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Abstract  Nanoprecipitation is one of the most pop-
ular methods for producing polymer nanoparticles. 
However, the reported results show a large variability. 
In order to provide a first-hand comparative study, we 
prepared cellulose-based nanoparticles via different 
nanoprecipitation methods. Here, the influence of the 
coagulating solvents acetone, N,N-dimethylacetamide 
and tetrahydrofuran on the size and shape of the parti-
cles via precipitation using dialysis was investigated. 
The influence of temperature and concentration was 
determined by dropwise addition of the coagulation 
medium. Then, via rapid solvent shifting, particles 
were prepared from cellulose acetates with different 

molecular masses and the cellulose acetate propionate 
and cellulose acetate butyrate derivatives in the con-
centration range of 1–20  mg mL− 1. Thereby, it was 
possible to prepare spherical particles in the range 
from 43 to 158  nm. Furthermore, the impact of the 
molecular weight of these derivatives on the obtained 
particle size distributions was determined. It is pos-
sible to obtain pure regenerated cellulose particles in 
the nanometer range by a deacetylation of the deriva-
tives. In addition, the findings were used to directly 
convert cellulose from a DMAc/LiCl solvent system 
into regenerated cellulose nanoparticles with a size of 
10 ± 3 nm.
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Introduction

The physicist and Nobel laureate Richard Feynman 
is considered the intellectual father of nanotechnol-
ogy. In his famous speech from 1959 “There’s plenty 
of Room at the Bottom” Feynman demonstrated the 
amazing possibilities of the atomic level (Feyn-
man 1960). His inspirations would later become the 
basis of nanotechnology. The term “nano” typically 
encompasses structural dimensions in the range of 
1–100  nm. In this range, materials possess unique 
physical properties compared to the bulk material 
(Zhao and Winter 2015). A variety of different struc-
tures and shapes such as nanofibers, nanofoams, 
nanorods and even nanosheets have been developed 
until now. Spherical nanoparticles (NPs) can be clas-
sified as nanocapsules and nanospheres, which dif-
fer in their internal morphology. A nanocapsule, for 
example, consists of a polymeric shell, whereas nano-
spheres are based on a continuous polymeric network 
(Zielińska et al. 2020).

In addition to the already established fabrica-
tion of inorganic or metallic NPs, organic biopol-
ymers can also be converted into nanospheres. 
There have already been studies about particles of 

poly(ε-caprolactone), poly(ethylene glycol), as well 
as poly(lactic acid) (Zielińska et  al. 2020), dextran 
and pullulan (Aschenbrenner et  al. 2013), lignin, 
starch, chitosan and gelatin (Luzi et al. 2019), as well 
as cellulose-based polymers (Carvalho et al. 2021).

Cellulose in particular shows great potential in 
the field of polymer science and technology: It is the 
most abundant polymer on earth and is known for its 
low-cost, non-toxicity, environmental friendliness, 
biocompatibility, biodegradability, thermal and chem-
ical stability and especially its derivatizability and is 
therefore used in different application fields (Wang 
et al. 2016; Rothammer et al. 2023). In order to com-
bine these advantageous properties of cellulose with 
the application potential of NPs, a number of different 
fabrication options are available.

Typically, polymer NPs are generally made from 
solutions. In the case of cellulose, a variety of deri-
vatizing or non-derivatizing solvent systems are 
available for this purpose (Rahn et  al. 1996; Heinze 
and Koschella 2005; El-Wakil and Hassan 2008). In 
addition, it is also possible to specifically modify cel-
lulose in a targeted manner, such as cellulose esters 
(e.g. CA) or ethers (e.g. methyl cellulose or hydroxy 
ethyl cellulose), which are soluble in water and com-
mon organic solvents. With these modifications, 
cellulose-based polymers can be readily dissolved 
for the subsequent processing via various methods to 
obtain NPs.
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In general, the following processes can be applied 
for the production of spherical particles in the 
micrometer, submicrometer and nanometer range: 
emulsification, microfluidics, nanoprecipitation, as 
well as mechanical, chemical and/or enzymatic treat-
ments as reviewed by Carvalho et  al. (2021). By 
adjusting the process parameters, the resulting parti-
cle sizes can then be individually controlled.

The emulsion technique is a standard method for 
the production of spherical particles. Here, water in 
oil or oil in water emulsions can be used. This tech-
nique offers two main methods to obtain solid parti-
cles: On the one hand, there is the spontaneous emul-
sification solvent evaporation method. Here, particles 
with an average size between 100 and 200 nm can be 
produced (Szczęch and Szczepanowicz 2020). For 
this process, the respective polymer is dissolved in 
an organic solvent and carefully added to an aqueous 
phase with surfactants. A nanoemulsion can then be 
generated by high-speed homogenization or ultra-
sonication. Subsequent evaporation of the organic 
phase yields particles in the submicrometer and 
nanometer range. On the other hand, the emulsifica-
tion and freeze-drying process can be used for parti-
cle formation (Zhang et al. 2017). Here, the polymers 
are dissolved in an aqueous phase and a water in oil 
emulsion is produced. The dispersed phase is then 
frozen and separated from the continuous oil phase 
via filtration. Subsequently, the frozen organic parti-
cle suspension can be freeze-dried to obtain porous 
particles.

In addition to these established methods, there are 
also innovations such as the premix membrane emul-
sification method. This process is one of the most 
recent developments for the fabrication of micro-
structured systems. Here, the premix represents a 
pre-emulsion and is produced by carefully mixing of 
two phases. These are subsequently transferred under 
pressure through a membrane. The transmembrane 
pressure and the implied shear stress cause a decrease 
of the droplet size. After transfer into the coagula-
tion medium, the cellulose contained in the dispersed 
phase is regenerated. Via this process, cellulose parti-
cles in the size range of 160–170 nm can be obtained 
(Carrick et al. 2014).

The purpose of using microfluidic devices is to 
manipulate fluids in channels at the microscale. They 
have been widely used in the field of nanotechnology. 
In many cases, two immiscible liquids are applied. 

These liquids encounter each other via a T-junction 
(Cui et al. 2022) or a concentric glass capillary micro-
fluidic device in a counter-flow configuration (Yeap 
et al. 2017). Syringe pumps can control the flow rates 
of both streams separately. The induced shear forces 
can thus be used to form monodisperse droplets. If a 
dissolved polymer is present in the dispersed phase, 
it can then be regenerated by the introduction of a 
coagulation medium or by evaporation. These pro-
cesses can form spherical particles or also particles 
with other shapes.

Nanoprecipitation, also known as solvent displace-
ment or interfacial deposition, is one of the most 
common methods for the preparation of particles in 
the submicrometer and nanometer range (Zielińska 
et al. 2020). Here, the polymers are dissolved in a sol-
vent that is miscible in water. Under specific condi-
tions, a highly diluted solution can be added dropwise 
to the antisolvent, or the antisolvent can be added 
dropwise to the solution. Due to the rapid spontane-
ous diffusion of the polymer solution into the aqueous 
phase, nanoparticles are formed. By using cellulose 
or cellulose derivatives, particles in the size range of 
50–300 nm have already been reproducibly obtained 
(Carvalho et  al. 2021). The influence of different 
processing parameters has mainly been determined 
empirically.

