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A B S T R A C T   

Hypothesis: The self-assembly (SA) of nanostructures triggered by the adsorption of biomolecules (BSA) is 
investigated as a platform to develop diagnostics and functional applications. Mixing nanostructures of different 
morphologies; SiO2 nanospheres (NS) to a cellulose nanorod crystals (CNC) leads to the formation of short range 
ordered domains in the dried film. Adding biomolecules-treated SiO2 NS into the CNC develop the long range 
ordered assembly in the composite film. 
Experiments: The CNC-SiO2 composite films were prepared by mixing CNC suspension (3 wt%) with the SiO2 NS 
of different concentration (0.5–5 mg/mL) followed by drying at the ambient conditions. The CNC-SiO2 @BSA 
films are prepared by first mixing the BSA (1 mg/mL) with the SiO2 suspension of different concentrations. Later 
the SiO2 @BSA suspension was mixed with the CNC and left for drying at the ambient conditions. The self- 
assembly mechanisms of CNC, SiO2 and BSA are studied by combining SEM, DLS, UV-Vis, QCM-D and SAXS 
analysis. 
Findings: The SA mechanism of aqueous suspensions of CNC blended with SiO2 NS pre-treated with BSA (by 
adsorption) is studied by a combination of small angle X-ray scattering (SAXS), scanning electron microscopy 
(SEM), UV-Vis spectroscopy (UV-Vis), dynamic light scattering (DLS) and quartz crystal microbalance with 
dissipation (QCM-D). Both CNC and SiO2 NS are negatively charged and have demonstrated self-assembly ability 
driven from a combination of long- and short- range order arrangement. Adding SiO2 NS to a CNC suspension 
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disrupts the original SA of both CNC and SiO2, which leads to the formation of small, short- range ordered 
domains of large polydispersity. Surprisingly, adding BSA-treated SiO2 NS into the CNC network enhances the 
arrangement of CNC and NS towards a new system with long range ordered assembly. The SA mechanisms of 
cellulose-SiO2 composites result from the balance of electrostatic repulsion and van der Waal attraction in the 
structure factor, radial distance distribution and potential of mean force. Understanding the effect of biomolecule 
adsorption on the self-assembling mechanisms of CNC nanorods with SiO2 nanospheres enables the efficient 
engineering of catalysis, biosensors and diagnostics.   

1. Introduction 

The self-assembly (SA) of constituent nanomaterials (1–100 nm) can 
lead to composites with unique sets of mechanical, electronic, magnetic 
and optical properties [1–3]. Engineering such properties enables high 
performance functional composites for applications in imaging [4], 
catalysis [5], drug delivery [6], bioengineering [7,8], biosensors [9], 
and bio-diagnostics [9,10]. SA is the spontaneous arrangement of ma
terials into a long- or short- range order driven by the balance of elec
trostatic, steric, ionic, hydrophobic, depletion and van der Waal 
interactions [11]. Different organic and inorganic materials in form of 
crystals, colloids, proteins and lipid layers have the intrinsic ability to 
self-assemble in an ordered or aggregated structure once in suspension 
[12]. Blending different nanomaterials with controlled SA can produce 
composites with novel properties and functionality. 

Cellulose nanorod crystals (CNC) and silica (SiO2) nanospheres are 
two materials of choice for their abundance, non-toxicity and renew
ability; they are biocompatible, have high surface areas, unique optical 
properties and are low cost [13]. CNC are rod shaped (D:5–20 nm, L: 
100–200 nm) particles that self-assemble in a chiral nematic organisa
tion to exhibit iridescence colours, both in suspension and their dried 
films [14]. Similarly, SiO2 nanospheres are prone to self-assemble at the 
solid-liquid interface into composites showing opal like photonic crys
tals property [15]. However, it remains challenging to optimise the 
self-assemble photonic structures of CNC and SiO2 to work effectively in 
broad range of applications [16–18]. 

