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I. Cellulose dissolution in an organic electrolyte solution 

Wood cellulose fibers were dissolved in an organic electrolyte solution (OES), formed by 

1-ethyl-3-methylimidazolium acetate ([Emim][OAc]) and dimethyl sulfoxide (DMSO), during 3 

h at 27 °C. Two cellulose concentrations, namely 1.5 wt.% and 3.0 wt.%, and five different 

mass ratios of [Emim][OAc] and DMSO, namely 50:50, 40:60, 30:70, 25:75 and 20:80, were 

tested, as outlined in Table S1. 

 

Table S1. List of the studied parameters in the cellulose dissolution assays. 

Sample 
Mass ratio 

[Emim][OAc]:DMSO 
Molar ratio 

[Emim][OAc]: DMSO 
[Cellulose] 

(wt.%) 
Dissolved 

(Y/N)* 

Cell1.5_50:50 50:50 31:69 1.5 Y 

Cell1.5_40:60 40:60 23:77 1.5 Y 

Cell1.5_30:70 30:70 16:84 1.5 Y 

Cell1.5_25:75 25:75 13:87 1.5 Y 

Cell1.5_20:80 20:80 10:90 1.5 N 

Cell3_50:50 50:50 31:69 3.0 Y 

Cell3_40:60 40:60 23:77 3.0 Y 

Cell3_30:70 30:70 16:84 3.0 Y 

Cell3_25:75 25:75 13:87 3.0 Y 

Cell3_20:80 20:80 10:90 3.0 N 

* Y (Yes), N (No) 

 

Fig. S1A displays the visual aspect of the different cellulose solutions using the various 

mass ratios of [Emim][OAc]:DMSO, whereas Fig. S1B depicts the corresponding optical 

micrographs of those cellulose solutions. In addition, Fig. S2 shows the attenuated total 

reflection-Fourier transform Infrared (ATR-FTIR) spectra of the different cellulose solutions, 

as well as of the corresponding individual components, namely cellulose, [Emim][OAc] and 

DMSO. Fig. S3 portrays the rheological data of the different cellulose solutions at 27 °C (i.e., 

temperature at which the dissolution took place). According to these results, both cellulose 

concentrations, although insoluble in the OES composed of 20:80 mass ratio of 

[Emim][OAc]:DMSO, originated clear cellulose solutions with [Emim][OAc]:DMSO mass ratios 
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of 50:50, 40:60, 30:70 and 25:75. These solutions have suitable rheological properties for the 

dropwise extrusion through a syringe needle aided by a syringe pump. 

 

Fig. S1. (A) Digital photographs and (B) optical micrographs of the various cellulose solutions (1.5% and 
3.0%, w/w) using different mass ratios of [Emim][OAc]:DMSO (50:50, 40:60, 30:70, 25:75 and 20:80). 
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Fig. S2. ATR-FTIR spectra of (A) cellulose, [Emim][OAc] and DMSO, and (B) the various cellulose 
solutions (1.5% and 3.0%, w/w) using different mass ratios of [Emim][OAc]:DMSO (50:50, 40:60, 30:70 
and 25:75). 
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Fig. S3. Rheological data of the various cellulose solutions (1.5% and 3.0%, w/w) using different mass 
ratios of [Emim][OAc]:DMSO (50:50, 40:60, 30:70 and 25:75): (A) viscosity as a function of shear rate, 
and (B) dependence of the elastic modulus (G’) and viscous modulus (G’’) on angular frequency. 

 

II. Cellulose regeneration into microspheres 

The regeneration of the previously dissolved cellulose into microspheres was tested by 

adding dropwise the cellulose solution to an anti-solvent, viz., water. Various parameters 

were verified, namely the concentration (1.5 and 3.0 wt.%) and volume (0.2 and 2.0 mL) of 

the cellulose solution, the volume (5.0, 10.0 and 20.0 mL) and stirring speed (0, 500 and 1250 

rpm) of the anti-solvent, the syringe needle gauge (0.30 and 0.45 mm) and syringe pump flow 

rate (0.1, 0.2 and 0.5 mL min–1). 

