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shapes of materials, such as fi lms, fi bers 
or aerogels. [ 1a , 2 ]  Films from nanocellu-
lose are generally translucent and fl ex-
ible, but strongly hydrophilic. [ 3 ]  In order 
to improve the properties of fi lms from 
nanocellulose, other matrix materials 
such as hydrophobic synthetic polymers 
are often used with nanocellulose as rein-
forcing nanofi ller. [ 4 ]  However, the dispers-
ibility of nanocellulose within the matrix 
and its interfacial interaction with other 
matrix components play a pivotal role for 
the fi nal properties of the obtained mate-
rials, such as mechanical performance. [ 5 ]  
In particular, the poor dispersibility of 
nanocellulose in nonpolar solvents and 
weak interactions with nonpolar synthetic 
polymers are the main drawbacks limiting 
the full performance of nano cellulose. 
In order to improve these issues, nano-
cellulose is generally surface-modifi ed 
with functional groups, such as alkyl 
groups or synthetic polymers via “grafting 
to” as well as “grafting from” techniques. [ 6 ]  

 In particular, surface-modifi ed nano cellulose by alkyl chains 
is supposed to be well miscible with other synthetic poly-
mers and exist as reinforcing nanofi llers in diverse materials, 
including fi lms and foams. [ 1b , 6a,d,7 ]    Several different methods 
have been used for the immobilization of alkyl groups on nano-
cellulose surface. Generally, a postmodifi cation of hydroxyl- or 
carboxyl groups on nanocellulose surface is preferred. Cellulose 
nano crystals (CNC) were modifi ed by palmitoyl chloride vapor 
during a gas-phase esterifi cation process or surface-modifi ed by 
acid chloride. [ 8 ]  The palmitated cellulose nanocrystals showed 
the feasibility to form gels in toluene. [ 9 ]  In addition, nanocellu-
lose showing similar properties could also be synthesized after 
the modifi cation using  n -octadecyl isocyanate, [ 10 ]  isocyanate-
terminated castor oil, [ 11 ]  or octadecylamine. [ 6a , 7b ]  They formed 
fi lms after casting, which exhibited limited hydrophobicity with 
static water contact angles of up to 100°, but good water vapor 
and oxygen barrier feasibility. Thus, a chemical postmodifi -
cation of water-borne CNC has to be performed, in order to 
endow fi lms from CNC particular functions. 

 Herein, we report the fabrication of multifunctional, self-
standing fi lms using surface-stearoylated cellulose organogel 
nanoparticles (SS-CNPs) showing stimuli-responsive proper-
ties. SS-CNPs were obtained via a novel synthesis route after a 
one-step esterifi cation of cellulose fi bers under heterogeneous 
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  1.     Introduction 

 Nanocellulose-based materials received increasing atten-
tions, not only due to the sustainable nature of cellulose, but 
also due to its advantageous properties, such as excellent bio-
compatibility, nontoxicity and biodegradability. [ 1 ]  In particular, 
nanocellulose and functionalized nanocellulose are excel-
lent reinforcing component for the construction of diverse 
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reaction conditions using stearoyl chloride and a follow-up 
purifi cation process. The chemical structure, crystalline struc-
ture, and morphology of obtained SS-CNPs were elucidated 
using elemental analysis, Fourier transform infrared spec-
troscopy (FTIR spectroscopy), solid-state  13 C NMR spectros-
copy, dynamic light scattering (DLS), and scanning electron 
microscopy (SEM). The thermo-reversible gelation behavior 
of SS-CNPs in tetrahydrofuran (THF) was studied by rheo-
logical measurements. SS-CNPs were further used to fabricate 
self-standing, transparent and hydrophobic fi lms, which 
were characterized regarding their morphology, solvent-
responsive surface wettability and responsive shape-memory 
property. Moreover, a nanocomposite fi lm of SS-CNPs and 
(2-stearoylaminoethyl) rhodamine B (C 18 –RhB) with UV- and 
temperature-responsiveness, and reversible fl uorescence was 
successfully constructed.  

  2.     Results and Discussion 

  2.1.     Surface-Stearoylated Cellulose Nanopartilces (SS-CNPs) 

 SS-CNPs were obtained after the surface esterifi cation of cel-
lulose by stearoyl chloride under heterogeneous conditions 
( Scheme    1  ). The degree of substitution (DS) of SS-CNPs was 