Mixing negatively charged SiO2 nanospheres with anionic CNC forms 
transparent composite films. Optimising the SA of CNC nanorods and 
SiO2 nanospheres produces composites of novel properties for innova
tive applications [19]. Recently, we have shown that incorporation of 
CNC nanorods in graphene oxide (GO) sheet suspension aligns the GO 
sheets in the direction of the CNC nematic arrangement [20]. SA of 
different nanostructures in a composite depends on their morphology, 
size, concentration and surface properties [21]. It is difficult to control 
SA of nanostructures incorporated in a composite in a desired structure. 
Still many questions and challenges remain to understand the SA 
mechanisms of nanostructures in composites. It is unclear which domi
nating interacting forces bring the nanostructures together at the equi
librium distance and in a specific order. Furthermore, how the surface 
properties, different morphologies and concentration of nanostructures 
influence the SA in a composite remains obscure. There is a need for a 
better fundamental understanding of the SA mechanisms of individual 
components and their mixture in a composite. 

In this study, we control the self-assembly of SiO2 nanospheres and 
CNC nanorods by adsorbing BSA onto the SiO2. Free standing composite 
films of CNC, CNC-SiO2 and CNC-SiO2 with adsorbed BSA (SiO2 @BSA) 
were produced by evaporation of water under ambient conditions. The 
SA mechanism is quantified by combining high flux synchrotron small 
angle X-ray scattering (SAXS) with scanning electron microscopy (SEM), 
dynamic light scattering (DLS), UV-Vis spectroscopy (UV-Vis), and 
quartz crystal microbalance (QCM) measurements. We evaluate the ef
fect of interparticle distance, CNC pitch size, biomolecules conforma
tion, and interparticle interaction by structure factor, radial distance 
distribution and potential mean force. The knowledge gained on the 
nanoscale SA mechanisms of nanostructures can help to create versatile 
and inexpensive functional composites for advanced optical and 

biomedical applications. 

2. Experiments 

2.1. Materials 

The cellulose nanocrystals (CNC) were purchased from the Univer
sity of Maine, USA. The initial concentration of the CNC is 10 wt% which 
is diluted to 3 wt% in the MilliQ water. The SiO2 nanoparticles (PL-1) 
were purchased from the company FUSO chemical Co. Ltd., Japan. The 
initial SiO2 nanoparticle concentration was 12 wt% and primary particle 
size of 15 nm and secondary particle of 40 nm with the aggregation ratio 
of 2.7. The SiO2 suspension was diluted to different concentration from 
0.5 mg/mL to 5 mg/mL in the MilliQ water. The Bovine serum albumin 
(BSA) protein is purchased from Sigma Aldrich (Merk) with the molec
ular weight of 66,000 Da and size of 4 nm x 4 nm x 12 nm. The BSA was 
in the powder form and used as without any further purification. The 
BSA was diluted to the 1 mg/mL in the MilliQ water. 

2.2. CNC-SiO2 composites 

The CNC-SiO2 films were prepared by adding CNC suspension (3 wt 
%) with the SiO2 with different concentration in the glass vials and 
mixed in a vortex for a 1 min at 1400 rpm. The CNC-SiO2 suspension is 
poured in the plastic container of volume 5 mL. The suspension is left for 
drying in the open air at the ambient condition. The suspension is dried 
in 48 h. The dried film is peeled off from the container and used for the 
measurement. All films are optically transparent. The CNC-SiO2 @BSA is 
prepared by first mixing the BSA (1 mg/mL) with the SiO2 suspension of 
different concentrations. Later the SiO2 @BSA suspension was mixed 
with the CNC and vortex for 1 min. The CNC-SiO2 @BSA suspension is 
poured into the container and left for drying at the ambient conditions. 

2.3. Scanning electron microscopy (SEM) 

The SEM measurements were made on the cross-section of the CNC- 
SiO2 and CNC-SiO2 @BSA free standing films. For the SEM a FEI 
Magellan 400 FEGSEM instrument was used. The samples were coated 
with iridium (<1 nm) to avoid charging effects during SEM 
measurements. 