Starting with the concentration of the cellulose solution, the regeneration of the various 

cellulose solutions with a concentration of 1.5 wt.% originated particles that were mostly non-

spherical and that collapsed after drying due to the low content of cellulose. Therefore, this 
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concentration was set aside and all the previously enumerated parameters were tested for 

the cellulose solutions with a concentration of 3.0 wt.%. 

The volume of the antisolvent was also evaluated, as it plays an important role in 

determining the shape of the resulting particles and preventing the formation of aggregates. 

In fact, individualized and spherical cellulose particles were only obtained when a larger 

volume of antisolvent was used. Furthermore, using a higher volume of cellulose solution (2.0 

mL) to produce more particles was only achievable when paired with a higher volume of 

antisolvent (20.0 mL). 

In relation to the stirring speed of the antisolvent, the absence of mixing is not 

advantageous since it leads to the formation of aggregates of non-spherical particles with 

shape deformities. At 500 rpm, there is also the formation of aggregates of cellulose particles 

for all cellulose solutions, while at 1250 rpm the particles were spherically shaped without 

the formation of aggregates. 

The syringe needle gauge is another parameter that influences the regeneration of 

cellulose into microspheres. Depending on the mass ratios of [Emim][OAc]:DMSO (50:50, 

40:60, 30:70 and 25:75) used for cellulose dissolution, a considerable strength was required 

to extrude the more viscous solutions, namely the 50:50 and 40:60. Hence, the use of a 0.45 

mm needle gauge facilitates the extrusion of all cellulose solutions, contrary to the 0.30 mm 

needle gauge. 

Regarding the syringe pump flow rate, the regeneration of cellulose was carried out with 

a solution containing 3.0 wt.% of cellulose dissolved in [Emim][OAc]:DMSO at the various 

mass ratios (50:50, 40:60, 30:70 and 25:75) and using different flow rates, namely 0.1, 0.2 and 

0.5 mL min–1 (Fig. S4). For the higher syringe pump flow rates, namely 0.2 and 0.5 mL min–1, 

the cellulose particles showed some deformities with the formation of tails for all mass ratios 

of [Emim][OAc]:DMSO, as well the formation of aggregates, particularly for the 50:50 

cellulose solution, as illustrated in Fig. S4B,C. When using a flow rate of 0.1 mL min–1, it is 

evident that the spherical cellulose particles were formed with fewer deformities, principally 

for the 25:75 mass ratio of [Emim][OAc]:DMSO, as depicted in Fig. S4A. 
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Fig. S4. Optical micrographs (scale bar: 2000 µm) of the cellulose particles prepared with a syringe 
pump flow rate of (A) 0.1 mL min–1, (B) 0.2 mL min–1, and (C) 0.5 mL min–1, using 2.0 mL of the 3.0 wt.% 
of cellulose solutions with different mass ratios of [Emim][OAc]:DMSO (25:75, 30:70, 40:60, and 
50:50), 20 mL of anti-solvent at 1250 rpm and needle gauge of 0.45 mm. 

 

The drying process is another parameter that must be taken into account, as it affects 

the shape of the ensuing cellulose particles. In fact, only those dried under ambient conditions 

generated cellulose particles with a better-defined spherical shape (i.e., cellulose 

microspheres), as shown in the micrographs of Fig. S5. Therefore, when deem necessary the 

cellulose microspheres were allowed to dry under ambient conditions, which is the most 

adequate drying process to obtain these cellulose microspheres. 

In sum, the optimized cellulose microspheres were prepared via dissolution of 3 wt.% of 

the polysaccharide with [Emim][OAc]:DMSO at a mass ratio of 25:75. Then, 2.0 mL of this 

cellulose solution was extruded through a syringe with a needle gauge of 0.45 mm and a 

syringe pump flow rate of 0.1 mL min–1, and cellulose was regenerated in 20 mL of anti-solvent 

stirring at 1250 rpm. Afterwards, the cellulose microspheres were dried under ambient 

conditions. 
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Fig. S5. Scanning electron micrographs of the cellulose particles dried via (A) freeze drying, (B) oven 
drying and (C) dried under ambient conditions. The cellulose particles were prepared using 2.0 mL of 
the 3 wt.% of cellulose solution with a mass ratio of 25:75 of [Emim][OAc]:DMSO extruded by a syringe 
needle gauge of 0.45 mm with a syringe pump flow rate of 0.1 mL min–1 to 20 mL of anti-solvent stirring 
at 1250 rpm. 