determined to be 1.33 based on the elemental analysis. [ 12 ]  FTIR 
spectrum of SS-CNPs shows characteristic bands ascribed to 
both cellulose backbone and stearoyl groups ( Figure    1  a). Typical 
FTIR bands of cellulose are visible, such as the bands attrib-
uted to vibrations of O–H (3000–3600 and 1300–1450 cm −1 ), 
C–H (2900 cm −1 ), and C–O groups (950–1200 cm −1 ). [ 9b ]  The suc-
cessful stearoylation is characterized by the signifi cant increase 
of bands at 2910, 2840, 1466, 1164, and 720 cm −1 , which are 
attributed to asymmetric C–H stretching vibrations, sym-
metric C–H stretching vibrations, symmetric C–H deforma-
tion vibrations, C–O–C stretching vibrations and C–C rocking 
vibrations, respectively. [ 13 ]  A new band appears at 1746 cm −1 , 
which is derived from C=O stretching vibrations of ester 
bonds. [ 13a ]  Solid-state  13 C NMR spectrum of starting micro-
crystalline cellulose (MCC) exhibited a typical pattern with an 
intense signal of C1 (105.5 ppm) and a signal as doublet of 
C4 (85.5 ppm) (Figure  1 b), which is characteristic for highly 
crystalline cellulose I. [ 14 ]  The solid-state  13 C NMR spectrum of 
SS-CNPs showed the peak at 173 ppm ascribed to the carbon 
from the ester linkage and the signals between 40 and 10 ppm 
due to the carbons within the aliphatic groups. [ 15 ]  Moreover, the 
signal at ≈88.5 ppm attributed to crystalline cellulose is still vis-
ible. Hence, a crystalline cellulose core is still maintained in 
SS-CNPs.   
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 Scheme 1.    Schematic illustration for the fabrication of SS-CNPs from cellulose.

 Figure 1.    a) FTIR spectra of MCC and SS-CNPs; b) Solid-state CP/MAS  13 C NMR spectra of MCC and SS-CNPs. The inset shows the chemical structure 
of substituted anhydroglucose units of cellulose and the enlarged NMR region of 93–81 ppm.
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 Due to the existence of crystalline cellulose, SS-CNPs cannot 
be dissolved by the common organic solvents, but can be well 
swollen by THF, dichloromethane, cyclohexane, and other non-
polar organic solvents. The suspensions of SS-CNPs in different 
solvents were stable and (semi)transparent even after storage at 
room temperature (RT) for long time, e.g., 7 d (Figure S1, Sup-
porting Information). SS-CNPs in THF have an average diameter 
of 115 ± 0.5 nm according to DLS measurement with a rela-
tively high polydispersity index (PDI) of 0.197 ( Figure    2  b). As 
evidenced by SEM (Figure  2 a), the sizes of SS-CNPs range from 
a few dozens to hundreds of nm, which is consistent with the 
DLS analysis. Furthermore, their shapes are not uniformly reg-
ularly spherical (Figures  2 a, and S2, Supporting Information). 
The irregular shapes and the relatively high polydispersity are 
due to the step-wise esterifi cation of cellulose fi bers under het-
erogeneous reaction conditions, which generally begins from 
the fi ber surface and then extents to the core. [ 9c ]  The multidis-
perse size of starting MCC is probably another reason.  

 The SS-CNPs suspensions exhibited a thermo-reversible 
gelation behavior (Figure  2 c,d). When the transparent THF-
suspension of SS-CNPs was stored at 4 °C for 2 h, it became 
a viscoelastic organogel (Figure  2 c). When the temperature was 
increased to 25 °C, the sample regressed to the initial state. 
The viscoelasticity of SS-CNPs suspensions at 4 and 25 °C was 
evaluated via rheometry to measure the elastic (G′) and viscous 
(G″) modulus (Figure  2 d). The rheological response of the 
sample at 4 °C was highly elastic, with G′ being much higher 
than G″ at all shear frequencies. [ 16 ]  At 25 °C, the elastic (G′) and 
viscous (G″) modulus decreased simultaneously, but the extent 
of the G′ reduction was much higher than that of G″, allowing 
the transition from gel to sol state. Thus, a reversible gelling 
and de-gelling process of SS-CNPs in THF occurs in response 
to the temperature. During the reduction of the temperature, 
the swelling ability of SS-CNPs in THF decreased causing the 
aggregation of SS-CNPs, while the dispersibility increases with 
rising temperature. 

 Furthermore, the THF-suspension of SS-CNPs could also 
form organogel at RT, e.g., after the storage for 4 d (Figure  2 e). 
The slight increase of concentration caused by the evapora-
tion of THF during the storage is not the reason for gelation, 

because freshly-prepared THF-suspension of SS-CNPs with the 
same concentration (18 mg mL –1 ) still maintained the sol state 
(Figure S3, Supporting Information). The slow equilibration 
under static conditions of interactions between stearoyl groups 
and between them and THF is probably the reason. In addition, 
the transparency of the suspension slightly decreased accompa-
nying the gelation (Figure  2 f).  

