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A B S T R A C T   

A Spray Drying process is presented for one-step production of nanostructured microsponges from TEMPO 
oxidized cellulose nanofibers (TOCNF). Different formulations were prepared by varying both the nanofibers 
oxidation degree and the relative ratios of branched polyethyleneimine and citric acid, introduced as cross
linkers. The best reaction conditions were achieved using TOCNF containing the highest content of carboxylic 
groups (1.5 mmolCOOH/gTOCNF), which produced microparticles with an average diameter below 5 μm, and a 
good colloidal stability in aqueous dispersion. Physical-chemical characterization was carried out to study the 
chemical bonds in the microsponges matrix, the swelling degree and drug loading and release. Tetracycline, a 
broad-spectrum drug with pH-dependent amphoteric feature, was chosen as model molecule. Chemical cross
linking was verified by spectroscopic characterisation, which revealed the formation of amide bonds. The 
crosslinked microsponges showed a high drug loading efficiency, as opposed to non-cross-linked ones, and a pH- 
responsivity in terms of swelling and drug release behaviour. Finally, microsponges derived from formulations 
without citric acid resulted biocompatible, as demonstrated by direct and indirect in vitro tests on gastric cancer 
cells.   

1. Introduction 

The interest in the entrapment of bioactive molecules and thera
peutic compounds in polymeric scaffolds for targeted applications is 
continuously growing. In this scenario, microparticles (MP), micro
sponges (MS) by which nanoparticles with tuneable properties and ob
tained from biodegradable/biocompatible polymers stand out as state- 
of-the-art systems [1–4]. The preparation of polymeric systems in
volves various strategies including the use of metal salts and crosslinking 
agents, hydrothermal/solvothermal synthesis, evaporation of emulsions 
and solvents, precipitation methods with or without crosslinking agents 
and supercritical precipitation in anti-solvents [5,6]. Nanocellulose, 
either in the form of cellulose nanofibers (CNF) or cellulose nanocrystals 

(CNC), can be processed or chemically modified in various ways to 
produce drug delivery carriers, microreactors and scaffolds for tissue 
engineering [5,7,8]. In particular, CNF have been reported as versatile 
building blocks for the preparation of carriers with different morphol
ogies, including particles, capsules, films, aerogels, wet-stable foams and 
hydrogels [9–12]. The interest in CNF as drug delivery platform is 
related to their unique physical-chemical properties, biocompatibility, 
and large surface area-to-volume ratio. Cellulose chemistry promotes 
molecular interactions with poorly soluble drugs, stabilization of drugs 
nanocrystals and smart chemical modifications [11]. In recent years, the 
oxidation of CNF with (2,2,6,6-tetramethylpiperidine-1-oxyl) stable 
radical (TEMPO) has emerged as a simple, efficient, versatile, mild and 
inexpensive synthetic route to a new type of fibers, referred to as 
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TEMPO-oxidized cellulose nanofibers (TOCNF) [13] These nanofibers 
have been widely investigated by Isogai et al. in terms of both thermal 
and pH stability [14]. They found that no depolymerization occurred on 
TOCNF in water at pH 1.0–7.0 and room temperature, while partial 
depolymerization by β-elimination could occur at temperatures higher 
than 50 ◦C and at pH > 10. TOCNF were used directly as additives for the 
production of composites, and to fabricate aerogels with low density and 
high surface area [15,16] for a range of applications, such as water 
remediation, drug delivery and tissue engineering [7]. Moreover, 
TOCNF can be easily chemically modified to introduce desired proper
ties [11,17]. 

In this context, it is worth noting that, the synthesis of nanocellulose- 
based carriers could be achieved by the Spray Drying Technology (SDT). 
However, the literature reports few examples of preparations from 
aqueous suspensions of mainly bacterial cellulose nanofibers, mechan
ically treated CNF, and CNC [18–21]. This finding is unexpected 
considering that SDT is a dehydration process widely used in food, 
pharmaceutical, and chemical industries [22]. STD is a one-step parti
cles synthesis method based on the fast evaporation of the solvent, 
atomized in a plume of liquid droplets, resulting in the formation of a 
multi-particle dry powder containing the product of interest [23,24]. 
The STD process is simple, easily scalable, generally less expensive than 
other techniques such as supercritical fluid drying and freeze drying, 
and with mild thermal effects due to the short contact time of the 
atomized droplets with the hot drying media [25]. Powders obtained via 
SDT have better dispersibility than those from other competing tech
niques [26]. This feature is important for CNF processing, as they are 
usually synthesized and modified in aqueous environment, and thus 
require an efficient drying step. Furthermore, STD allows to tune oper
ating parameters controlling size and morphology of the dried CNF 
particles [27]. 

In the last years, we reported a new class of sponge-like materials 
obtained by crosslinking TOCNF with branched polyethylenimine 
(bPEI) and citric acid (CA). bPEI bears a high number of amine groups 
[28], with an amine density significantly higher if compared with most 
of the commercial cellulose-fiber coupling agents [29,30]. For this 
reason, it was chosen as an ideal crosslinker to promote the formation of 
amide bonds by reacting with the carboxylic groups of TOCNF. CA was 
further introduced in the formulation as additional source of carboxylic 
acid moieties, to increase the crosslinking degree and consequently, the 
chemical and mechanical stability of final materials [31]. The highly 
porous materials were obtained by mixing the three components in a 
water solution, freeze-drying the resulting gel-like dispersions, and 
finally undergoing the resulting aerogels to thermal treatment [31,32]. 
The materials so obtained showed good properties for drug delivery, 
anion sensing, heterogeneous catalysis, and water decontamination 
[33–35]. 