 

III. Functionalization of cellulose microspheres with the individual inorganic 

nanoparticles 

The cellulose microspheres were firstly functionalized with the single inorganic 

nanoparticles (NPs) to select between two assembly methodologies, namely (i) the 

regeneration of cellulose in the presence of previously synthesized gold (AuNPs), platinum 

(PtNPs), and iron oxide (Fe3O4NPs) nanoparticles, or (ii) the in situ synthesis of the AuNPs, 

PtNPs and Fe3O4NPs in the presence of the cellulose microspheres. 

 

III.1. Regeneration of cellulose into microspheres in the presence of inorganic NPs 

So first, the three inorganic nanoparticles, namely Au, Pt and Fe3O4, were prepared via 

chemical reduction or co-precipitation of their respective salts. The AuNPs were synthesized 

via the in situ reduction of a gold (III) complex as reported elsewhere [1]. The PtNPs were 

synthesized by a reduction method with sodium borohydride and trisodium citrate [2]. The 

Fe3O4NPs were prepared by the coprecipitation of Fe(II) and Fe(III) salts in a 1:2 molar ratio, 

respectively [3]. 

The color change of the synthesis reactions provided the first indication of the formation 

of the three types of inorganic nanoparticles. The product of the AuNPs synthesis culminated 

in a clear pinkish colloidal suspension, while the synthesis of the PtNPs resulted in a clear 

brownish colloidal suspension (Fig. S6A). It is worth mentioning that this brownish coloration 

appears immediately after the addition of the colorless reducing agent, thus, indicating the 
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reduction of the platinum ions and the formation of the PtNPs. The synthesis of the Fe3O4NPs 

generated a dark colloidal suspension (Fig. S6A) [4]. 

 

Fig. S6. (A) Photographs and (B) UV-Vis spectra of the colloidal suspensions of gold nanoparticles 
(AuNPs), platinum nanoparticles (PtNPs) and iron oxide nanoparticles (Fe3O4NPs); and (C) TEM 
micrographs of the inorganic NPs, and (D) evolution of the magnetic separation of the colloidal 
suspension of iron oxide nanoparticles (Fe3O4NPs) after exposure to a magnet during 2.5, 10, 30, 60 
and 300 s. 
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The ultraviolet-visible (UV-Vis) spectrum of the AuNPs (Fig. S6B) shows an absorbance 

maximum centered at around λ = 526 nm, ascribed to the surface plasmon resonance (SPR) 

band in the visible region [5], whereas the spectra of the PtNPs and Fe3O4NPs do not reveal 

any noticeable absorption bands, in line with data reported elsewhere [4,6]. 

According to the transmission electron micrographs (Fig. S6C), the three inorganic 

nanoparticles have sizes in the nanoscale with diameters of 11±1 nm for AuNPs, 5±2 nm for 

PtNPs and 10±2 nm for Fe3O4NPs. These values align with those reported in the respective 

synthesis methodologies employed [1–3]. Furthermore, the three inorganic NPs have 

apparent zeta potential values of about –28 mV (in ultrapure water, pH 6.5-7.0, 25 °C), which 

is consistent with data reported in literature [7–9]. 

To check the magnetic properties of the Fe3O4NPs, a magnet was placed underneath the 

vial containing the nanoparticles colloidal suspensions. As displayed in Fig. S6D, the Fe3O4 NPs 

were attracted to the magnet and the colloidal suspension started to become transparent 

with the NPs settling to the bottom of the vial over a short period of time. 