2.4. Small angle X-ray scattering (SAXS) 

SAXS measurements were performed at the Australian synchrotron 
with high photon flux to generate strong statistics for the data analysis 
[22]. All samples were measured in the transmission mode by using the 
X-ray energy of 12 KeV. A Pilatus detector with the pixel size of 70 µm x 
70 µm was used to collect the scattered X-rays. The exposure time is 
between 1 and 5 s. The liquid samples were filled in the quartz capillary 
of thickness 1 mm. Different standards of glassy carbon and silver 
behenate is used to calibrate the scattering curves to the absolute units 
and the q values. Background scattering from air is subtracted from the 
scattering data of the composite films. Scattering from water filled 
capillary is used as background for the liquid samples. The data reduc
tion and averaging of the scattering images were performed using the 
inhouse software Scatterbrain [33]. 
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2.5. Dynamic light scattering (DLS) 

The dynamic light scattering experiments were performed on the 
Brookhaven NanoBrook instrument equipped with the red laser of 
wavelength 600 nm. The plastic cuvettes of 3 mL in volume were used. 
Both zeta potential and hydrodynamic size was measured. Different set 
of experiments were made and averaged to get the final value of the zeta 

potential and particle size. First, the pure silica nanospheres were 
measured and later the SiO2 adsorbed with the BSA was measured at the 
room temperature. 

2.6. UV− Vis spectroscopy (UV-Vis) 

UV− Vis measurements were performed on the UV–Vis spectrometer 

Fig. 1. (a). SEM micrograph of (i) pure CNC and CNC containing different amount of SiO2 NS: (ii) 0.5 mg/mL, (iii) 1 mg/mL, (iv) 5 mg/mL. (b). (i) SEM micrograph 
of CNC blended with BSA and CNC blended with different amounts of SiO2 NS pre-adsorbed with BSA at 1 mg/mL; The SiO2 concentration varies as: (ii) 0.5 mg/mL, 
(iii) 1 mg/mL, (iv) 3 mg/mL. (c). Size distribution obtained by Dynamic Light Scattering (DLS) for the pure SiO2, and SiO2 treated with 1 mg/mL of BSA. Inset shows 
the DLS of pure BSA. The dashed lines show the size distribution extracted from the SAXS curve of 0.1 mg/mL SiO2 aqueous suspension (d) QCM-D spectrogram for 
BSA adsorbed onto silica coated quartz crystals. (e) UV-Vis spectra for the CNC-BSA, CNC-1 mg/mL SiO2, CNC-1 mg/mL SiO2 pre-adsorbed with BSA and CNC-5 mg/ 
mL SiO2 pre-adsorbed with BSA. 
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(Cary 60 UV–vis Agilent Technologies) equipped with the Xenon flash 
lamp (80 Hz) light source. The samples were placed on the sample 
holder and the spectra were recorded between 200 and 700 nm at room 
temperature. 

2.7. Quartz crystal microbalance with dissipation (QCM-D) 

QCM-D measurements were made at the Q-sense E4 instrument using 
the Silica coated quartz crystal . In the measurement, first a stable base 
line was made by passing the MilliQ water through the module. Later, 
the BSA solution of concentration 1 mg/mL at pH-8 pass through the 
module at the flow rate of 150 μL/min. The adsorption of BSA was 
measured kinetically for 20 min and rinsed with the MilliQ water to 
remove all the non-adsorbed BSA. Different frequency F3, F5, F7 with the 
dissipation Dn were recorded with variation in the adsorption time. The 
Q-tools software was used to extract the raw data. 

3. Results 

The composite films of CNC, CNC-SiO2 and CNC-SiO2 @BSA are 
prepared by drying an aqueous suspension of 3 wt% CNC blended with 
different concentrations of SiO2 nanospheres (NS) and SiO2 @BSA. At 
first glance, all films are optically transparent, indicating that the self- 
assembled nanostructures domain size in the composites are smaller 
than the visible wavelength of light (< 400 nm). The visible light passes 
through the films without any reflection or scattering so the films appear 
transparent. Next, the nanostructures SA mechanisms in the composites 
are determined by measuring the CNC pitch size, interparticle distance 
and strength of interparticle interactions. 