Herein we report on the use of SDT on TOCNF and bPEI aqueous 
formulations, in presence or not of CA as additional crosslinker, to 
produce tuneable nanostructured MS for drug delivery. Tetracycline 
(TC) was selected as model drug due its interesting physical-chemical 
and biological properties. TC is a broad-spectrum antibiotic, and it is 
also applied in dermatology for its many anti-inflammatory effects [36, 
37]. It is known as an antimetastatic drug, inhibiting the matrix met
alloproteinases which trigger metastatic mechanisms in several malig
nant cancers [38]. Due to its intrinsic light sensitivity, TC requires 
carrier utilization for successful delivery and bioactivity. In addition, TC 
oral administration is affected by food intake due to the formation of 
TC-metal complexes that preclude gastrointestinal absorption. Further
more, TC is a pH dependent amphoteric molecule due to the presence of 
three functional groups: the dimethylammonium group, the phenolic 
diketone moiety and the tricarbonyl methane group. TC exists pre
dominantly as cation at pH < 3.3, as zwitterion at pH between 3.3 and 
7.7, and as anion at pH > 7.7 [36]. So, it can be considered a good 
molecule model for drug release studies. TC loading in aqueous 
TOCNF-based MS suspensions was studied. The influence of the initial 

TOCNF formulations on SDT process parameters and on the derived MS 
properties was investigated and hereafter discussed. MS were charac
terized by FT-IR and 13C CP-MAS NMR spectroscopies, SEM/STEM 
electron microscopy, TGA and DLS analysis. Physical-chemical proper
ties, in terms of swelling degree, TC loading efficiency, and TC release 
kinetics were studied at different pH. Moreover, the in vitro cyto
compatibility of the synthetized MS was assessed by indirect and direct 
contact tests towards human gastric carcinoma cells. The gathered data 
indicate that a thorough investigation of the Spray Drying process pa
rameters and the introduction of chemical crosslinkers is necessary for 
the development of TOCNF-based microsponges as effective drug de
livery systems. 

2. Materials and methods 

2.1. Cellulose oxidation and TOCNF production 

All the reagents were purchased from Sigma-Aldrich. Cotton linters 
cellulose was provided by Bartoli Spa paper mill (Capannori, Lucca, 
Italy). Deionized water was produced with a Millipore Elix® Deionizer 
with Progard® S2 ion exchange resins. Ultra-sonication process was 
carried out with a Branson Sonifier 250 equipped with a 6.5 mm probe 
tip. Cellulose with different oxidation degrees (0.5, 1, 1.3, 1.5 mmol
COOH/gTOCNF) was prepared according to a procedure previously re
ported in the literature [13,39]. The procedures for oxidation and 
nanofiber production are detailed in the Supplementary Information. 
The list of the produced samples is in Table S1. 

Spray dry parameters set-up: Each TOCNF sample of Table S1 was 
dispersed in water at three different concentrations (0.5, 1.0 and 2.0 w/ 
v) and ultra-sonicated with a Branson SFX250 Sonicator (15 min 
constant-pulse, three cycles). During the dispersion process, the samples 
were kept in an ice bath and the pH was adjusted to 10 by dropwise 
addition of a solution of aqueous ammonia (25 % w/v). 

The MS were synthesized using TOCNF with an oxidation degree of 
1.5 mmolCOOH/gTOCNF (i.e. mmol of C6 alcoholic groups of glucopyr
anose units converted to the corresponding carboxylic moieties per gram 
of TOCNF). In order to prepare each of the 4 samples (see Table 1), 3.5 g 
of dried TOCNF were dispersed in 350 mL of deionized water. Stoi
chiometric NaOH pellets (5.25 mmol, 0.21 g) were added to the sus
pension and the mixture was ultra-sonicated with the aid of a Branson 
SFX250 Sonicator, keeping the temperature stable with an ice bath. 
Three cycles of constant-pulse ultrasonication of 15 min each are per
formed. After the last sonication cycle, 15 mL of HCl 0.5 N were added to 
the suspension and the mixture was then filtered over Büchner funnel 
and washed with deionized water until neutral pH, to remove the in situ 
formed NaCl. The resulting 4 wet solid samples were dispersed with 
deionized water until a final volume of 350 mL each (content of TOCNF: 
≈1% w/v). When expected, bPEI and CA were dissolved into dispersions 
in the ratios as reported in Table 1 (entries 2–4). The mixtures were 
finally ultra-sonicated for 15 min in an ice bath. 

2.2. Spray drying synthesis of TOCNF microsponges 

The process was done on a Büchi Mini Spray Dryer B-290. TOCNF 
aqueous suspensions (concentrations 0.1, 0.5 and 1% w/v) were drawn 

Table 1 
TOCNF-based stock formulations.  

Entry Sample TOCNF 
(g) 

bPEI 
(g) 

Anhydrous citric 
acid (mg) 

Water 
(mL) 

1 TOCNF 3.5 0 0 350 
2 bPEI-TOCNF 3.5 3.5 0 350 
3 bPEI- 

TOCNF@CA70 
3.5 3.5 70 350 

4 bPEI- 
TOCNF@CA140 

3.5 3.5 140 350  

A. Fiorati et al.                                                                                                                                                                                                                                  



Journal of Drug Delivery Science and Technology 89 (2023) 105080

3

by a peristaltic pump with a flow rate of 4 mL/min and 2 mL/min. The 
solution was allowed to flow into a water-cooled two-fluid nozzle 
(nozzle diameter 1.4 mm) and sprayed at these process parameters: inlet 
temperature 210 and 220 ◦C, aspirator 100%, spray gas flow length 40 
mm. Soon after the beginning of the spraying, a dry powder was formed. 
The powder was recovered at the collecting vessel and washed three 
times with water through centrifugations (3000 rpm for 10min). This 
washing step was achieved to eliminate potential chemicals residues. 
The samples were freeze-dried for storage before subsequent analyses. 
Dried samples were collected, weighed, and directly suspended in the 
target solvent for the specific analysis. The presence of free bPEI in the 
MS supernatants prior to characterization was excluded by a colori
metric test with complexation of copper cations adding aqueous solution 
of copper acetate (0.1 M). 

2.3. Physicochemical and morphological characterization 

2.3.1. Morphological analysis 
Morphological characterization of TOCNF and TOCNF-based MS was 

done by transmission electron microscopy (TEM) and scanning/ 
scanning-transmission electron microscopy (SEM/STEM). One drop of 
sample solution (10 μl) was placed on a standard TEM carbon-coated Cu 
grid and dried at room temperature. The grids were viewed under a 
JEOL JEM 1400Plus microscope at an accelerating voltage of 80 kV, for 
TEM acquisitions, and under a FESEM MERLIN ZEISS operating at an 
accelerating voltage of 20 kV, for SEM and ADF – STEM imaging. This 
setup allowed the simultaneous image collection in SEM and ADF – 
STEM mode of selected sample regions. 