A new solvent-free approach was presented by 
Beaumont et  al. (2016). Here, semi-crystalline and 
spherical cellulose-based nanoparticles were pro-
duced by reorganizing a regenerated cellulose precur-
sor through a simple surface modification. For this 
purpose, TENCEL® gel, which consists of interact-
ing particles with a well-defined fibrillary nanostruc-
ture, was transformed into spherical nanoparticles 
by carboxymethylation and subsequent homogeniza-
tion. The repulsive anionic charges of the carboxy-
late groups improved the stability of the resulting 
colloidal suspension by preventing its aggregation. 
This process allowed the preparation of well-defined 
spherical cellulose nanoparticles with adjustable 
diameters of 129  nm, 107  nm and 73  nm. The par-
ticles obtained consist of a crystalline core and an 
amorphous, highly carboxymethylated shell. In 
another approach, particles with a core diameter of 
16  nm and a cladding thickness of 18  nm could be 
detected (Beaumont et  al. 2019). If these particles 
are stored under standard conditions, the outer shell 
is able to swell. When the particles are stored under 
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acidic conditions, their shell collapses. At a higher 
solids content of > 3 wt%, the various particle shells 
can have an interaction with each other to form a net-
work structure. The cellulose II hydrogel can also be 
processed into nanoparticles by aqueous cationisation 
with glycidyltrimethylammonium chloride and a sub-
sequent shearing process. These generated particles 
had a hydrodynamic radius of 55 nm with an intrinsic 
solid core and soft shell structure (Solin et al. 2020).

In addition to these established methods, there are 
also more rarely applied processes. For a mechanical 
treatment, cellulose can first be dissolved in a deep 
eutectic solvent such as guanidine hydrochloride and 
anhydrous phosphoric acid and then regenerated in 
ethanol (Sirviö 2019). High speed homogenization 
treatment followed by a microfluidizer leads to disin-
tegration. This process can result to the formation of 
fibrous NPs with a diameter of about 5.6–5.8 nm and 
a length of tens of nanometers. For a chemical pro-
duction of cellulose nanospheres, Lyocell fibers can 
first be treated with a 1 M NaOH solution (Yu et al. 
2017). This removes possible impurities and leads to 
swelling of the amorphous regions. Subsequently, the 
treated fibers can be processed with a mixture of 90% 
formic acid and 10% hydrochloric acid. After neu-
tralization, the obtained particles can be freeze-dried. 
Following such a chemical process, it is possible to 
obtain cellulose NPs with a diameter of about 27 nm. 
In addition, cellulose can also be selectively oxidized 
at the C6 position by the presence of TEMPO and at 
the C2 and C3 positions of the anhydroglucose unit 
by NaIO4 (Kumari et al. 2018). This leads to the for-
mation of a COOH group at the C6 position and to the 
formation of aldehyde groups at C2 and C3 positions, 
respectively. The resulting oxidized cellulose-based 
NPs have a size of smaller than 30 nm. For enzymatic 
treatment of cellulose, the fibers can first be swollen 
in a glycerol solution. This should increase the acces-
sibility of the enzymatic hydrolysis reaction. Subse-
quently, spherical cellulose NPs with an average size 
of 30 nm can be obtained via enzymolysis by using 
a cellulase-xylanase complex (Chen et al. 2018). By 
all these different methods, it is possible to produce 
particles from cellulose or one of its derivatives. 
Depending on the choice of the appropriate system, 
spheres or particles in different shapes, as well as in 
different sizes from the micrometer to submicrometer 
or even nanometer range can be produced.

The particles obtained by one of these methods 
have a wide range of applications. One of the main 
applications is the use as drug delivery carrier of 
pharmaceuticals. Since cellulose is a biocompatible 
material, its use can lead to a controlled release of 
drugs into the human body. In addition, the spheres 
protect the drugs or other molecules with biological 
activity against the surrounding environment. These 
properties favor the use of a nanosuspension for the 
treatment of ocular diseases (Kannan et al. 2018). In 
addition, nanomaterials can serve as carriers for cer-
tain anticancer drugs such as docetaxel, paclitaxel, 
and etoposide (Raghav et al. 2021). In particular, pH-
responsive drug delivery can significantly improve 
treatment outcomes. In this regard, cellulose-based 
beads, may be useful for cancer therapy, in wound 
healing, and in enhancing tissue regeneration (Mohan 
et al. 2022). Moreover, nanoparticles loaded with bio-
cide can be used for antimicrobial surface coatings 
(Cordt et al. 2020).

Besides medical applications, cellulose spheres 
can also be used in other technical applications. By 
using a microfluidic device, it is possible to arrange 
cellulose nanocrystals into structurally colored micro-
particles. These can subsequently be used to fabricate 
photonic materials or pigments (Parker et  al. 2022). 
In addition, spheres can also be applied as a compo-
nent in semiconductor nanocomposites in electronic 
devices (Terna et al. 2021) and can also be useful for 
the development of biodegradable transistors and bat-
teries (Zhang et al. 2019). Spheres and capsules also 
have a potential as carriers of antioxidants and pre-
servatives in food packaging (Barreras-Urbina et  al. 
2016). The attention of nanotechnology for cellulose-
based NPs is continuously increasing and its innova-
tive use is becoming established in various sectors.

Since the empirical results on nanoprecipitation 
vary from approach to approach in different pub-
lications, this work focuses on a unified compara-
tive study of the production of particles via different 
types of precipitation methods using a wide range 
of substrates. Especially simple and fast methods 
are demonstrated here. For this purpose, the influ-
ence of different cellulose acetate derivatives will be 
investigated in particular. In addition, the information 
obtained is used to produce the smallest possible pure 
cellulose NPs.
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Materials and methods

Materials

Microcrystalline cellulose (MCC) (degree of polym-
erization (DP) = 221, Mw = 35,800 g mol− 1) and 99% 
N,N-dimethylacetamide (DMAc) were purchased 
from Merck KGaA and Alfa Aesar (Germany), 
respectively. Tetrahydrofuran (THF) and lithium 
chloride (LiCl) were obtained from VWR (Germany). 
Cellulose diacetate pure granules (CDA), cellulose 
acetate (CA30k, Mn=30,000 g mol− 1), cellulose ace-
tate (CA50k, Mn= 50,000 g mol− 1) and ethanol (tech-
nical, 99.6%) (EtOH) were acquired from Carl Roth 
GmbH & Co. KG (Germany). Cellulose acetate pro-
pionate (CAP, Mn = 15,000  g mol− 1) with 0.0 −1.0 
wt% acetyl, 5 wt% hydroxyl, and 40 −45 wt% pro-
pionyl content and cellulose acetate butyrate (CAB, 
Mn = 12,000  g mol− 1) with 16− 19 wt% acetyl and 
30 − 35 wt% butyryl content were purchased from 
Sigma-Aldrich (Germany). All chemicals were used 
as received without further purification.