  2.2.     Transparent, Self-Standing Films with Switchable Surface 
Wettability 

 Transparent and self-standing fi lms were fabricated by solvent 
casting of THF-suspensions of SS-CNPs ( Figure    3  a). After the 
evaporation of THF, transparent fi lms with relatively smooth 
surfaces (roughness 5.1 ± 2.4 nm) were obtained (Figure  3 b). 
The fi lms are composed of stacked layers, which are similar to 
the fi lms fabricated using other nanoscaled cellulose materials, 
such as nanofi brillated cellulose (Figure  3 c). [ 17 ]  In comparison, 
microscaled, surface-stearoylated cellulose fi bers are not fea-
sible to fabricate such transparent and self-standing fi lms, but 
only opaque rough layers (Figure S4, Supporting Information). 
Thus, the nanodimension of SS-CNPs is critical for the forma-
tion of transparent and self-standing fi lms.  

 Furthermore, these fi lms exhibited solvent-switchable sur-
face wettability (Figure  3 e). Freshly-prepared fi lms exhibited a 
static water contact angle of about 102 ± 2°, while the contact 
angle increased to around 115° after treating with acetone for 
10 s (Figure  3 a). This increased surface-hydrophobicitiy rep-
resented by higher contact angle could be switched back via 
dipping in THF. Since the same fi lms were used, the only dif-
ference between THF-treated F1-THF-n and acetone-treated 
F1-AT- n  is different surface roughness. The higher roughness 
of F1-AT-1 compared to that of F1-THF-1 was confi rmed by 
the atomic force microscopy (AFM) measurements (Figure  3 d 
and  3 g). Moreover, the layered structure of the fi lms was main-
tained during the treatment with acetone (Figure  3 c,f). 

 In comparison to THF, acetone is not a good dispersing 
medium for SS-CNPs. SS-CNPs rapidly form large aggregates 
after the transfer from THF into acetone. The deposition of 
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 Figure 2.    a) Representative SEM images of SS-CNPs; b) Size distribution of SS-CNPs in THF based on DLS measurement at 25 °C; c) Photo images 
of SS-CNPs suspension in THF (20 mg mL –1 ) at 4 and 25 °C; d) Elastic (G′) and viscous (G″) modulus as a function of oscillatory shear frequency of 
SS-CNPs in THF (20 mg mL –1 ) at 4 and 25 °C; e) Photo images of gelation process of SS-CNPs in THF at room temperature; f) UV–vis transmittance 
spectra of freshly prepared THF-suspension of SS-CNPs and the same suspension after 4 d storage.
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such aggregates of SS-CNPs in acetone resulted in nonuni-
form aggregation of SS-CNPs after the evaporation of acetone, 
leading to semi-transparent layers with solvent-switchable sur-
face wettability (Figures S5,S6, Supporting Information). How-
ever, the layers were very brittle and could not be separated 
as self-standing fi lms. In contrast, SS-CNPs dried from THF-
suspension formed more homogeneous fi lms with layered 
structure due to the strong interaction between stearoyl groups 
and THF. [ 15 ]  Thus, during the reversible change of the sur-
face roughness, THF and acetone took the role as smoothing 
and roughing agent, respectively. The switching of the surface 
roughness is totally reversible and requires only 10 s treatment 
using corresponding solvent (Figure  3 a,e). 

 Hence, the SS-CNPs contains crystalline cellulose core and 
surface-attached stearoyl groups exhibit promising proper-
ties, including the gelation at low temperature and the forma-
tion of transparent, self-standing fi lms. Different interactions 
between SS-CNPs and diverse solvents, such as THF and ace-
tone, allowed the feasibility of reversibly modifying the surface 
roughness and therefore the surface wettability. 

 The fabrication of composite materials is a good strategy 
to provide multifunctions or to involve new properties that 
are not available using single-component materials. [ 18 ]  Using 
the transparent SS-CNPs fi lms, nanocomposite fi lms con-
taining other functional components could be readily pre-
pared. (2-stearoylaminoethyl) rhodamine B (C 18 –RhB) derived 
from rhodamine spiroamide was chosen as model compound, 
because rhodamine is a photostable fl uorescent dye with broad 
applications in biomedical sensing and imaging (Scheme S1 
and Figure S7, Supporting Information). [ 19 ]  After the incor-
poration of C 18 –RhB, SS-CNPs fi lms were endowed with UV- 
and temperature-responsiveness with switchable optical color 
as well as fl uorescence ( Figure    4  a). After the UV-illumination 
at 365 nm for 30 min, the color became magenta and UV–vis 
absorption at 560 nm strongly increased, while 1 h treatment 
at 135 °C resulted in color fading and weak UV–vis absorp-
tion at 560 nm (Figures  4 a and S8, Supporting Information). 
The reversible changes of optical color and fl uorescence could 
be repeated for several times (Figure  4 a–c). After the repetitive 
irradiation and heating, the relative intensity of the fl uorescence 
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 Figure 3.    a) Schematic illustration for the fabrication of SS-CNPs fi lms and further treatment demonstrating solvent-responsive surface-wettability; 
b) A representative photo image of SS-CNPs fi lm; c) SEM image of the cross section and d) 3D AFM image of F1-THF-1 fi lm; e) Static water contact 
angles of SS-CNPs fi lms after alternative treatments with THF and acetone; f) SEM image of the cross section; and g) 3D AFM image of F1-AT-1 fi lm; 
h) UV–vis transmittance spectra of SS-CNPs fi lms at RT.
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decreased due to the photofatigue (the loss of performance in 
photoisomerization). [ 20 ]  The responsive properties are derived 
from rhodamine spiroamide, which is structurally present as 
ring-closed and ring-open form depending on external stimuli, 
e.g., UV-illumination, heating or pH values. [ 21 ]   