2.3.2. Chemical analysis 
The solid samples were analysed by attenuated total reflectance 

(ATR) FT-IR on a Varian 640-IR spectrometer equipped with a single 
bounce ZnSe crystal. 64 acquisitions for each sample were collected. The 
13C cross-polarization magic-angle-spinning (13C CP-MAS) NMR spectra 
were acquired on an Avance Neo 500 (Bruker BioSpin S.r.l) at 11.7 T 
corresponding to 13C operating frequency of 125.76 MHz. The following 
conditions were applied: repetition time 4 s, 1H 90 pulse length 4.0 ms, 
contact time 1.2 ms, and spin rate 8 kHz. The compounds were placed in 
a 4 mm zirconia rotor. The chemical shifts were referenced to glycine 
(C––O signal: 176.03 ppm). Powder XRD patterns were recorded on a 
Bruker D2 Phaser X-ray powder diffractometer using CuKα radiation. 
The data were collected in the 2θ range 7◦–40◦ with a step size of 0.02◦

and a counting time of 0.4 s per step, a primary slit module of 0.6 mm, 
air scatter screen module 1 mm and secondary slit module of 8 mm. 

2.3.3. Dynamic light scattering analysis 
TOCNF and the MS were analysed with a Nano ZS90 (Malvern In

struments, UK) instrument for ζ-potential measure. The potential anal
ysis of particles was carried out by Laser Doppler Velocimetry (LDV), 
with an appropriate sample dilution in distilled water. Samples dilution 
is necessary to obtain reliable measurements. Too concentrated samples 
lead to measurements affected by multiple scattering, thus providing 
inaccurate results and poor distribution data (by the quality report of 
Zetasizer Measurement software). Preliminary DLS tests indicated the 
optimum sample concentration of 0.01 mg/mL. The ζ-potential values 
are reported as the mean of 5 measurements; each of them derived from 
10 different runs to establish measurement repeatability. 

2.3.4. Swelling study 
TOCNF MS swelling behaviour was examined through the gravi

metric method. A known quantity of MS was soaked into buffer solutions 
(pH 2, 5, 7.5 and 11) and simulated gastric fluid (SGF) for 48h at room 
temperature. The SGF at pH 1.2 was prepared by adding 7 mL of 
concentrated HCl (37%) to 500 mL of distilled water. The solution was 
then added of 2 g of NaCl and more distilled water to a final volume of 1L 
[40]. 

The excess water on the swollen MS was removed by filter paper and 
the particles weighed. Taking the average value of three measurements 
for each sample, the swelling ratio percentage (SR) is calculated with 
equation (1): 

% SR=
Ws − Wd

Wd
x 100 (1)  

Ws and Wd are the weight of the swollen and dried MS, respectively. 

2.3.5. Thermal analysis 
Thermogravimetric analysis (TGA) was carried out on a TA In

struments Q600 instrument with 100 mL/min nitrogen flow and a 
10 ◦C/min heating rate, as previously reported [41]. 

2.4. Drug loading study 

The loading of TC (monohydrate form from Sigma Aldrich) within 
cellulose MS was carried out by adding, drop by drop, a drug mother 
solution (2.5 mg/mL in ethanol) to an aqueous dispersion of micro
sponges (100 mg) reaching the selected final concentration of 0.5 mg/ 
mL. The physical adsorption was achieved by mixing overnight the 
suspension at RT, in the dark. The samples were then washed three times 
with water through centrifugations (3000 rpm for 10min). 

The drug loading efficiency onto MS was evaluated by the UV–vis 
quantification of the free drug in the reaction supernatants to quantify 
indirectly the amount of drug loaded. The UV–Vis absorption spectra 
were recorded at 355 nm by a Varian-Cary 500 UV–Vis spectropho
tometer. The unknown concentration was calculated with a standard 
curve obtained by using aqueous solutions of TC at a known concen
tration (0.5-0.25-0.12-0.06-0.03-0.01 mg/mL). The fitting line was ob
tained through Origin software by reporting the absorption values 
multiplied by the dilution factor vs concentrations (see Figure SI1 A). 

Loading efficiency was calculated with equation (2): 

% loading efficiency =
[loading solution] − [supernatant]

[loading solution]
x 100 (2)  

where [loading solution] is the initial concentration of TC and [super
natant] is the drug concentration in the reaction supernatant (free TC). 

The possible drug loss was assessed by the analysis of the washing 
supernatants. The loaded quantity is determined by subtraction, and it is 
used to calculate the loading capacity (equation (3)). 

% loading capacity=
mgdrug

mgmicrosponges
∗ 100 (3)  

Where mgdrug is the estimated quantity of TC (by % loading efficiency 
data) onto MS after the loading procedure, mgmicrosponges is the exposed 
quantity of MS (100 mg). 

The literature reports a wide use of the equations mentioned above to 
determine the loading procedures efficiency and the loading capacity of 
carriers in the case of different drugs, systems, and encapsulation 
methods [42–44]. 

2.5. In vitro drug release study 

In vitro drug release profiles of the TOCNF MS were obtained by 
immersing a known quantity of TC-loaded samples (5 mg) into 1 mL of 
buffer solutions (pH 2, 5, 7.5 and 11) and SGF (pH 1.2) for increasing 
time intervals (1, 4, 6, 8, 24 and 48h). 

The samples were incubated at room temperature and a constant 
agitation of 900 rpm. After a predetermined period, MS were precipi
tated through centrifugation (3.000 rpm for 10 min) and the released 
drug was quantified by the standard TC calibration curve. In Figure SI1 
we report the used fitting lines with Absorption value multiplied by 
dilution factor vs concentration. The calibration curve at pH 2 in SI1C 
was used for the other acid condition (pH5 and SGF) because the TC 
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absorption did not change. All release studies were performed in trip
licate. The results were presented in terms of cumulative percentage 
release as a function of time using equation (4): 

Cumulative percentage release=
Wt

Wi
x 100 (4)  

where Wt is the amount of TC released from MS at time t and Wi is the 
amount of TC loaded onto the MS. 