Precipitation via dialysis

For the precipitation via dialysis, 0.1  g of cellulose 
acetate (Mn= 30,000  g mol− 1) was dissolved in 10 
mL of acetone, DMAc, or THF, respectively. The 
solutions were each transferred into a dialysis tube 
with a molecular weight cut-off (MWCO) of 3,500 
Da and washed five times for 3 h in each case against 
water. The procedure was carried out at room temper-
ature (RT).

Particle formation via solvent displacement

For the preparation of particles via a solvent displace-
ment process, CDA was dissolved in 50 mL THF to 
obtain different concentrations of 1, 5, 10, 15 and 
20 mg mL− 1. The solutions were kept at RT or were 
cooled with an ice bath (IB). At a stirring speed of 
350  rpm, 100 mL distilled water were added drop-
wise via a syringe pump with a flow rate of 10 mL 
min− 1. THF was then removed in a water bath at 
73 °C. The obtained aqueous suspensions were then 
filtered through a 5.0  μm syringe filter to remove 
macroscopic agglomerates.

Particle formation via rapid solvent shifting

For the production of particles via the rapid solvent 
shifting process, various cellulose acetate types with 
different chain lengths CA30k, CA50k and CDA as 
well as CAP and CAB were each dissolved in 50 ml 
THF to acquire different concentrations of 1, 5, 10, 
15 and 20 mg mL− 1. Subsequently, the solutions were 
cooled in an IB. With a stirring speed of 350  rpm, 
100 ml of distilled water was then added in one sin-
gle batch. THF was then removed in a water bath at 
73 °C. The obtained aqueous suspensions were then 
filtered through a 5.0  μm syringe filter to remove 
macroscopic agglomerates.

Fabrication of regenerated cellulose nano‑ and 
submicroparticles

Two approaches were pursued for the production 
of regenerated cellulose NPs: (1) the deacetylation 
of cellulose acetate derivative NPs and (2) the dis-
solution and precipitation of MCC via rapid solvent 
shifting.

(1) For the deacetylation, 10  mg of the CAP 
spheres were suspended in 1.5 mL of a 0.15 M NaOH 
solution in 96 vol% ethanol and stirred for 24 h at RT. 
The dispersion was then transferred to a dialysis tube 
(MWCO 3,500 Da) and washed five times against 
water for 3 h in each case.

(2) MCC was dissolved in DMAc/LiCl according 
to our previous publication (Reimer et  al. 2021). In 
brief, 5 g of MCC (30.9 mmol) was freeze-dried and 
then suspended in 100 mL of DMAc. The mixture 
was equipped with a calcium chloride drying tube 
and stirred for 72 h at RT. 9.81 g LiCl (231.4 mmol) 
was dried in an oven at 105 °C. The cellulose suspen-
sion was slowly heated to 90 °C and stirred for 1 h at 
this temperature. The dry LiCl was finely ground with 
pestle and mortar and slowly added to the cellulose 
suspension. The batch was then cooled by 0.53 °C per 
minute to RT. Subsequently, 2 mL was taken from 
this solution and diluted with 48 mL of DMAc. The 
diluted solution was then cooled in an IB. At a stir-
ring speed of 350 rpm, 100 mL of distilled water was 
added at once. The obtained white dispersion was 
then transferred to a dialysis tube (MWCO of 3,500 
Da) and washed five times against water for a period 
of 3 h each to remove DMAc and LiCl. The cloudy 
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dispersions obtained were used for transmission elec-
tron microscope (TEM) imaging.

Infrared spectroscopy

For the evaluation of the deacetylation of CAP nano-
particles, Fourier transform infrared (FTIR) spectra 
were recorded from dried particles. The characteriza-
tion was performed using a Frontier MIR spectrom-
eter (L1280018) with an attenuated total reflection 
(ATR) diamond (PerkinElmer, Germany). All spec-
tra were obtained from 8 scans with a resolution of 
4  cm− 1 and in the ATR mode using a wavenumber 
range from 400 to 4000 cm− 1.

Elemental analysis

To evaluate the degree of substitution (DS), the ele-
mental composition of the different cellulose acetate 
derivatives was measured by a Euro EA-Elemental 
Analyser (Eurovector, Italy). 1–3  mg powder was 
analysed in tin crucibles.

Size exclusion chromatography (SEC)

The molecular weight of the cellulose acetate deriva-
tives was analysed by SEC in dimethylsulfoxide at 
50 °C with a sample concentration of 5 g L− 1. Com-
mercial raw polymer materials were prepared in 
triplicate vials whereas the fabricated nanoparticles 
were injected in triplicates from the same vial. The 
PSS SECcurity GPC system (pump PSS SECcurity, 
refractive index detector PSS SECcurity RI, columns 
AppliChrom ABOA DMSO-Phil-P-300, PSS GRAM 
30  A and PSS GRAM 1000  A) was adjusted to an 
eluent flow rate of 0.4 mL min− 1. Molecular weights 
were obtained using a pullulan calibration from a 
molar mass at the peak maximum (Mp) of 342  g 
mol− 1 to 708,000 g mol− 1.

X‑ray diffraction

X-ray powder diffraction (XRD) was used to determine 
crystallite sizes and fractions of crystallinity. The data 
used in this work was obtained from a Bragg-Bren-
tano powder diffractometer (Miniflex, Rigaku, Tokyo, 

Japan) with a copper anode, and a silicon strip detec-
tor (D/teX Ultra, Rigaku). The setup in detail: goniom-
eter radius 150 mm; both Soller slits 2.5°; divergence 
slit fixed at 0.625°, but closing variably below 10° 2θ; 
variable anti-scatter screen; no monochromator; Kβ fil-
ter 0.06 mm nickel foil; effective receiving slit of the 
multiline detector 0.1 mm.

The samples were measured in low-background 
monocrystalline silicon holders, which were rotated 
during measurements to reduce the effects of preferred 
in-plane orientation. The data was corrected for inco-
herent scattering from the holders by subtraction of a 
blank measurement.

The data was evaluated by Rietveld refinement 
(BGMN, Bergmann et  al., 1998), considering the 
machine line function, as verified by refining NIST 
Standards 640e and 660c (silicon and lanthanum hexa-
boride for peak shapes and positions). The scattering 
angle range 7° < 2θ < 60° was considered, and the sam-
ple offset from the goniometer axis refined.

All incoherent scattering was modeled using the sum 
of a polynomial function and a diffractogram obtained 
from amorphous cellulose, after confirming its agree-
ment with those reported in the literature (Yao et  al., 
2020), and using the coefficients and scaling as fitting 
parameters.

We modeled all coherent scattering based on the 
structure of cellulose II, as published by French (French 
2014). Here, the molecular chains run along the unit 
cell direction < 001>. The refinement parameters were 
the averaged crystallite sizes, the lattice parameters 
(± 2%) and a single isotropic thermal diffuse scattering 
factor.