After the synthesis and characterization of the inorganic nanoparticles, the first assembly 

methodology for the cellulose microspheres functionalized with the individual NPs was 

tested. The regeneration of cellulose in the presence of the previously individually 

synthesized AuNPs, PtNPs and Fe3O4NPs, generated the single hybrids containing 0.23±0.01 

mg g–1 of Au, 0.65±0.09 mg g–1 of Pt and 1.16±0.04 mg g–1 of Fe, respectively, as determined 

by total reflection X-ray fluorescence (TXRF) spectrometry. 

 

III.2. Synthesis of the inorganic NPs in the presence of cellulose microspheres 

The second assembly methodology consisted in the in situ synthesis of the AuNPs, PtNPs 

and Fe3O4NPs in the presence of the cellulose microspheres. The Cell/AuNPs nanohybrid is 

composed of 0.37±0.02 mg g–1 of Au, the Cell/PtNPs nanohybrid is formed by 1.02±0.02 mg 

g–1 of Pt and the Cell/Fe3O4NPs nanohybrid has 63.5±0.6 mg g–1 of Fe. So, these results show 

that the second methodology was more successful in terms of nanoparticles’ content than 

the first methodology, and thus, is the one selected for the next steps. 

The characterization of the Cell/AuNPs, Cell/PtNPs and Cell/Fe3O4NPs single nanohybrids 

(prepared via the in situ synthesis of the corresponding NPs in the presence of cellulose 

microspheres) was performed by SEM coupled with energy dispersive X-ray spectroscopy 
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(EDS). According to the SEM micrographs (Fig. S7A), the size and shape of the cellulose 

microspheres were not affected by the functionalization with the individual inorganic 

nanoparticles (AuNPs, PtNPs and Fe3O4NPs).  

 

Fig. S7. (A) SEM micrographs, (B) EDS spectra and (C) SEM/EDS mapping of Au, Pt and Fe elements 
(scale bar: 30 µm) of the Cell/AuNPs, Cell/PtNPs and Cell/Fe3O4NPs prepared via the in situ synthesis 
of the corresponding NPs in the presence of the cellulose microspheres. 

 

Furthermore, the EDS spectra (Fig. S7B) show that, apart from the carbon (C) and oxygen 

(O) peaks at 0.27 and 0.53 keV [10], respectively, the single nanohybrids present the 

corresponding peaks of gold (Au) at 2.12 keV [11], platinum (Pt) at 2.05 keV [12], and iron (Fe) 
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peaks at 0.71, 6.40 and 7.07 keV [12]. Table S2 shows the normalized element composition 

(wt.%, C, O, Au, Pt and Fe) of the single nanohybrids. 

 

Table S2. EDS normalized element composition (C, O, Au, Pt and Fe) of the single nanohybrids. 

 C (wt.%) O (wt.%) Au (wt.%) Pt (wt.%) Fe (wt.%) 

Cell/AuNPs 46.2±17.2 51.0±19.3 2.8±0.5 – – 

Cell/PtNPs 47.3±17.5 52.2±19.7 – 0.50±0.16 – 

Cell/Fe3O4NPs 23.1±13.5 41.6±21.5 – – 35.5±4.6 

 

The surface chemical composition of the Cell/AuNPs, Cell/PtNPs and Cell/Fe3O4NPs single 

nanohybrids was also checked by EDS mapping for gold, platinum and iron. As illustrated in 

Fig. S7C, each element is uniformly distributed across the corresponding single nanohybrids, 

which is consistent with the EDS spectral data (Fig. S7B). 

The XRD diffractograms (Fig. S8A) of the Cell/AuNPs, Cell/PtNPs and Cell/Fe3O4NPs single 

nanohybrids display the characteristic broad peak of regenerated cellulose (2θ ≈ 20° and 21° 

[13]), particularly in the samples with lower inorganic NPs content, such as Cell/AuNPs and 

Cell/PtNPs. Additionally, the diffractogram of the Cell/Fe3O4NPs nanohybrid exhibits distinct 

peaks corresponding to magnetite (2θ ≈ 30°, 36°, 43°, 53°, 57°, and 62° [14]), alongside the 

cellulose II diffraction pattern.  