Dried samples were obtained by freeze-drying and Wi derived from 
% loading capacity data (eq. (3)). Wt derived from release supernatants 
quantification by UV–vis, considering the used volume of 1 mL. 

2.6. Biocompatibility study 

2.6.1. Cell culture and treatments 
Human gastric carcinoma cells, Kato III (ATCC), were cultured in 

Roswell Park Memorial Institute (RPMI) 1640 medium (Cambrex, 
Verviers, BE) supplemented with 10% fetal bovine serum (Cambrex, 
Verviers, BE), 2 mM L-glutamine (Cambrex, Verviers, BE), 100 IU/mL 
penicillin and streptomycin solution and 10.000 U/mL amphotericin 
(antimycotic solution) (Sigma-Aldrich, St. Louis, MO) at 37 ◦C in 5% 
CO2. Cells were maintained in 75 cm2 flasks (concentration ranged be
tween 2 × 105 and 1 × 106 cells/mL) by passage every 3–4 days when 
the culture reached approximately 80% confluence. 

The viability study of Kato III cells was carried out by using both 
direct and indirect contact methods. About 104 cells seeded in 96-well 
plates were allowed to attach overnight before treatments. In the 
direct contact experiments, cells were incubated for 12 or 24 h with two 
TOCNF MS samples of concentration of 0.01 and 0.025 mg/mL, 
respectively. For the indirect contact experiments, TOCNF MS samples 
were first incubated in a complete culture medium for 24 h at 37 ◦C at 
concentrations of 0.1 mg/mL and 0.25 mg/mL. The conditioned culture 
medium was centrifuged at 3000 rpm for 30 min to remove the micro
particles and then added to Kato III cells for 24 h. Incubation of cells 
with complete RPMI culture medium alone were used as control. TOCNF 
MS powder was sterilized through UV exposition for 2 h. 

2.6.2. MTT assay 
Cyto-viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyl tetrazolium bromide (MTT) assay. After each treatment, Kato 
III cells were incubated with 1 mg/mL of MTT, prepared in complete 
RPMI culture medium, for 3 h at 37 ◦C and 5% CO2. The cells were then 
washed three times with phosphate buffer saline (PBS 0.2 M, pH 7,4) 
and the reduced MTT formazan crystals were solubilized with dimethyl 
sulfoxide (Carlo Erba, Milan, Italy). The optical density (OD) at 570 nm 
was measured with a MultiskanTM FC Microplate Photometer (Ther
moFisher Scientific, Waltham, MA). Viability was expressed as a per
centage of cells viability by equation (5): 

% Cells viability=
Asample

Acontrol
x 100 (5)  

where Asample and Acontrol are the absorbance values of treated and non- 
treated cells, respectively. Data are reported as mean ± Standard De
viation of three independent experiments, each done in duplicate. Sta
tistical significance was determined by Student t-test. 

3. Results and discussion 

3.1. TOCNF microsponges spray drying synthesis 

The MS production from TOCNF and bPEI-TOCNF-based formula
tions and the physical-chemical properties of resulting particles were 
optimized by assessing the role of fibers oxidation degree, crosslinking 
degree and SDT process parameters. First, the TOCNF suspensions re
ported in Table S1 with different content of carboxylic groups, expressed 

as mmolCOOH/gTOCNF, were tested at three concentrations (0.1, 0.5 and 1 
% W/V). The TOCNF dispersions at oxidation degrees 0.5, 1.0, and 1.3 
mmolCOOH/gTOCNF afforded small amounts of dry powder and gave 
pump lock after a few minutes, possibly for the formation of aggregates 
even at low concentrations (eye inspection). These suspensions could be 
used only at concentrations lower than 0.1% w/v, and were thus un
suitable for SDT. SDT is sensitive to drug and/or polymer solubility and 
concentration [8,45,46]. For this reason, CNF water dispersions are 
typically maintained at concentrations lower than 0.5 % w/v [10]. In 
our investigation, 1% w/v TOCNF suspension at 1.5 mmolCOOH/gTOCNF 
easily provided multi-particulate powder, with a high productivity. The 
hydrophilic nature of cellulosic materials implies a high capacity to 
retain water, leading to the necessity of operating at high process tem
peratures and low feed rates. This is why we set the temperature at 
210–220 ◦C and the feed rate always lower than 5 mL/min (2–4 
mL/min) obtaining the highest production yield when operating at 4 
mL/min. The measured outlet temperature was in the range 110–120 ◦C, 
sufficient for efficient nanocellulose drying. The high temperatures 
required discouraged the use of this process for the drug encapsulation 
during the synthesis (the so-called pre-loading method) in the case of 
thermolabile drugs. The optimized process parameters after the first set 
of dry tests on TOCNF dispersions are shown in Table 2. 

The spray-dried TOCNF MS did not show any irreversible aggrega
tion of particles commonly referred to as hornification [47,48]. In our 
case, MS showed no aggregation easy rewetting in aqueous solutions. A 
facile rewetting in water was also achieved after further freeze-drying, 
giving again the powder product for storage and subsequent analyses. 
Remarkably, no salt addition [9] was needed in our case to get the 
redispersion of dried MS in water. 

Once optimized the process conditions (Table 2), we extended the 
MS production by SDT to those formulations containing bPEI as cross
linker and two different amounts of CA (see Table 1, entries 3 and 4). CA 
was added to increase the carboxylic functional groups content in the 
solution (see samples summary in Table 1). According to the eco-design 
of the nanostructured materials previously reported by our research 
group [49], the mass ratio between TOCNF and bPEI was maintained 1:1 
for each suspension. 

3.2. Microsponges morphological characterization 

The morphological characterization was conducted by SEM, TEM 
and ADF STEM analysis. SEM allowed us to observe the 3D structure of 
particles, while TEM and ADF STEM microscopy highlighted both the 
nanostructure and the fibrous nature of the inner network of the MS. The 
SDT process parameters are known to influence the morphology of CNC- 
and CNF-based particles [50,51]. We used an experimental setup with a 
low feed rate (4 mL min− 1) and a high gas flow (530 L h− 1). Under these 
conditions, we processed 1% W/V TOCNF aqueous formulations, 
providing fibrous particles with a medium diameter of 2 μm. Fig. 1 A-B 
shows STEM images of the obtained TOCNF MS. The high inlet tem
perature and the selected low feed rate, which favoured the rapid and 
constant shrinking of droplets up to the complete solvent evaporation, 
provided a homogeneous population of particles. Generally, CNF treated 
by SDT tend to aggregate in almost spherical particles. Peng et al. re
ported that different process parameters led to particles with different 
morphologies from needle-like structures to irregular agglomerates, 
with medium lengths in the range of 4–20 μm and widths of 2–4 μm [18, 

Table 2 
Spray Drying process parameters.  