The recorded elastically scattered intensities were 
thus fully deconvolved into coherent and incoherent 
scattering from the samples. These were used to deter-
mine the fractions of crystallinity by the method of 
Ruland and Vonk (Ruland 1961; Vonk 1973).

Scanning electron microscopy and particle size 
determination

SEM was performed using a DSM 940  A (Zeiss, 
Germany). The prepared samples were mounted on 
aluminum holders with carbon adhesive discs. The 
samples were then sputter-coated with gold/pal-
ladium. SEM images were recorded using 30  keV 
electron energy for cellulose acetate derivative 
particles and 5  keV electron energy for cellulose 
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particles using the secondary electron detector. The 
particle sizes were determined from the obtained 
SEM images using the ImageJ program. For this 
purpose, the diameters of a total of 100 particles per 
sample were determined individually.

Transmission electron microscopy and particle size 
determination

TEM was performed at an acceleration voltage of 
5  kV using a LVEM5 (Delong Instuments, Czech 
Republic, Brünn). Cellulose nanoparticles were 
suspended in EtOH and deposited on an ultrathin 
carbon film supported by a lacey carbon mesh on a 
300 mesh gold grid (Ted Pella, USA). Particle sizes 
were determined from the collected TEM images 
using the ImageJ program. For this purpose, spheri-
cal shapes were assumed and the diameters of a 

total of 500 particles per sample were determined 
by analyzing the particle areas.

Ubbelohde viscosity measurements

The flow times of CDA in THF in the concentration 
range between 0 and 15 mg mL− 1 were measured by 
using an Ubbelohde viscometer with type and capil-
lary no.: 50,103/0c from the company SI Analytics 
GmbH (Germany, Mainz). In addition, a thermostat 
of the device type ME-31 A and a cooling spiral of 
the type ME-16G of the company Julabo GmbH 
(Germany, Seelbach) were used. The temperature of 
the water tank was 20 ± 0.1  °C. Before each meas-
urement, the viscometer was rinsed three times with 
the sample to be analyzed and thermally equili-
brated in the water tank for 10 min. Each batch was 
measured three times.

Fig. 1   SEM images of 
CA30k particles pro-
duced by precipitation via 
dialysis. CA30k dissolved 
in a acetone, b DMAc and 
c THF and subsequently 
precipitated via dialysis 
against water

Fig. 2   SEM images of CDA particles produced through sol-
vent displacement method by adding the coagulation medium 
dropwise into the CDA solution. Uncooled with a previous 
concentration of CDA in THF of a 1 mg mL− 1, b 5 mg mL− 1, 

c 10  mg mL− 1, d 15  mg mL− 1 and e 20  mg mL− 1. As well 
as cooled with a previous concentration of CDA in THF of f 
1 mg mL− 1, g 5 mg mL− 1, h 10 mg mL− 1, i 15 mg mL− 1 and 
j 20 mg mL− 1
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Results

Precipitation via dialysis

Particles prepared via dialysis differ in terms of par-
ticle size and shape, depending on the solvent system 
used. All particle size distributions generated by this 
method exhibit a unimodal normal size distribution, 
Supplementary information Figure S1-S3. If the cel-
lulose acetate CA30k was previously dissolved in ace-
tone, the particles have an average particle diameter 

of 461 ± 142 nm. The shape of these particles in the 
submicrometer range is irregular and slightly sharp-
edged, see Fig.  1a. CA30k particles resulting from 
a DMAc solution have a mean particle diameter of 
352 ± 134 nm. The shapes of the particles also range 
from spherical to irregular, Fig.  1b. The particles 
obtained from THF have the largest dimensions with 
an average diameter of 590 ± 257 nm, but at the same 
time, these particles exhibit a smooth spherical shape, 
Fig. 1c.

Fig. 3   Average particle 
sizes in nm with standard 
deviation of the spheres 
produced via solvent dis-
placement method at RT or 
cooled in an IB.

Fig. 4   Average particle 
sizes in nm with standard 
deviation of the solvent 
displacement process with 
the different process types 
uncooled at RT and cooled 
with an IB at different 
concentrations of 1, 5, 10, 
15 and 20 mg mL−1. The 
bimodal size distributions 
are separated in distribution 
1 (D1) and distribution 2 
(D2) for smaller and bigger 
particle fractions, respec-
tively
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Particle formation via solvent displacement

The fabrication of particles in the nanometer and 
submicrometer range via the solvent displacement 
method produces spherical to tangle-shaped parti-
cles, either when cooled or uncooled. If the process 
is carried out without cooling in an IB at RT, particles 
with a bimodal size distribution are formed from the 
solutions with the concentrations of 1, 5, 10, 15 and 
20 mg mL− 1, see Fig. 2 and Supplementary informa-
tion Figure S4-S8. As the concentration increases, the 
particle diameters increase causing the size distribu-
tions to shift to the micrometer range.

If the entire particle size distribution is consid-
ered, the average particle diameter in the concen-
tration range of 1, 5 and 10  g mL− 1 increases from 
138 ± 79  nm to 225 ± 120  nm and 729 ± 462  nm, 
respectively, Fig.  3. When the concentration of the 
solution for the solvent displacement method is fur-
ther increased, the mean particle diameter for the 

entire sample changed to 613 ± 398  nm for 15  mg 
mL− 1 and 554 ± 453 nm for 20 mg mL− 1.

If the solvent displacement method is carried out 
under cooling with an IB, a normal unimodal size dis-
tribution is achieved at concentrations of 1 and 5 mg 
mL− 1. When the concentration is further increased, a 
bimodal distribution is formed here as well, see Sup-
plementary Figure S9-S13. At concentrations of 1, 5 
and 10  mg mL− 1 the average particle sizes increase 
from 138 ± 30 nm to 195 ± 46 nm, and 719 ± 290 nm, 
respectively. When a concentration of 15  mg mL− 1 
and 20 mg mL− 1 is used, the average particle diam-
eters decreases to 471 ± 313  nm and 389 ± 380  nm, 
accordingly.

Considering the obtained distributions in more 
detail, the bimodal size distributions can be separated 
and treated as distribution 1 (D1) for the distribution 
with the smallest particles fraction and distribution 2 
(D2) for the distribution of the larger particles frac-
tion, if available, Fig. 4. Thus, it is possible to acquire 
batch fragments with different particle diameters 

Fig. 5   Scanning electron microscope images of cellulose 
acetate particles. a–e Images of CDA particles. Each fabri-
cated with a concentration of a 1 mg mL− 1, b 5 mg mL− 1, c 
10 mg mL− 1, d15 mg mL− 1 and e 20 mg mL− 1. f–j Images of 
CA30k particles. Particles are produced with a concentration 

of f 1 mg mL− 1, g 5 mg mL− 1, h 10 mg mL− 1, i 15 mg mL− 1 
and j 20 mg mL− 1. k–o Images of CA50k particles. Fabricated 
with a concentration of k 1 mg mL− 1, l 5 mg mL− 1, m 10 mg 
mL− 1, n 15 mg mL− 1 and o 20 mg mL− 1, respectively
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from one batch through centrifugation or filtration 
processes.