Scanning electron microscopy (SEM) reveals the structural arrange
ment of pure CNC, and CNC-SiO2 at concentrations ranging from 0.5 
mg/mL to 5 mg/mL (Fig. 1a). For pure CNC, the horizontal lines are 
homogeneously arranged with specific inter-line spacing indicating a 
chiral nematic arrangement of the CNC rods. The half-pitch size of 200 
nm is measuring the distance between two consecutive lines (Fig. 1a.i). 
Adding SiO2 NS disrupts this CNC self-assembly which is noticed by the 
dissimilarity in the horizontal line arrangement (Fig. 1a. (ii-iv)). 
Disturbance in the CNC rod arrangement reflects the different half-pitch 
sizes ranging between 50 and 200 nm. This indicates that the strong 
repulsion between the negatively charged CNC and SiO2 inhibits their 
SA in the composite. 

The effect of pre-adsorbing BSA onto SiO2 NS in the CNC composites 
was then investigated. The DLS measurements confirm the adsorption of 
BSA onto SiO2. In Fig. 1c without BSA, SiO2 has a mean size distribution 
of 38 nm, which increases to 44 nm upon BSA adsorption. The BSA 
adsorption layer onto the SiO2 NS is estimated to be 4–6 nm thick. The 
SAXS data analysis on the 0.1 mg/mL of SiO2 aqueous suspension and 
BSA 1 mg/mL aqueous suspension achieved by fitting the experimental 
data with the sphere model reveals the particle size distribution to be 
comparable to the DLS measurements (Fig. 1c dashed lines). The scat
tering curves are provided in the supporting information (SI. 4). QCM-D 
measurements validate the DLS results and reveals BSA to adsorb at a 
surface coverage of 2.7 mg/m2 onto silica coated quartz crystals 
(Fig. 1d). Details of the QCM-D analysis are provided in supporting in
formation (SI.1). Previously, similar results were reported for BSA 
adsorption onto the negatively charged gold interface [23]. 

SEM micrographs of the composites made from CNC-BSA, CNC-SiO2 
@BSA (at different SiO2 concentrations) are shown in Fig. 1b. The SEM 
for CNC-BSA shows organised CNC self-assembly with a smaller half- 
pitch size of 100 nm and some area of 200 nm (Fig. 1b (i)). Interest
ingly, the CNC-SiO2 @BSA composites retain the original self-assembled 
structure of CNC but with a smaller pitch size. Furthermore, increasing 
the SiO2 @BSA concentration in the composites increases the ordering of 
the CNC rods assembly without any significant variation in the pitch 
size. However, only by SEM, it is difficult to extract the complete SA 
characterisation of the composites. SEM is a direct real space imaging 

method which provides only local area information over a few micro
metres’ depth. Moreover, the SEM sample preparation can create 
misleading artefacts. Thus, a complementary perspective of the self- 
assembly of CNC, SiO2 and SiO2 @BSA in the composites film over a 
complete volume was performed by UV-Vis spectrometry and SAXS 
analysis. UV-Vis provides qualitative information on the ordering of the 
nanostructures [37]. SAXS is a powerful analytical method which de
termines the nanoscale assembly over complete volume at scales ranging 
from 1 to 100 nm [24–26]. 

Fig. 1e shows the UV-Vis spectra for the composite films of CNC 
treated with BSA (CNC-BSA), CNC with 1 mg/mL SiO2 NPs (CNC- 
1.0SiO2) and CNC with 1 and 5 mg/mL SiO2 NPs pre-adsorbed with BSA. 
Both CNC-BSA and CNC-1.0SiO2 show broad absorption peak spectra 
between 250 and 300 nm. Interestingly, CNC with pre-adsorbed BSA on 
the SiO2 shows a sharp absorption peak which indicates an increase in 
the ordering of the NPs in the film. Further increase in the SiO2 con
centration (CNC-5.0SiO2 @BSA) enhances the absorption peak sharp
ness (narrow full width at half-maxima:FWHM) revealing the presence 
of long-range assemblies of nanostructures in the film [38]. 