Parameter Fixed value 

Inlet Temperature 210 ◦C 
Feed rate 4 mL/min 
TOCNF dispersions concentration 1 % w/V 
TOCNF oxidation degree 1.5 mmolCOOH/gTOCNF  
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52]. The proposed mechanism for TOCNF MS production is the forma
tion of droplets in which nanofibers do not stretch out and are contained, 
providing a spherical structure. This is due to the short and skinny na
ture of the original fibers (TOCNF), as observed by TEM microscopy 
(Figure SI2 A). The resulting CNF entanglement in the droplet prevented 
the deformation, such as the donut shape, reported in the literature as 
the consequence of the resistance to the gas flow [52]. Additionally, 
TEM images revealed a “ball of wool” aspect of MS (see Figure SI1 B-C), 
while SEM images showed the presence of wrinkled surfaces 
(Figure SI3). A similar morphology was reported in the literature for 
different drug-loaded CNF microparticles with a diameter of around 5 
μm [18]. A different morphology was observed when the formulations 
were processed in the presence of bPEI and CA. We observed more 
irregular particle shapes than those obtained from TOCNF suspensions 
(Fig. 1C–D), although the fibrous surface was maintained. 

A similar morphology was observed for MS obtained by processing 
the two bPEI-TOCNF formulations containing CA (Table 1, entries 3 and 
4), bPEI-TOCNF@CA70, and bPEI-TOCNF@CA140, (see STEM images 
in Figure SI4). Also in these cases, SEM analysis showed a smooth sur
face without the ridges previously observed in the TOCNF samples, thus 
confirming the hypothesis of a compact shape (Figure SI5). It is known 
how additives and covalent cross-linkers can influence the agglomera
tion of CNF during the SDT process [53–56]. In addition, previous 
studies have shown that the mechanical stability of this class of mate
rials is improved by the formation of amide bonds between the COOH 
groups of the nanocellulose and the bPEI [31,32]. A similarly strong 
interaction could be expected to occur with the application of SDT. We 

can speculate that the increased stiffness of the bPEI-modified TOCNF 
makes the chain folding process in the dry droplets more difficult during 
SDT, producing irregularly shaped and larger particles. The STEM 
analysis provided the statistical mean values of circle equivalent (CE) 
diameter and aspect ratios of dried MS. These values are reported in 
Table 3. 

We observed the size increase by increasing the crosslinking degree 
of the spray-dried nanofibers in the presence of bPEI, moving from 2.3 
± 0.5 μm obtained for TOCNF MS to the 4.0 ± 1.5 μm for bPEI- 

Fig. 1. ADF STEM images at different magnification of MS deriving from spray-dried TOCNF (A–B), and MS deriving from spray-dried bPEI modified-TOCNF (C–D). 
Scale bars are reported in each image. 

Table 3 
Statistical mean values of CE diameter and aspect ratios of dried TOCNF MS.  

Dried MS CE diameters mean (μm) Aspect ratios mean 

TOCNF MS 2.3 ± 0.5 0.97 ± 0.1 
bPEI-TOCNF MS 3.4 ± 2.1 1.1 ± 0.3 
bPEI-TOCNF@CA70 MS 3.1 ± 1.7 1 ± 0.2 
bPEI-TOCNF@CA140 MS 4 ± 1.5 1 ± 0.2  

Fig. 2. FTIR spectrum of TOCNF MS (blue line), bPEI-TOCNF MS (red line), 
bPEI-TOCNF@CA140 MS (black line). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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TOCNF@CA140 MS. This trend is consistent with the proposed mech
anism of TOCNF folding inside the droplets during the drying step that is 
hampered by the stiffening effect of the crosslinking. Spectroscopic 
analysis was performed to verify the crosslinking by SDT of bPEI- 
TOCNF formulations. 

3.3. Microsponges physical-chemical characterization 

3.3.1. FT-IR, 13C CP-MAS NMR spectroscopy and powder XRD analysis 
FTIR and 13C CP-MAS NMR were selected as techniques to verify the 

presence of amide bonds in the MS obtained by SDT. In Fig. 2 we report 
the spectra of TOCNF MS, bPEI-TOCNF MS and bPEI-TOCNF@CA140 
MS. All samples were previously treated with HCl 0.1 N to achieve full 
protonation of COOH groups. TOCNF spectrum (Fig. 2, blue line) clearly 
shows the peak at 1722 cm− 1 associated with the C––O stretching of the 
carboxylic acid moieties. In the spectra of Fig. 2, (bPEI-TOCNF MS and 
bPEI-TOCNF@CA140 MS, red line and black line respectively), the C––O 
signal related to the carboxyl groups (1722 cm− 1) is less pronounced and 
a signal can be detected at 1648 cm− 1. This latter frequency is related to 
the C––O stretching red shifted at lower wavelengths in the presence of 
the amidic group. 

The 13C CP-MAS NMR spectra are reported in Fig. 3. The assignments 
of the peaks associated with the carbons of the anhydroglucose units 
were supported by literature data [57]. The spectrum of Fig. 3a, related 
to the TOCNF MS, shows the typical peak of the carboxylate carbonyl 
carbon at 175 ppm. The spectrum reported in Fig. 3b of the sample 
bPEI-TOCNF@CA140 MS shows the weak but significant peak at 165 
ppm, previously assigned to the amidic carbon [32], thus demonstrating 
covalent cross-linking of TOCNF by formation of amide bonds during the 
SDT process among the primary ammines of bPEI and the carboxylic 
groups of TOCNF and CA. Finally, the signals in the spectral region 
between 35 and 60 ppm can be assigned to the CH2 carbons of the bPEI. 

