced from the depolymerization process of lignocel-
lulose matrix after the enzymatic hydrolysis of RH [33, 59, 
63]. It has been reported that the NC morphology is highly 
dependent on the biomass source, production method, and 
treatment conditions, such as temperature and treatment time 
[64, 65]. However, the functionalized NC, NC-HYNIC-TFA, 
showed the presence of more cellulose nanofibrillated fib-
ers. This could be explained by the ultrasonication process 
[40, 43] carried out previously the functionalization, which 
could disintegrate large NC aggregates and yield shorter 
and thinner particles [66]. This result was consistent with 
the AFM experiments that showed a decrease in the aver-
age height size compared to NC. Moreover, the AFM also 

confirmed the production of NC from RH, which had a mean 
size of 10 ± 4 nm of height. These observations were similar 
to Ludueña’s reports for NC-RH using a chemical method 
[67] and lesser than the ones reported by Vigneshwaran 
and Satyamurthy [11], who found a mean size of 100 nm 
of thickness using acid and enzymatic hydrolysis of cotton 
fibers. On the other hand, Satyamurthy and Vigneshwaran 
et al. [55], produced nanocellulose from microcrystalline 
cellulose derived from cotton fibers subjected to controlled 
hydrolysis using an anaerobic microbial consortium, and the 
resultant nanocellulose had a bimodal size distribution of 
43 ± 13 and 119 ± 9 nm, according to the analysis by atomic 
force microscopy.

The thermal experiments for NC-HYNIC-TFA indicate 
different temperature events of degradation compared to 
NC. The drying stage for all samples occurred at a tem-
perature range of approximately 2.46–160.92 °C, which 
was due to the evaporation of water. Additionally, the other 
main weight loss (81.25%) of NC was between 160.92 and 
411.92 °C related to the polymer chain scission and cross-
link breakage [68]. On the other hand, according to the 
NC-HYNIC-TFA TGA curve, the weight-loss values were 
obtained in four phases, highlighting the conjugated events 
that occurred between the temperatures of 117–303.44 °C 
and 303.44–423 °C, which represented a loss that totaled 
64.91% of the total sample mass. According to the charac-
teristics of the thermograms, it was possible to draw a profile 
of thermal degradation between the samples and determine 
if there was an increase in thermal stability after the func-
tionalization process.

Considering a fixed point of residual mass for all ther-
mograms (30%), it was possible to make a comparison 
between the temperatures identified at each point of the 
studied samples. In view of this information, it was possible 
to observe that the nanocellulose sample reached a residual 
mass value of 30% when the temperature reached 346 °C. 
As for the samples of HYNIC and NC-HYNIC-TFA, the 
same percentage of mass was only obtained when tempera-
tures reached 330 °C and 397 °C, respectively. Therefore, it 
is possible to determine that after the process of function-
alization of the NC with HYNIC, there was an increase in 
thermal stability, since a higher temperature was necessary 
to promote a reduction of mass correlated with the sample 
of NHS-HYNIC-TFA.

These characteristics can be easily observed when com-
paring the first two mass reduction events of thermograms 
1 and 3 (Fig. 3). Thus, by comparing the NC-HYNIC-TFA 
and NC, the presence of the substituted groups on the NC 
skeleton is expected to influence the thermo-stability. The 
new decomposition temperatures of NC-HYNIC-TFA can be 
attributed to the presence of the new functionalities on the 
NC framework that can be due to the formation of a denser 
crystalline structure [69]. Furthermore, the higher thermal 
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stability of NC-HYNIC-TFA could be due to the smaller 
particle size and a higher ratio of particle surface than NC, 
which could correspond to the ultrasonication process [69, 
70] and possibly to the new chemical bonds or adsorption 
process generated with the functionalization.

The chemical strategy of the radiolabeling via a renew-
able material such as NC allows us to generate potential 
imaging agents in cancer diagnosis. The radiolabeling of 
NC-HYNIC-TFA with 99mTc easily yielded a new radioac-
tive product, in a short time (20 min), with low potential 
radiation exposure [45]. The study of radiochemical purity 
showed a high radiolabeling yield (98 ± 1.2%). In vitro stud-
ies revealed a good stability profile in the reaction milieu 
above 90% for at least 3 h. This new strategy of radiolabeled 
NC is a promising alternative platform for cancer molecular 
imaging.

Conclusions

In this work, we reported the successful utilization of cel-
lulosic biomass from rice husk as a renewable source. NC 
material was prepared via eco-friendly enzymatic hydroly-
sis using Trichoderma reseii and Phanaerochaete chrys-
osporium via a semi-solid fermentation system, which 
resulted in an efficient yield of 55%. The NC prepared had 
an average size of 10 ± 4 nm and showed a morphology of 
laminar-like nanofibers. Furthermore, the renewable mate-
rial NC-HYNIC-TFA was successfully synthesized, and it 
was possible to radiolabel it, revealing a high radiolabeling 
yield and high stability. The performance of this NC sys-
tem is a sign of promising applications in radiodiagnosis as 
diagnostic probes. Future works will delve into the types of 
available bonds offered by nanocellulose and bond affinity.
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