SAXS measurements are performed to determine the structural 
arrangement and self-assembly of CNC, CNC-SiO2, CNC-BSA and CNC- 
SiO2 @BSA nanostructures in the composite films. Fig. 2a.(i) compares 
the SAXS curve of the CNC and CNC-BSA films. The CNC film shows two 
correlation peaks with the primary peak centred at q* = 0.015 Å− 1 

which reveals an inter-rod distance of 42 ± 1 nm. The interparticle 
distance ‘d′ is determined by the relation: d= 2π/q* . By adding BSA to 
CNC, the SAXS correlation peak shifts towards the high q value 
(q*=0.021 Å− 1), which indicates a decrease in the interrod distance to 
30 nm. This is consistent with the SEM analysis which shows the original 
half-pitch size of CNC films of 200 nm reduced nearly by half (100 nm) 
for the CNC-BSA films. This indicates that BSA adsorbs onto CNC which 
reduces the inter rod repulsion, bringing the CNC rods closer to each 
other. However, adding BSA does not disrupt the order of the CNC rods 
in the chiral nematic structures. 

Fig. 2a(ii) shows the SAXS curves of the CNC-SiO2 composite films 
with increasing concentrations of SiO2. At lower SiO2 content, the SAXS 
curve peak becomes broader, indicating the disruption of the CNC self- 
assembly. The correlation peak at q* =0.0228 Å− 1 gives an interparticle 
distance of 27.5 ± 0.4 nm. Upon further increasing the SiO2 concen
tration, the SAXS curve intensity increases and the peak at the lower q 
values becomes broader. The clarity of the peak is better seen in the 
Kratky plot (SI. 2). The primary correlation peak in the Kratky plot fits 
well with the Gaussian shape function. The correlation peak shifts to
wards higher q values at q* =0.0238 Å− 1, revealing a decrease in 
interparticle distance to 26.4 ± 0.3 nm, which remains constant for 
higher SiO2 concentrations (≥ 1 mg/mL). The Gaussian fit Kratky plots 
for the CNC-0.5SiO2 and CNC-5.0SiO2 are provided in the supporting 
information (SI. 2). The increase in the SAXS intensity with SiO2 con
centration simply follows the higher SiO2 volume fraction in the film. 
The power law slope q− 3 at the higher q values reveals scattering from 
the surface of nanostructures. However, the upturn in the scattering 
intensity at the end of the lower q value indicates the presence of larger 
structures formed by different arrangement of nanostructures. 

Fig. 2a.(iii) shows the SAXS curves of the CNC-SiO2 @BSA films. The 
broadness of the SAXS peak decreases compared to CNC-SiO2. The 
Kratky plot is shown in supporting information (SI. 2). Fig. 2b (i-iv) 
compares the SAXS curve profile of CNC-SiO2 composites with the CNC- 
SiO2 @BSA at different SiO2 concentrations. The inset shows the Kratky 
plot comparison of the respective SAXS curves. The correlation peak for 
0.5 mg/mL SiO2 @BSA is observed at q* =0.0245 Å− 1 which corre
sponds to an interparticle distance of 25.6 ± 0.4 nm. As increases the 
SiO2 @BSA concentration, the correlation peak shifts toward a higher q 
value of q* =0.027 Å− 1 for 5 mg/mL SiO2 @BSA. This indicates a 
decrease in the interparticle distance from 25.6 nm to 23.6 ± 0.3 nm. 
Without BSA, the interparticle distance remains constant at 26.4 nm 
(Fig. 2 c.i). The CNC-SiO2 @BSA composite has a sharper peak (small 

V.S. Raghuwanshi et al.                                                                                                                                                                                                                       



Colloids and Surfaces A: Physicochemical and Engineering Aspects 654 (2022) 130181