XRD analysis was also performed on samples TOCNF MS, bPEI- 
TOCNF@CA140 MS and TOCNF, to observe any variation in the 
TOCNF crystallinity before and after SDT. The degree of crystallinity 
was assessed with the method proposed by Park et al. (see SI for details) 

[58]. Accordingly, the powders produced with SDT showed a lower 
degree of crystallinity than pristine TOCNF (Table 4). Indeed, the in
crease of the amorphous contribution should be considered a pro for 
new carriers in terms of drug release efficiency [59,60]. 

3.3.2. Dynamic light scattering analysis 
TOCNF MS obtained by the optimized SDT process can be easily 

dispersed in water without shape change or agglomeration. These fea
tures can be achieved with or without crosslinking agents in the 
formulation. It is important, at this stage, a thorough characterization of 
the stability and surface charge of the particles in water suspension. MS 
dispersions stability was evaluated via DLS analysis by measuring the 
surface charge [61]. The anionic nature of TOCNF was confirmed by 
measuring a ζ-potential value of − 60 ± 1.8 mV on a diluted fibers water 
dispersion. Table 5 sums up the ζ-potential mean values of all the TOCNF 
MS dispersions. 

The bPEI-TOCNF MS showed a positive charge due to a minor 
exposition of COOH groups following amide bond formation. These 
assessments could be useful for both the optimization of drug loading 
and to design chemical functionalization strategies [62]. The role of 
bPEI and CA in our SDT was widely investigated in the following 
physical-chemical and biological characterizations. 

3.3.3. Swelling feature 
The swelling ratios of produced MS were analysed by gravimetric 

method after their immersion in buffer solutions for 48 h. As can be 
observed in the plot of Fig. 4, TOCNF MS exhibited a slight pH- 
dependent behaviour. On the contrary, the swelling degree of bPEI- 
TOCNF-based MS significantly increased on going from pH 2 to 11, 
reaching the maximum at pH 7.5. In the presence of CA, sample swelling 
gradually increased reaching values over 800% at pH 11. This swelling 
feature as a function of the crosslinking density and pH has been dis
cussed also for other polysaccharides-based particles and aerogels/cry
ogels [8,63,64]. The observed pH-sensitivity of bPEI-TOCNF-based MS 
was likely due to the content of both protonable ammine groups and 
deprotonated carboxylic groups [31]. The basic pH induces the forma
tion of carboxylate anions from residual COOH groups not converted in 
the crosslinking reaction, allowing once again polysaccharide chains 
repulsions and relaxation [65]. This mechanism was also found for 
TOCNF-based hydrogel with 40% of deacetylated α-chitin nanofibers, 
which are rich in amine groups and hydroxyl groups [66]. The 
pH-sensitive swelling behaviour is an attractive feature for the 
controlled release of drugs into specific environments and/or cellular 
compartments. Our data indicate that the swelling ratios of crosslinked 
MS are higher than those of non-crosslinked MS, demonstrating the 
critical role of crosslinking in the design of a polymer scaffold for tar
geted applications [67]. 

The weak network structure resulting from the use of TOCNF could 
reduce the water holding capacity of the derived materials. This point 
was confirmed by the swelling studies performed in simulated gastric 
fluid (SGF) for 48 h at room temperature. The swelling ratios in SGF are 
reported in Table 6. The swelling degree in the presence of bPEI and CA 
was almost twice than that measured in TOCNF MS. This condition was 
investigated to work out the potential exploitation of TOCNF and their 
potential chemical modifications for gastric drug delivery. 

The lowest swelling degree in SGF was detected for TOCNF MS. The 

Fig. 3. 13CP-MAS spectra of a) TOCNF MS and b) bPEI-TOCNF@CA140 MS.  

Table 4 
Crystallinity degrees of powders obtained with or without SDT.  

Sample Crystallinity Degree [%] Obtained with STD 

TOCNF MS 65.7 Y 
bPEI-TOCNF@CA140 MS 66.4 Y 
TOCNF 73.6 N  

Table 5 
ζ-Potential of dilute TOCNF MS dispersions from DLS analysisa.  

SDT Microsponges ζ-potential 

TOCNF MS − 37.5 ± 0.5 
bPEI-TOCNF MS 27.6 ± 1.5 
bPEI-TOCNF@CA70 MS 19.2 ± 1.4 
bPEI-TOCNF@CA140 MS 24.3 ± 0.9  

a Mean values of 5 measurements consisting of 10 runs each. 
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protonation of TOCNF carboxyl groups in an acidic environment leads to 
a reduction in electrostatic repulsion. These weak electrostatic in
teractions would contribute to the development of hydrogen bonds be
tween the protonated and deprotonated carboxyl groups, thus reducing 
the rate of penetration of SGF into the hydrogel matrix. This chemistry 
has been exploited for specific applications such as the delivery of 
probiotics [68,69]. The proposed mechanisms for swelling may be 
linked to drug loading and release processes, which have been studied 
exploiting the amphoteric nature of TC. 

3.4. Drug loading study 

In our procedure, TC loading occurs in aqueous MS suspension 
(overnight at RT) starting from an ethanol TC mother solution and 
reaching a final drug concentration of 0.5 mg/mL. This concentration is 
twice its water solubility (see paragraph 2.4). This factor could improve 
drug diffusion by capillary force across nanofibers matrix. The use of 
bPEI-based formulations allowed us to significantly improve TC 
adsorption: indeed, the loading efficiency was zero for TOCNF MS, but 
jumped to 70% for bPEI-TOCNF and bPEI-TOCNF@CA MS. Further
more, analysis of the supernatant water after centrifugation showed no 
detectable amount of drug, suggesting that no significant release 
occurred during centrifugation. This efficient drug entrapment is prob
ably due to swelling behaviour of the crosslinked MS and the favourable 
electrostatic interactions between TC and nanofibers. bPEI-TOCNF had a 
positive charge that can improve interaction with hydrophobic drugs 
[70]. In addition, TC is a pH dependent amphoteric molecule, it is 
present as cations at pH < 3.3, as zwitterions at pH between 3.3 and 7.7, 
and as anions at pH > 7.7 [36]. Loading procedure was performed in 
aqueous MS suspension. TOCNF MS aqueous suspension showed a 
negative ζ-potential and a pH = 6. The crosslinked MS exhibited a 
positive ζ-potential achieving a pH = 8. This pH variation tuned TC 
loading efficiency affecting electrostatic interactions between the 
molecule and MS matrixes. The role of the electrostatic interactions is 
confirmed by the null loading capability observed for the negatively 
charged TOCNF MS; in this case TC is exposed at neutral pH so it is 
present as zwitterion, with no net electrical charges. On the contrary, 
crosslinked MS have generated a favourable environment for the anionic 
form of the drug promoting its loading into positive charged carriers. 
Furthermore, water washing did not cause a detectable release of drug, 

thus suggesting the persistence of physical interactions, both electro
static and hydrophilic ones, in aqueous environment. 