Particle formation via rapid solvent shifting

Particles with average diameters between 43 and 
158  nm could be produced through the rapid sol-
vent shifting using the various cellulose acetate 
variants in the concentration range between 1 and 
20  mg mL− 1. All particles exhibited a predomi-
nantly spherical and smooth shape, see Figs. 5 and 
6. Only CDA, CA30k and CA50k produced isolated 
irregular particle shapes at the concentrations of 15 
and 20  mg mL− 1, while the majority were spheri-
cal. The size distributions of the prepared CDA par-
ticles are shown in Supplementary Figure S14-S18. 

In addition, the particle size determination of the 
nanoprecipitation is shown in Supplementary Fig-
ure S19-S23 for CA30k and Supplementary Figure 
S24-S28 for using CA50k. By using CAP or CAB 
as starting material, spherical shapes were always 
obtained over the entire concentration range.

The particles for both CAP and CAB also exhibit 
unimodal size distributions for the entire concentra-
tion series, see Supplementary Figure S29-S33 for 
CAP and S34-S38 for CAB. The mean particle sizes 
of the different cellulose acetate derivatives as well 
as the standard deviation are shown in Table 1.

Elemental analysis was used to obtain then 
the DS of the used cellulose acetates with differ-
ent molecular weights. Here, a DS of 2.0 for CDA 
and a DS of 2.2 for CA30k and CA50k were deter-
mined. The data of the molecular weight distribu-
tions determined via SEC can be found in the Sup-
plementary information Table ST1. Mw of CAP was 
reduced by 5200  g mol− 1 and Mn was reduced by 
450 g mol− 1 during particle fabrication.

Fabrication of cellulose nano‑ and submicronparticles

Spherical nanoparticles were also generated by dea-
cetylation of the CAP nanoparticles (method 1) and 
by manufacturing cellulose particles directly from 
a cellulose solution using the rapid solvent shifting 
method (method 2), Fig. 7.

Fig. 6   Scanning electron microscope images of cellulose 
acetate derivative particles.  a–e Images of CAP spheres. 
Each fabricated with a concentration of a 1 mg mL− 1,  b 5 mg 
mL− 1,  c 10  mg mL− 1,  d 15  mg mL− 1 and e 20  mg mL− 1, 

respectively.  f–j Images of CAB spheres. Particles are pro-
duced with a concentration of f 1 mg mL− 1,  g 5 mg mL− 1,  h 
10 mg mL− 1,  i 15 mg mL− 1 and  j 20 mg mL− 1

Table 1   Average particle sizes in nm and standard deviations 
of the particles produced via rapid solvent shifting in the con-
centration range of 1, 5, 10, 15, and 20 mg mL− 1 for cellulose 
acetate derivatives

Concentration/(mg mL− 1)

Substance 1 5 10 15 20

CA30k 43 ± 8 55 ± 12 76 ± 19 85 ± 21 134 ± 35
CDA 52 ± 8 63 ± 10 82 ± 19 97 ± 27 134 ± 54
CA50k 45 ± 11 77 ± 18 104 ± 30 122 ± 37 158 ± 84
CAP 52 ± 10 89 ± 20 103 ± 36 118 ± 39 135 ± 58
CAB 62 ± 15 84 ± 16 118 ± 48 135 ± 70 156 ± 84
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The particles obtained by method (1) have a uni-
modal size distribution, see Supplementary Fig-
ure S39-S43. After deacetylation, the spheres have 
a mean particle size of 47 ± 10  nm, 77 ± 11  nm, 
93 ± 23  nm, 102 ± 30  nm and 120 ± 30  nm for the 
concentrations of 1, 5, 10, 15 and 20  mg mL− 1 of 
CAP solution used in the precipitation process. The 
cellulose particles fabricated via method 2 exhibit 
sizes from 7 to 19  nm with a mean particle size of 
10 ± 3 nm, Fig. 7f.

Discussion

Precipitation via dialysis

Precipitation via dialysis is a simple and versatile 
osmosis-based method for the production of parti-
cles in the nano- and submicrometer range. Here, a 
slow but steady solvent displacement occurs due to 
slow diffusion through the dialysis membrane. The 
solvents used (acetone, DMAc, THF) are miscible 
with the antisolvent and are gradually displaced by 
the water. The resulting solvent/antisolvent mixture 
is thus progressively less able to keep the polymer in 
solution. The additional increase in interfacial tension 
leads to aggregation and precipitation of the macro-
molecules. This results in nucleation and growth of 
the particles (Chronopoulou et al. 2009; Wondraczek 
et al. 2013). The resulting spherical shape leads to a 

minimization of the energy in the system. The shape 
as well as the size of the resulting particles can gen-
erally be influenced by the polymer concentration, 
temperature, the polarities of the solvent and antisol-
vent used and the MWCO of the dialysis membrane. 
In this context, it is found that both a low concentra-
tion and a low temperature leads to the formation of 
smaller particles. The influence of the solvent/antisol-
vent combination has in turn an effect on the struc-
tural morphology as well as the size. The MWCO 
of the dialysis tube affects the solvent mixing rate. 
Decreasing the MWCO will also decrease the mixing 
rate. This subsequently favors thermodynamic factors 
rather than the kinetic ones and therefore decreases 
the mean particle size. In this case, all parameters 
except the selected solvent system remained constant, 
so the resulting change shown in Fig. 1 is caused by 
the influence of the solvent/antisolvent pair.

It can be seen here that the smallest particles are 
produced by using DMAc as a solvent. If acetone or 
THF is used as an alternative solvent, the mean par-
ticle diameter increases accordingly. This observa-
tion between DMAc and acetone was also reported by 
Hornig and Heinze (2008).

To describe this, a correlation of size and shape 
to the difference in dielectric constants Δε of the sol-
vent and antisolvent pair can be found (Chronopou-
lou et al. 2009). These differences depend on the sol-
vent/antisolvent choice of acetone/H2O (Δε = 59.3), 
DMAc/H2O (Δε = 42.3) and THF/H2O (Δε = 72.48) 

Fig. 7   Scanning electron 
microscope images of 
cellulose nanoparticles 
produced via method (1) 
with a concentration of a 
1 mg mL-1, b 5 mg mL-1, 
c 10 mg mL-1, d 15 mg 
mL-1 and e 20 mg mL-1. 
f shows a transmission 
electron microscope image 
of cellulose nanoparticles 
fabricated through method 
(2). The insert shows a clus-
ter of 4 spherical cellulose 
particles
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(Bakshi et  al. 1996; Chronopoulou et  al. 2009). For 
cellulose acetate, it can be observed that the mean 
particle size also increases with inceasing Δε. If THF 
is applied as a solvent, smooth spherical particles are 
preferably formed. This suggests that a high Δε favors 
a spherical morphology for cellulose acetate. In order 
to produce more uniform and preferably spherical 
particles, only THF was used as a solvent for all fur-
ther experiments.