5

Fig. 2. (a). SAXS curves of: (i) pure CNC and CNC blended with BSA, (ii) CNC with different concentrations of SiO2 (0.5 – 5 mg/mL), (iii) CNC with different 
concentrations of SiO2(0.5 – 5 mg/mL) treated with BSA (1 mg/mL) (b). Comparison of SAXS curves of CNC with different concentrations of SiO2 and SiO2 @BSA: (i) 
0.5 mg/mL (ii) 1 mg/mL, (iii) 3 mg/mL, (iv) 5 mg/mL. Inset shows the Kratky plot of the SAXS curves (c): (i) Plot of interparticle distance as a function of SiO2 
concentration, (ii) Full width at half maxima (FWHM) of the peak close to q= 0.023–0.027 Å− 1 as a function of SiO2 concentration. 
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full width at half maxima: FWHM) than the CNC-SiO2 composites 
(Fig. 2 c.ii). This indicates that BSA increases the correlation length of 
the ordered structure, as observed by SEM. 

Further information from SAXS curves is extracted by fitting them 
with the shape model of a sphere and a long cylinder for the CNC-SiO2 
composites. For the CNC-SiO2 @BSA, a spherical core-shell shape model 
combined with the long cylinder shape is selected. For the interparticle 
interaction, a structure factor (SF) is introduced which reveals the 
interparticle interaction between the nanostructures in the composites. 
More information on SAXS curves fitting procedure and fitted SAXS 
curves are provided in supporting information (SI. 3 & 4). The SF is 
extracted from the SAXS curve fitting for all samples, with and without 
BSA (Fig. 3a). The CNC-SiO2 composite has a broad SF peak which shows 
weak interparticle interactions. As increases the SiO2 concentration, the 
peak narrows; however, the interparticle interactions remain weak. This 
is expected due to the high negative charge on both SiO2 and CNC sta
bilising by electrostatic repulsion, hindering assembly. Interestingly, the 
SF peak for CNC-SiO2 @BSA is sharper and of higher intensity than for 
CNC-SiO2. As increases the SiO2 @BSA concentration, the SF peak in
tensity and sharpness both increase indicating stronger interparticle 
interaction. 

The radial distribution function (RDF) evaluated from the SF shows 
the surrounding nanoparticles distribution (Fig. 3b). The RDF is deter
mined by the relation: 

G(r) = 1+
1

2π2r

∫ qmax

qmin

q.(S(q) − 1 ).sin(q.r)dq (1)  

Where, S(q) is the structure factor, qmax and qmin are the maximum and 

minimum q values in the scattering curves, respectively. The RDF for 
CNC-SiO2 @BSA has multiple peaks (1st peak close to 250 Å, 2nd peak 
close to 400 Å and 3rd peak close to 500 Å) which reveals structural 
order in the arrangement of the nanostructures in the nearest neigh
bouring shells. As increases the SiO2 @BSA concentration, the RDF peak 
becomes stronger and the second order peak is clearly visible. More SiO2 
@BSA particles are organised in a long-range order. 

A potential of mean force φ(r) between the nanostructures is calcu
lated from the RDF from the relation: 

φ(r)/KBT = ln(1/G(r)) (2)  

Where, KB is the Boltzmann constant and T is the absolute temperature. 
The φ(r) for CNC-SiO2 and CNC-SiO2 @BSA composites is shown in 
Fig. 3c. CNC-SiO2 composites display electrostatic repulsion between 
SiO2 and CNC at all SiO2 concentrations, revealed by the poor attractive 
potential of φ(r). For CNC-SiO2 @BSA at lower SiO2 concentration 
(0.5 mg/mL), there is an increase in the attractive force potential up to a 
distance of 26 nm, followed by repulsion at lower distances. The dip 
shows an equilibrium interparticle distance balanced from the attractive 
and repulsive forces. An increase in SiO2 concentration (5 mg/mL) in
creases the dip value of attractive potential which shifts towards shorter 
interparticle distance from 26 nm to 24 nm. The higher attraction po
tential with increases in SiO2 @BSA is due to BSA adsorption which 
screens the SiO2 surface charge, reducing interparticle repulsion. 