The thermogravimetric analysis (TGA, Fig. S8B) of the single nanohybrids show a one-step 

mass-loss degradation profile in the range of 240-380 °C with maximum decomposition 

temperatures of 336 °C for Cell/AuNPs, 332 °C for Cell/PtNPs and 321 °C for Cell/Fe3O4NPs. 

The total mass loss at 800 °C reached values of ca. 79% for Cell/AuNPs, 77% for Cell/PtNPs 

and 72% for Cell/Fe3O4NPs. 

As anticipated, the Cell/PtNPs nanohybrid has the ability to randomly move (in-place 

rotation) in a medium containing H2O2 as fuel, contrary to the Cell/AuNPs and Cell/Fe3O4NPs 

nanohybrids that remained static under the tested conditions. 
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Fig. S8. (A) XRD diffractograms and (B) TGA thermograms (inert atmosphere) of the Cell/AuNPs, 
Cell/PtNPs and Cell/Fe3O4NPs prepared via the in situ synthesis of the corresponding NPs in the 
presence of cellulose microspheres. 

 

The topography of the Cell/Fe₃O₄NPs single nanohybrid was analyzed by AFM. According 

to Fig. S9A, the single hybrid exhibited a low surface roughness with a Sa (arithmetical mean 

height of the surface) value at the nanoscale (ca. 73 nm), which is higher than the Sa value of 

the unfunctionalized cellulose microspheres (ca. 65 nm). The MFM phase analysis does not 

clearly confirm the magnetic behavior of Cell/Fe3O4NPs given the very low variation in 

contrast (Fig. S9B). Nevertheless, the Cell/Fe3O4NPs nanohybrid is capable of a magnetic 
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response in the presence of a magnet as undoubtedly observed in the time-lapse images in 

Fig. S9B. The Cell/AuNPs and Cell/PtNPs nanohybrids did not exhibit any magnetic response 

when exposed to a magnet. 

 

Fig. S9. (A) Atomic force micrograph and roughness analysis of the Cell/Fe3O4NPs single nanohybrid, 
and (B) magnetic force micrograph and photographs of the magnetic response of the Cell/Fe3O4NPs 
single nanohybrid after exposure to a magnet. 

 

IV. Characterization techniques 

IV.1. Rheology measurements 

Rheology measurements were carried out with a Malvern Kinexus Lab+ Rheometer 

(Malvern Instruments, Malvern, United Kingdom) equipped with a Peltier element for 

temperature control, and a plat-plate geometry with a diameter of 40 mm, using a water lock 

to prevent dehydration of the samples. The shear viscosity of the cellulose solutions was 

evaluated as a function of shear rate at 27 °C by steady shear measurements, with shear rates 

ranging from 0.01–100 s−1. Elastic (G’) and viscous (G’’) moduli were determined by an 

oscillatory frequency sweep test at 27 °C with as frequency sweep range of 0.01–10 Hz. 
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IV.2. Ultraviolet-visible (UV-Vis) spectroscopy 

Absorption spectra were acquired with a Shimadzu UV1800 UV-vis spectrophotometer 

(Shimadzu Corporation, Kyoto, Japan) equipped with a quartz window plate with 10 mm 

diameter and the holder in the vertical position. The spectra were acquired in steps of 0.5 nm 

in the 300–700 nm range at room temperature. 

 

IV.3. Transmission electron microscopy (TEM) 

TEM micrographs were obtained by JEOL 2200 FS TEM microscope (GEOL, Tokyo, Japan) 

operating at 200 kV. The samples were prepared by placing a dispersion of nanoparticles onto 

a copper grid coated with a holey carbon film and allowing them to air-dry. The average size 

was determined with a minimum of 50 measurements using the Fiji image processing 

software. 

 

IV.4. Dynamic light scattering (DLS) 

Measurements of zeta potential were carried out in a Malvern Zetasizer Nano ZS 

equipment (Malvern Panalytical, Cambridge, United Kingdom), using ultrapure water as 

dispersion medium at room temperature. All test specimens were analyzed in triplicate 

(based on one hundred measurements per test specimens). 
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