Particle formation via solvent displacement

Precipitation of nano- and submicroparticles via the 
solvent displacement method by a dropwise addition 
of the antisolvent is an alternative method for produc-
ing nanoscale particles. This process could also be 
carried out with DMAc, acetone or other solvents that 
are also miscible with water. It is preferable to select a 
solvent system that can be completely removed from 
the aqueous dispersion by evaporation. Compared to 
dialysis, this makes it possible to carry out the entire 
process in a shorter time with a greater yield. In gen-
eral, the process can be executed in two ways. Either 
the polymer solution can be added dropwise to the 
antisolvent or the antisolvent can be added dropwise 
to the solution. According to Hornig and Heinze 
(2008), adding the polymer solution to the antisolvent 
can result in smaller particles with a broader distribu-
tion, as well as an increased amount of larger aggre-
gates, which correspondingly reduce the yield. If the 
antisolvent is added to the polymer solution accord-
ingly, larger particles with a more narrow size distri-
bution are obtained.

Through the slow addition of the antisolvent, a 
slow displacement of the solvent from the polymer 
solution occurs, similar to the dialysis process. These 
concentration fluctuations then lead to the deposition 
of the polymer at the interface (Fessi et  al. 1989). 
The particle formation can be explained by interface 
turbulence involving flow, diffusion and surface pro-
cesses. These interfacial turbulences take place at 
non-equilibrium liquid phases of the solvent and the 
antisolvent and could be described by the Marangoni 
effect, which explains mass transport along an inter-
face between two phases (Sternling and Scriven 1959; 
Fessi et al. 1989; Kannan et al. 2018). However, this 
complex mechanism is not completely understood and 
is usually explained only in terms of nucleation and 

growth as well as aggregation steps. The influence on 
the particle size is mostly characterized empirically 
by adjusting the process parameters (Zhao and Winter 
2015; Schulze 2016; Cordt et al. 2020).

For this reason, both the influence of the polymer 
concentration and the influence of the temperature 
on the particle size distributions are investigated by 
using the solvent displacement method. In general, 
this method leads to a continuous increase in the 
mean particle diameter with increasing concentra-
tion (Hornig and Heinze 2008; Wondraczek et  al. 
2013; Schulze 2016). Here, the particle diameter 
also increases with increasing concentration from 
1  mg mL− 1 to 10  mg mL− 1, both under uncooled 
and cooled conditions. In contrast to the known lit-
erature, the particle size then decreases slightly with 
increasing concentration. Whether cooled or not, the 
particle sizes are almost identical, with the excep-
tion for concentrations between 15 and 20 mg mL− 1. 
Only the standard deviation is smaller with cooling, 
Fig. 3. However, since a bimodal distribution occurs 
in the most cases, the two distributions must be sepa-
rated and treated individually for a detailed analysis, 
Fig. 4.

This shows that with increase in concentration, 
the fraction of larger particles is favored in D2. This 
is also consistent with the mechanisms of nuclea-
tion, as well as growth and aggregation processes: 
With increasing concentration, the possibility of 
more macromolecules attaching to the initial nuclei 
from the solution or of multiple nuclei aggregating 
increases. This results in an increase of the aver-
age particle diameter (Schulze 2016). Nevertheless, 
the behavior of the smaller fraction D1 is different. 
Here, an increase and a decrease of the particle size 
in dependence of the concentration can be clearly 
seen.

A similar trend is also observed, when the entire 
process runs at low temperatures. Here, however, 
unimodal size distributions occur at low concen-
trations of 1 and 5  mg mL− 1. For 1  mg mL− 1 
(138 ± 30  nm), this unimodal distribution corre-
sponds exactly to the mean value from the process 
at RT when the batch is considered in its entirety. 
At 5  mg mL− 1, the particle size of 195 ± 46  nm is 
slightly smaller than the entirety of the distribution 
at RT. For 10, 15, and 20 mg mL− 1, a bimodal dis-
tribution is also observed in the cooled processes. In 
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general, the size of the D1 fraction reaches its maxi-
mum at 10 mg mL− 1 and then decreases again. How-
ever, the D2 fraction generally tends to increase, but 
is always below the values of the D2 fraction without 
cooling. From this, it can be concluded that cool-
ing has an effect on nucleation, nucleus growth and 
aggregation of nuclei and favors the formation of a 
higher proportion of smaller and more uniform par-
ticles. This is consistent with the current theory on 
particle nucleation and growth (Lorenzo and Mül-
ler 2008; Thanh et  al. 2014). Kulterer explains this 
by the fact that the nonsolvent solvation power for 
CDA in water decreases with increasing temperature, 
since the water affinity of CDA also decreases with 
increasing temperature (Bochek and Kalyuzhnaya 
2002; Kulterer et al. 2011).

The jump in particle size development in the con-
centration range between 5 and 10 mg mL− 1 can be 
explained using the concept of the critical overlap 
concentration c*. Therefore, we performed addi-
tional measurements to determine c* by Ubbelohde 
viscosimetry using a dilution series of CDA in THF 
(0–15 mg mL− 1). Subsequently, the specific viscosity 
was determined and plotted as a function of the con-
centration, Fig. 8.

This results in an determined value of 9.8  mg 
mL− 1 for c*. Below c* the polymers are in a dis-
persed state and can be separated into nanodomains 
resulting in smaller and more uniform particles 
through precipitation (Hornig and Heinze 2008). At 
higher concentrations, the hydrodynamic volumes of 
the polymers overlap, leading to uncontrolled precipi-
tations (Cordt et  al. 2020). This corresponds exactly 
to the increase in mean particle size between 5 and 
10 mg mL− 1.

In general, the results show that the increase of the 
applied concentration favors the production of poly-
disperse and larger particles with a bimodal distribu-
tion. In contrast, cooling with an IB promotes the for-
mation of smaller and more uniform particles. To the 
best of our knowledge, there is no report in the litera-
ture of bimodal distributions obtained by the selected 
process parameters. The larger fraction D2 behaves as 
already described in the literature. The fraction with 
the smaller particles D1, in turn, shows a different 
behavior. For a more detailed description of this, fur-
ther investigations must be carried out. In particular, 
however, both fractions can be separated from each 
other by centrifugation or filtration processes and 
used for specific applications.

Fig. 8   Determination of 
the critical overlap concen-
tration (c*) by viscosity 
measurements of CDA in 
THF in the concentration 
range of 0–15 mg mL−1
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Particle formation via rapid solvent shifting

For the rapid solvent shifting, the antisolvent was 
quickly injected into the organic solution, resulting 
in an accelerated precipitation of the polysaccharide-
based nanoparticles (Whittemore IV 2015). For this 
investigation, various cellulose acetates differing in 
chain length as well as the cellulose acetate deriva-
tives CAP and CAB were examined. Unimodal size 
distributions were obtained through the rapid solvent 
exchange.

As the concentration increases, the average par-
ticle diameter increases as well as the respective 
standard deviation for all samples, Fig. 9. The mean 
size of the obtained nanoparticles can be adjusted 
between 43 and 158 nm through the suitable choice 
of the hydrophobic cellulose ester and the applicable 
concentration.