4. Discussion 

Cellulose nanorod crystals (CNC) have the intrinsic property of self- 

Fig. 3. (a) Structure factor extracted from SAXS curves fitting of CNC-SiO2 and CNC-SiO2 @BSA; (b) Radial distance distribution evaluated from the structure factor; 
(c) Potential mean force calculated from the radial distance distribution. 
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assembling into a chiral nematic structure [27,28]. Similarly, SiO2 NS 
self-assemble in a long- and short- range order at different interfaces [29, 
30]. Pure CNC in the dried film shows the chiral nematic arrangement 
with an interrod distance of 42 nm. Adding SiO2 NS to the CNC network 
disrupts the original SA of both CNC and SiO2 NPs (Figs. 1, 2, SEM and 
SAXS). The high negative zeta potential of CNC (− 50 mV) and SiO2 
(− 40 mV) repulses CNC from SiO2 NS. In the dried CNC-SiO2 composites 
at lower SiO2 concentration (0.5 mg/mL), the CNC are far apart with an 
interparticle distance of 27.5 ± 0.4 nm; interparticle interaction is weak 
as revealed by broad peak in structure factor analysis (Fig. 3a). Both 
SiO2 and CNC attempt to self-assemble in an ordered structure. How
ever, during drying, the electrostatic repulsions lead to the formation of 
smaller domains of CNC, SiO2 and mixed CNC-SiO2 (Fig. 4. Left). 

An increase in the SiO2 NS concentration leads to an increase in the 
domain size of the SiO2 NS which inhibits the long-range SA of CNC. The 
interparticle distance of CNC in the domains decreases from 27.5 
± 0.4 nm to 26.4 ± 0.3 nm and does not vary with further increase in 
SiO2 concentration up to 5 mg/mL. These CNC domains are separated by 
the intercalation of short-range SiO2 NS domains. However, within these 
domains, the interparticle interaction is weak and does not change upon 
an increase in the SiO2 NPs concentration; this is demonstrated by the 
broad structure factor analysis. The SEM micrographs validate the SAXS 
results as adding SiO2 NS disrupts this CNC self-assembly as observed in 
the dissimilarity in the horizontal line arrangement. 

Initially, both CNC and SiO2 have electrostatic repulsions once in 
suspension which repel them from each other. As the water molecules 
evaporate, the CNC rods come closer and assemble by forming a network 
of hydrogen bonding. SiO2 NS also form domains intercalated between 
those of CNC. Since both CNC and SiO2 are negatively charged, the force 
balance between electrostatic repulsion, van der Waal and hydrogen 
bonding leads to the formation of a free-standing film. 

BSA adsorbs onto SiO2 NS and significantly affects the assembling of 
CNC and SiO2 @BSA in the composites. Adsorbing BSA onto SiO2 in
duces self-assembling arrangement in a long-range order compared to 
the original CNC-SiO2 composites without BSA. Adding BSA increases 
the order of the SiO2 domains formed. The enhancement in the UV-Vis 
absorption peak sharpness (narrow FWHM) supports the long-range 
self-assembly of nanostructures in the film. BSA is highly negatively 
charged at pH 8; however, it adsorbs over the negatively charged SiO2 as 
recorded by QCM and DLS (Figs. 1c and 1d). The negatively charged BSA 
adsorb both onto the negatively charged SiO2 and the gold interface by 
different interactions as previously reported [23,31]. 

The SAXS curves show sharper correlation peaks (lower FWHM) as 
increases the SiO2 @BSA NPs concentration, revealing an increase in the 
long-range order (Fig. 2 c.ii). BSA adsorbs and neutralises the charge of 
the SiO2 nanospheres which decreases the interparticle repulsive force, 
reducing the inter CNC rod distance to 25.6 ± 0.4 nm. There is also 