The loaded quantity determined by subtraction, was used to calcu
late loading capacity according to equation (3). As a result, bPEI-TOCNF 
and bPEI-TOCNF@CA MS had a loading capacity percentage of 7 %. A 
qualitative estimate of the drug loading was also achieved by ther
mogravimetric analysis on samples powder by comparing the thermal 
profiles of unloaded and TC-loaded MS. The TGA traces of all the MS 
samples with and without TC are reported in Figure SI 6. All the samples 
showed initial weight loss due to the removal of residual water from the 
synthesis and loading procedure. The comparison of the TGA traces 
obtained for TOCNF MS and TC-loaded analogue shows two quite 
similar, consistent with the limited loading capacity of the TOCNF MS 
previously assessed via spectrophotometric analysis. On the other hand, 
sensibly different weight-loss profiles are evident by comparing the TGA 
trace of bPEI-TOCNF MS with that of its TC-loaded analogue in the 
100–200 ◦C temperature interval. This finding can be correlated to the 
TC loading. An analogous observation can be made comparing the TGA 
traces of MS with different amounts of CA (bPEI-TOCNF@CA140 MS 
and bPEI-TOCNF@CA70 MS) and their TC-loaded analogue showing 
features that might be ascribed to drug cargo. Moreover, the TGA traces 
of TOCNF MS shows a 5% weight loss at 100 ◦C attributable to dehy
dration, while the water loss observed for bPEI-TOCNF MS, bPEI- 
TOCNF@CA140 MS and bPEI-TOCNF@CA70 MS is in the range 15%– 
18%. This behaviour is due to the known hygroscopicity of the bPEI 
crosslinker and it is a hampering factor of the TC loading assessment by 
TGA. 

3.5. Drug release in vitro study 

In release study, 5 mg of TC-loaded samples were incubated in 1 ml 
of release medium for selected time intervals. Then, the supernatants 
containing the released drug were separated by centrifugation. Cumu
lative percentage release was calculated using equation (4). The 7% 
loading capacity value obtained by spectrophotometric measures 
(equation (3)) was used to calculate the TC amount per mg of MS to 

Fig. 4. MS swelling behaviour after 48h in buffer solutions at the pH range 2–11.  

Table 6 
Swelling degree percentages of MS in simulated gastric fluid.  

Sample Swelling degree % in SGF 

TOCNF MS 248 ± 4 
bPEI-TOCNF MS 462 ± 60 
bPEI-TOCNF@CA70 MS 500 ± 95 
bPEI-TOCNF@CA140 MS 460 ± 140  

Fig. 5. Release profiles of TC from bPEI-TOCNF-based MS at different pH 
over time. 
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perform the release kinetic study. Accordingly, 7% of each sample was 
considered as the total amount of TC for all release experiments at 
variable pH conditions. The pH values were selected considering some in 
vivo conditions, such as topical and gastric applications, which suggest 
pH values in the range of 2–5. Neutral pH is the physiological condition 
and pH 11 was also considered as a comparison to interpret the physical- 
chemical behavior of produced particles. pH influenced remarkably the 
TC release, as indicated by the plots in Fig. 5 bPEI TOCNF MS presented 
a very low release capability (% cumulative release around 5) at pH 7.5 
over 48h, in agreement to the high retention capability at this pH. On the 
contrary, a sustained release already in the first 4 h was found at acid 
pH, especially at pH 2. We verified a cumulative TC release after 1h of 
32% and 15% at pH 2 and 5, respectively. The amount of released TC 
slowly raised to over 40% at these acid conditions. The promotion of 
drug release under acidic pH conditions could be caused by the disso
ciation of the electrostatic bonds between the positively charged bPEI 
TOCNF MS and TC in its zwitterionic form. The slow release rate from 4 
h onwards was probably due to the nanostructured network preventing 
the burst release of poorly soluble drugs like TC, especially at high pH 
[71]. pH values above 7.7 forward the anionic form of TC intensifying 
the interactions with the positively charged MS which showed a very 
slow and low release. 

A paradigmatic example of the interplay between the protonation 
state of TC and the sorption properties on a biochar surface is reported 
by Wang et al. [72]. A rapid kinetic was also found in SGF for all 
crosslinked MS, as reported in the following Table 7. TC molecules are 
all in cationic form at this condition, leading to the breakdown of 

electrostatic forces. 
Release profiles of bPEI-TOCNF@CA-based MS did not differ much 

from bPEI-TOCNF-based ones as is shown by plots in Figure SI 7. The 
amount of CA had no effect on the TC loading efficiency nor the TC 
release profile, contrary to what observed for aerogels [31]. The in vitro 
release data suggested a pH responsive feature of synthetized TC-loaded 
MS that could be strategic for targeted drug delivery, considering that 
the observed responsivity at pH 1–5 could be useful for gastric and 
topical applications [51]. 

3.6. Biocompatibility study 

In our investigation, the degree of oxidation of TOCNF showed a 
critical role in the SDT synthesis of MS. Recently, the importance of 
regeneration and degree of oxidation of cellulose MP for biomedical use 
has been demonstrated [73]. Here, we investigated the direct and in
direct effect of TOCNF MS on human gastric cancer cells to understand 
the potential influence of crosslinking degree on cytocompatibility. The 
indirect contact method was carried out to evaluate the possible toxicity 
of the conditioned culture medium. Culture media were incubated for 
24 h with all MS at 0.1 and 0.25 mg/mL. Centrifuged media were used to 
treat Kato III cells for 24 h. Cell viability percentage versus MS concen
trations of the conditioned medium is reported in Fig. 6. 