The DS from the elemental analysis is 2.0 for CDA 
and 2.2 for CA30k and CA50k, respectively. It can be 

seen that the slight difference in DS has no recogniz-
able influence on the particle size distribution.

The molecular weight distributions from the SEC 
measurements of the individual cellulose acetate 
derivatives differ slightly from the information pro-
vided by the manufacturer, Supplementary Table 
ST1. In the considered concentration range of the 
nanoprecipitation, the different molecular weight dis-
tributions also had no influence on the particle size. 
This is in contradiction to a previous report (Kulterer 
et  al. 2011). Only the applied concentration of the 
respective derivatives has an influence on the result-
ing particle sizes. A linear regression of the concen-
tration x versus the average particle sizes y yields the 
function y = 0.0046x + 0.0479 with R2= 0.989. This 
offers the possibility to estimate a desired average 
particle size depending on the selected polymer con-
centration. The smallest and most uniform nanoparti-
cles were produced at a concentration of 1 mg mL− 1.

Fig. 9   Box plot of the 
particle size distribution for 
the used cellulose acetate 
derivatives with different 
molecular weights and 
concentrations
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Despite the strong variation of the chain lengths, 
similar particle sizes for the different cellulose ace-
tate derivatives were obtained from highly diluted 
solutions. However, CAP and CAB show a stronger 
tendency to form larger particles in contrast to the 
shorter chain length in cellulose acetate derivatives 
as already reported (Hornig and Heinze 2008). This 
could possibly be explained by the larger side chains 
after functionalization. The preparation of CAP 
nanoparticles has caused a slight degradation of the 
molecular weight as a result of the applied shear 
forces. It should also be mentioned that due to the 
rapid solvent exchange, the sudden increase in parti-
cle size between 5 and 10 mg mL− 1 can no longer be 
detected in any of the samples.

The chain length of the cellulose acetate deriva-
tives has a rather minor influence on the morphology 
of the obtained particles. The cellulose acetates with 
different molecular weights result in predominantly 
smooth and rough spherical particles, whereas the use 
of CAP and CAB makes it possible to produce almost 
exclusively smooth and perfectly spherical particles. 
From this, the tendency can be seen that the side 
chains have a stronger influence on the morphology 
and the mean particle size of the resulting particles 
than the molecular weights of the used polymers. Due 
to the rapid solvent shifting, the jump in the particle 
size between 5 and 10 mg mL− 1 is no longer clearly 

recognizable, so that the c* shows a minor influence 
here.

Fabrication of cellulose nano‑ and submicronparticles

For the production of cellulose particles, two ways 
are presented. One way is to prepare these from cel-
lulose acetate derivative particles via simple deacety-
lation (1). The other route is to obtain nanoparticles 
directly from cellulose by dissolving MCC and pre-
cipitating and regenerating it via the rapid solvent 
shifting method (2).

Process (1) is illustrated using CAP particles as an 
example. Here, the particles of the entire concentra-
tion series are each deacetylated by a 0.15 M NaOH 
in a 96 vol% ethanol solution. This should completely 
remove both the acetyl and propionyl residue. This 
can be achieved using either an aqueous or an alco-
holic alkali solution. The degree of deacetylation and 
the time required depend on many factors, such as 
the solvent type, alkali concentration and the applied 
ratio (He 2017; Tulos et al. 2019). According to Liu 
and Hsieh, the deacetylation of cellulose acetate with 
an alcoholic alkali solution should be more efficient, 
homogeneous and complete than with the same alkali 
concentration in an aqueous solution (Liu and Hsieh 
2002). In addition, there should be no significant 
change in surface and morphology. In order to per-
form a complete deacetylation, the reaction was car-
ried out for 24 h at RT. Subsequently, FTIR was used 
to characterize the deacetylation results, Fig. 10.

FTIR analysis was performed on CAP particles 
and the deacetylated samples in the concentration 
range from 1  mg mL-1 to 20  mg mL−1 and MCC. 
This makes it possible to detect the complete dea-
cetylation of the specimens. The FTIR spectra of 
CAP particles show the typical spectrum of CAP. 
Most notable is the small band at 2886 cm− 1 for the 
methylene group (–CH2-) of the propionyl moiety 
and the strong absorption band at 1739  cm−1 which 
is related to the carbonyl (C=O) stretching vibra-
tion (Xu et  al. 2018; Rothammer et  al. 2018). The 
respective deacetylation leads to the formation of 
free hydroxyl groups and thus to a strong increase of 
the band around 3345  cm− 1. These can be assigned 
to the valence vibrations of the hydroxyl groups 
within the cellulose chains as well as to the vibra-
tions of absorbed water. They include signals from 
inter- and intramolecular interactions between the 

Fig. 10   FTIR spectra of CAP particles, the deacetylated CAP 
nano- and submicroparticles produced through the concentra-
tion range of 1, 5, 10, 15 and 20 mg mL−1 and MCC.
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molecular chains (Ciolacu et  al. 2011). In the range 
between 2800  cm and 3000  cm−1 are the valence 
vibrations of the alkyl groups. Here, a clear change 
from small bands around 2886 cm− 1 of CAP can be 
seen. The strong band of carbonyl stretching vibration 
vanished in all treated samples indicating complete 
deacetylation. A further band of absorbed water is 
located at 1635 cm− 1. The band in the region around 
1429 cm−1, which is partially recognizable as a shoul-
der, can be assigned to symmetrical deformation 
vibrations of the CH2 groups of the cellulose. In the 
region between 1000 cm and 1300 cm−1 the bands of 
the C–O valence vibrations of the alcohol groups and 

the pyran ring are located. Around 897 cm−1 are the 
stretching vibrations of the glycosidic bonds. Thus, 
the spectra of the deacetylated samples correspond 
well to the spectrum of the MCC. The deacetylation 
has therefore led to a complete conversion of the CAP 
to cellulose.

Subsequently, the cellulose nanoparticles obtained 
via methods 1 and 2 were further characterized via 
X-ray diffraction, Fig.  11. For each of the produced 
regenerated cellulose particles, the main intensity 
contributions are at 12.02°, 20.12° and 22.20°. The 
peak at 12.02° corresponds to the Miller index of 
(1–10). The broad peak at 20.40° of the cellulose 
nanoparticles consists of the contributions from two 
adjacent reflections which are clearly visible in the 
deacetylated sample. The diffraction pattern at 20.12° 
and the corresponding shoulder at about 22.20° can 
be assigned to the Miller indices of (110) and (020).

As a result of this classification, the diffraction pat-
tern of the cellulose regenerates of both approaches 
corresponds to the cellulose II modification. Here, the 
cellulose chains have an antiparallel orientation. This 
represents the thermodynamically more stable modi-
fication of cellulose (French 2014).