some free BSA in the suspension which adsorbs onto the CNC, contrib
uting in decreasing the inter-rod distance which reduces the pitch size as 
observed in the SEM micrographs (Fig. 1b). A decrease in the interpar
ticle distance also increases the interparticle interaction as seen by the 
sharpness of the structure factor peak (Fig. 3a). SEM images confirm an 
increase in the ordering of the CNC rods assembly in the presence of BSA 
compared to the CNC-SiO2 composite without BSA. Further addition of 
SiO2 @BSA at higher concentration leads to a further decrease in the 
inter CNC rod distance to 23.6 ± 0.3 nm. Thus, adding BSA controls the 
self-assembly of both CNC and SiO2. BSA reduces the strong electrostatic 
repulsion between CNC and SiO2, enabling self-assembling in the or
dered long- and short-range individual domains (Fig. 4. Right). Capillary 
forces play an important part in the self-assembly of nanostructures. 
There are different capillary forces acting between the colloidal particles 
of variable shape and size; (i) SiO2 NS- SiO2 NS, (ii) SiO2 NS- CNC rods, 
and (iii) CNC rod -CNC rod. This leads to different liquid meniscus be
tween different interfaces during flotation and immersion of particles 
(with and without BSA) in the system [34]. Despite advancement in this 
field, complex mathematics and systematic study are required to deal 
with the capillary force driving directional self-assembly of different 
shape nanostructures in the composite film [35,36]. Thus, in this study 
we have restricted ourselves to apply simple methodologies for the 
explanation of the self-assembly mechanism of CNC nanorods and SiO2 
nanospheres in composite films. It would be interesting for future study 
to reveal the effect of neutral/low charge polymer or weakly charged 
nanoparticle on the SA of nanostructures of different morphologies. 

5. Conclusion 

This study analyses the effect of protein adsorption (BSA) onto Silica 
(SiO2) has on the structure of Cellulose NanoCrystals (CNC)- SiO2 sus
pensions and their dried films. The evaporation induced spatial self- 
assembly (SA) of CNC, SiO2 and SiO2 @BSA are revealed in CNC-SiO2 
and CNC-SiO2 @BSA dried composite films by combining SAXS, SEM, 
UV-Vis, DLS and QCM-D measurements. In a CNC-SiO2 film, lower SiO2 
concentrations disrupt the original SA of both CNC and SiO2 NPs. The 
CNC and SiO2 components self-assemble individually into short-range 
ordered domains driven by the weak interparticle interactions. These 
domains are randomly distributed in the film. Increasing the SiO2 con
centration increases only the size of the SiO2 domains with slightly 
smaller interparticle distance and weaker interparticle interaction, as 
revealed by a broad peak in structure factor. The CNC domains are 
smaller and positioned as separators between the SiO2 domains. Inter
estingly, composites of SiO2 pre-adsorbed with BSA (SiO2 @BSA) and 
CNC show an increase in the ordering of the SA SiO2 @BSA and CNC 
domains linked with stronger interparticle interaction. BSA reduces the 
SiO2 surface potential which decreases electrostatic repulsions and in
creases the interparticle interaction. The strong interaction substantially 
decreases the interparticle distance between SiO2 @BSA from 27 nm to 
23 nm. The lower surface potential of SiO2 @BSA also reduces the 
electrostatic repulsions between CNC and SiO2 @BSA, which brings the 
CNC rods closer to the SiO2 @BSA domains. This reduction in electro
static repulsion balanced by van der Waal attraction leads to controlled 
and well-ordered self-assemblies of CNC and SiO2 @BSA in the com
posites. Previously, nanostructures of different morphologies led to the 
formation of composites films exhibiting randomly distributed short- 
ranged SA domains of nanostructure [19,32]. This study demonstrates 
that the self-assembling of SiO2 nanospheres and CNC nanorods can be 
controlled and modulated by varying the surface properties through 
biomolecules adsorption. The gained fundamental knowledge enables to 
engineer biodegradable composites exploiting the functionality of CNC, 
SiO2 and biomolecules for generating structural colours, sensor, and bio 
diagnostic applications. 

Fig. 4. (Left) Schematic of the CNC and SiO2 arrangement in the CNC-SiO2 
composites. (Right) Schematic of the effect of BSA treated SiO2 on the CNC and 
SiO2 @BSA arrangement in the CNC-SiO2 @BSA composites. 
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