The histogram of Fig. 6 highlights the different behavior of TOCNF 
MS on the one side and the bPEI-derivatives on the other. TOCNF MS- 
conditioned medium had no cytotoxic effect, as shown by the blue 
bars of the histogram. Low cell viability decrease was observed for the 
other samples (see orange, gray and yellow). In particular, cell viability 
of 60% were measured for bPEI-TOCNF@CA140 MS conditioned sam
ple, at both tested concentrations. All samples were washed after syn
thesis (as described in paragraph 2.2), and Cu2+-complexation test 
excluded the presence of free b-PEI, so chemicals release could be ruled 
out. Conditioned culture media were assayed to measure pH and any 
significative pH change was detected for all samples. The indirect con
tact data suggested low cytotoxic effects of crosslinked MS, especially 
bPEI-TOCNF@CA140 MS, deriving from a potential deleterious inter
action with culture medium (for example nutrient sequestration). 
Therefore, the direct contact experiment was performed with 0.01 mg/ 
mL and 0.025 mg/mL of the four MS suspensions for 12 and 24h of 
treatment. The MTT results of Kato III cells are reported in Fig. 7. Cell 
viability remains up to 50% for all microparticles and conditions. 
TOCNF MS had no toxic effect on Kato III after 12 h of treatment for both 
tested concentrations. A low decrease of viability after 24 h of treatment 
was observed for all samples. bPEITOCNF@CA140 MS confirmed their 
moderate toxic effect (60% of cells viability) at both tested concentra
tions until after 12h of direct treatment. Also, bPEI-TOCNF@CA70 MS 
showed 60% of cells viability at the highest tested concentration, after 

Fig. 6. Cells viability versus MS concentrations of conditioned medium after 24 
h of treatment. Indirect method experiment has been performed incubating 
medium with TOCNF MS, bPEI-TOCNF MS, bPEI-TOCNF @CA70 MS and bPEI- 
TOCNF@CA140 MS suspensions at 0.1 and 0.25 mg/mL for 24h. Statistically 
significant value p ≤ 0.05 (*), p < 0.01 (**) and p < 0.001 (***), with respect to 
not-treated condition, from T-test. 

Fig. 7. Cells viability versus MS concentration after 12 and 24 h of treatment by direct contact with TOCNF MS, bPEI-TOCNF MS, bPEI-TOCNF@CA70 MS and bPEI- 
TOCNF@CA140 MS. Statistically significant value p ≤ 0.05 (*), p < 0.01 (**) and p < 0.001 (***), respect to respective not-treated condition, from T-test. 
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24h. 
These data suggest that the use of bPEI in the reticulation step did not 

significantly affect Kato III cell viability. Conversely, the CA co-presence 
in the crosslinking process should be carefully calibrated to avoid toxic 
effects, considering the viability decrease following both direct and in
direct contact with bPEI- TOCNF@CA140 MS. This behavior could be 
explained by considering the physical-chemical features of the MS. 
TOCNF MS preserved the overall negative charge of the pristine nano
fibers. This factor is an obstacle to the interaction with the negative 
cellular membrane. Conversely, the positive surface charge deriving 
from bPEI-based formulations could cause an electrostatic interaction 
with plasma membrane perturbing the physical-chemical equilibrium of 
cells. Furthermore, bPEI and CA modified MS showed the highest 
swelling degree at neutral and basic pH values, as previously discussed. 
The great swelling capacity of these MS could induce physical pertur
bation to cultured cells exerting a deleterious pressure, deriving from the 
enormous dimensions reached in the medium [74]. 

4. Conclusion 

We have successfully prepared stable MS by spray drying suitable 
suspensions of TOCNF from cotton linters cellulose. This is the first 
report about Spray Drying manipulation of aqueous TOCNF dispersions 
with different oxidation degrees and crosslinkers quantities, using bPEI 
and CA. Nanofibers chemistry played a crucial role in SDT microparti
cles production. TOCNF dispersions with a carboxyl groups concentra
tion of 1.5 mmolCOOH/gTOCNF, provided the SDT formation of water- 
dispersible MS having an average diameter ranging from 2 to 4 μm 
and a “ball of wool” aspect. MS from TOCNF dispersions were more 
spherical and monodisperse, and smaller than those deriving from bPEI 
and CA-based formulations. The crosslinking during SDT process was 
confirmed by spectroscopic analysis detecting the formation of amide 
bonds. The loading and release patterns of TC are strictly dependent on 
the electrostatic interactions between the molecule and the MS nano
fibers. Furthermore, a pH-responsive swelling and release behaviour 
was found for crosslinked MS. Finally, cell viability data revealed 
moderate cytotoxicity following contact with TOCNF MS containing CA, 
probably due to a synergistic effect of mechanical perturbation and 
interaction with the culture medium in the verified swollen state. Our 
results showed that crosslinkers are not required to effectively dry 
TOCNF by producing stable suspensions of MS in water, in contrast to 
what has been observed for aerogels. However, the presence of b-PEI 
and CA can modulate the morphology, degree of swelling, drug 
entrapment and cytocompatibility of spray-dried MS. From this 
perspective, chemical crosslinking is a critical step in the design and 
synthetic strategies of novel TOCNF-based systems for controlled drug 
delivery. 
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TOCNF TEMPO-oxidized cellulose nanofibers 
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nanofibers with 70 mg CA 
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nanofibers with 140 mg CA 
MS microsponges 
bPEI-TOCNF MS microsponges derived from bPEI-TOCNF Spray 

Drying 
bPEI-TOCNF@CA70 MS microsponges derived from bPEI- 

TOCNF@CA70 Spray Drying 
bPEI-TOCNF@CA140 MS microsponges derived from bPEI- 

TOCNF@CA140 Spray Drying 
SGF simulated gastric fluid 
SDT Spray Drying Technology 
TC tetracycline. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jddst.2023.105080. 

Table 7 
Tetracycline cumulative release percentages after 1h and 48h of incubation in 
simulated gastric fluid.  

Samples TC cumulative release after 
1h in SGF 

TC cumulative release after 
48h in SGF 

bPEI-TOCNF MS 44 % 52 % 
bPEI-TOCNF@CA70 

MS 
50 % 60 % 

bPEI-TOCNF@CA140 
MS 

50 % 60 %  
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