The crystallinity of the samples was determined 
according to the method of Ruland and Vonk (Ruland 
1961; Vonk 1973). For this, the data were evaluated 
by a Rietveld refinement. Here, the MCC has a crys-
tallinity of about 60%. By dissolving and regenerating 
CAP via nanoprecipitation followed by deacetylation, 
the crystallinity of the obtained cellulose nanoparti-
cles decreases to 31–38%, Table  2. In contrast, the 
cellulose nanoparticles prepared directly from MCC 
via method 2 exhibit a completely amorphous struc-
ture. Here, MCC exhibits a crystallite size of 8.3 nm. 
For the obtained particles prepared from a 1  mg 

Fig. 11   Diffraction patterns of a deacetylated CAP nanopar-
ticle sample (method 1) and b cellulose nanoparticle sample 
(method 2). The presented data were smoothed over 5 data 
points (spaced by 0.02° 2θ) by a Savitzky-Golay algorithm and 
corrected for scattering from the sample holder. In a, the pat-
tern is explained as the sum of coherent (dashed line) and inco-
herent scattering (gray line), the latter being composed of scat-
tering from the amorphous phase and diffuse scattering from 
the crystalline phase

Table 2   Calculated crystallinity of MCC and cellulose parti-
cles prepared via method (1) in the concentration range of 1, 5, 
10, 15 and 20 mg mL-1

Substance Crystallinity/%

MCC 60.42 ± 0.14
1 mg/mL 37.90 ± 0.31
5 mg/mL 37.95 ± 0.10
10 mg/mL 30.60 ± 0.11
15 mg/mL 36.27 ± 0.10
20 mg/mL 38.62 ± 0.39
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mL− 1, 5  mg mL− 1 and 10  mg mL− 1, the crystallite 
size reduces to 6.2 nm, 4.4 and 5.5 nm. The particles 
obtained at concentrations of 15 and 20  mg mL− 1 
have a crystallite size of 4.7 and 5.8 nm.

Since the bands of the FTIR spectra as well as the 
X-ray diffraction pattern exclusively reflect the chem-
ical structure of cellulose, the complete deacetylation 
can be considered as successful.

After deacetylation of the CAP particles, the mor-
phological structure of the spheres is preserved in all 
samples. As the particles have a high surface-to-vol-
ume ratio and are characterized by a strong hydrophi-
licity, strong intermolecular interactions are formed 
between the spheres. This leads to an increased 
aggregation of the individual particles. Combined 
with the high sensitivity of cellulose to electron beam 
damage, this complicates a suitable imaging of iso-
lated particles (Ogawa and Putaux 2019). Figure  7f 
shows the cellulose nanoparticles obtained by method 
(2). Due to their small sizes, highly diluted disper-
sions in ethanol were studied by TEM, which allows 

the identification of isolated small circular nanopar-
ticles to be seen. The differences between the mean 
particle sizes fabricated via methods 1 and 2 are 
shown in Fig. 12a. Comparing the obtained mean par-
ticle sizes of the deacetylated CAP particles with the 
initial product, a reduction in particle size of about 
8.8–13.6% can be observed. The removal of the acetyl 
and propionyl moieties via an alcoholic alkali solu-
tion thus leads to a reduction in particle size while 
retaining the morphological structure.

For the determination of the size distribution of 
the nanoparticles produced via method 2, the TEM 
images were evaluated. The particle diameters were 
determined via the areas of the separated particles. 
To avoid possible artefacts, a minimum area was set 
as a limiting value. Since the unit cell of the anhy-
droglucose unit requires a volume of 0.671 nm3, a 
minimum volume of 148.3 nm3 can be assumed for a 
DP of about 221 units (Barry et al. 1936). Assuming 
spherical particles, this corresponds to a minimum 
radius of 3.28 nm and thus a minimum circular area 

Fig. 12   a Average size of 
cellulose particles produced 
via method 1 by using a 
concentration of 1, 5, 10, 
15 and 20 mg mL-1 for the 
nanoprecipitation and by 
using method 2. b Particle 
size distribution of method 
(2)
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of 33.8 nm2. Only particles exceeding this limit were 
included in the particle size distribution. This results 
in a narrow size distribution in the size range of 7 to 
19 nm using method 2. The respective maximum is at 
8 nm with a fraction of 18.75%, Fig. 12b. Therefore, 
both methods show that cellulose nanoparticles can 
be manufactured via deacetylation of cellulose acetate 
derivatives and directly via nanoprecipitation starting 
from a cellulose solution in DMAc/LiCl.

Comparison of the different manufacturing processes 
in terms of sustainability

For the production of particles, the dialysis method 
is a more sustainable approach. No additional 
energy input is required due to a missing thermal 
treatment. The required water can be purified and 
reused after dialysis if necessary. The solvent dis-
placement method requires an additional energy 
input due to the use of the syringe pump and the 
heating up to 73  °C. The rapid solvent shifting is 
therefore a more sustainable approach, since the 
syringe pump is not required due to the direct and 
complete addition of the coagulation medium. For 
the production of particles directly from cellulose, it 
is necessary to dissolve it. The process shown here 
represents an already improved procedure compared 
to Rahn et  al. (1996). Nevertheless, a temperature 
of 90  °C is required. An optimization of the pro-
cess by improving the pre-activation could further 
reduce the required temperature. This would also 
counteract the known yellowing of the cellulose and 
make the process more efficient in terms of energy 
consumption.

However, the solvents acetone, DMAc and THF 
used in the approaches are not harmless to humans 
or the environment. The solvents can form explo-
sive air mixtures. The substances cause irritation in 
each case. Acetone additionally causes drowsiness, 
DMAc is suspected to have a reproductive toxic and 
teratogenic effect and THF is carcinogenic (Sigma-
Aldrich- SIGALD- 179124, 2023; Sigma-Aldrich- 
Aldrich- 185,884, 2023; Sigma-Aldrich- Sigma-
Aldrich- 401,757, 2023).

The individual methods exhibit advantages and 
disadvantages depending on the duration of the indi-
vidual process and the chemicals used. In general, 
it is essential in terms of sustainability and green 

chemistry to find and use environmentally friendly 
alternative solvent systems.

Conclusion

A comparative study of the production of particles 
by different types of nanoprecipitation using a wide 
range of substrates was performed. It has been shown 
that the difference in dielectric constants Δε of the 
solvent/antisolvent pair has an influence on the mor-
phology of the produced cellulose-based particles. 
Variations in the particle size distribution of different 
nanoprecipitation methods have been highlighted. A 
fast addition of the coagulation medium under cool-
ing of the batch results in small diameters with nar-
rower size distribution in dependence of the polymer 
concentration. The particle size distribution seems to 
be independent of the molecular weight of the poly-
mer used for particle fabrication. The average particle 
size and the width of distribution rises with a higher 
polymer concentration during particle formation. Two 
routes were demonstrated for the manufacturing of 
nanoscale cellulose spheres. First, cellulose nanopar-
ticles can be obtained via a simple deacetylation of 
the produced cellulose acetate derivative nanopar-
ticles. Second, cellulose can also be converted into 
particles in the size range of 10 ± 3 nm directly from 
solution via nanoprecipitation by the rapid solvent 
shifting process.
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