 The homogeneous distribution of C 18 –RhB within the SS-
CNPs fi lms is ascribed to the presence of the hydrophobic 
stearoyl groups, which can strongly interact with the surface-
attached stearoyl groups at SS-CNPs and cannot be extracted 
by THF (Figure S9, Supporting Information). In comparison, 
SS-CNPs and rhodamine (RhB) at a ratio of 95/5 (w/w) did 
not form self-standing fi lms, but only resulted in small cracks 
during the drying process. RhB could be simply removed by 
THF (Figure S9, Supporting Information). Thus, RhB could 
not be effectively encapsulated due to the lack of the interac-
tions between SS-CNPs and RhB.  

  2.3.     Responsive Shape-Memory Property 

 The SS-CNPs fi lms further showed a responsive shape-memory 
behavior. A strip of SS-CNPs fi lm could be transformed into a 
stable spiral shape after heating at 80 °C for 30 min or soaking 
in THF for 2 s ( Figure    5  ). An external force has to be applied 
to fi x the shape. After cooling down or evaporation of THF, 
SS-CNPs fi lms in spiral shape were obtained. The original 
fl at form of the fi lms was recovered under THF atmosphere 
after an exposure for only 12 s (Figure  5  and Movie S1, Sup-
porting Information). In comparison, the initial fl at form of 

the coiled SS-CNPs fi lm could not be restored after the treat-
ment at 80 °C for long time, e.g., 24 h. An external force such 
as pressing or straining was required during the heating and 
cooling down, in order to recover the form of the fi lms back to 
their initial shape (Figure  5 ). [ 22 ]  Due to the strong interaction 
between stearoyl groups and THF, THF can destruct crystalline 
regions formed by stearoyl groups at the surface of SS-CNPs by 
binding to them and separate them ( Scheme    2  ). The binding 
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 Figure 4.    a) Photo images of a transparent nanocomposite fi lm of 43.8 ± 2.8 µm from SS-CNPs and C18-RhB with switchable colors after the UV-
illumination at 365 nm and heating at 135 °C; b) UV–vis absorption spectra; and c) Relative absorption intensity of the bands at 560 nm of the nano-
composite fi lms after alternating UV-illumination and heating. The standard deviations were all <5%. The relative intensity of the absorbance bands at 
560 nm after the fi rst UV-illumination at 365 nm for 30 min was assigned as 100%.

 Figure 5.    Schematic demonstration of the responsive shape-memory 
behavior of the SS-CNPs fi lm strips: i) A strip was coiled around a cylinder 
to give a spiral shape; ii) The precoiled strip was treated via soaking in 
THF or heating at 80 °C to yield a stable spiral shape; iii) The strip with the 
spiral shape was placed above hot THF 50 °C) within a beaker to check 
the solvent-responsive shape-memory property; iv) The fi lm with a spiral 
shape was uncoiled with an external force and heating at 80 °C for 30 min.
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between stearoyl groups and THF molecules releases the inner 
stress that was established during the formation of the spiral 
shape, leading to the recovery of the original shape. However, 
the heating cannot separate the stearoyl groups, although 
the crystalline regions formed by stearoyl groups represent a 
decrystallization temperature around 53 °C according to DSC 
measurement (Figure S10, Supporting Information). [ 23 ]  This 
responsive shape-memory property allows the SS-CNPs fi lms 
for the construction of various actuators of sensors. [ 24 ]  Due to 
the sustainable and biocompatible character of cellulose, they 
are promising for versatile biomedical applications.     

  3.     Conclusion 

 In summary, an effi cient method for the preparation of novel 
surface-stearoylated cellulose nanoparticles (SS-CNPs) showing 
an average size of 115 ± 0.5 nm and an average DS of 1.33 was 
reported. SS-CNPs were obtained after a one-step esterifi cation 
of cellulose fi bers using stearoyl chloride under heterogeneous 
reaction conditions. SS-CNPs contained crystalline cellulose 
core according to solid-state CP/MAS  13 C NMR spectroscopy. 
SS-CNPs showed excellent dispersibility in nonpolar solvents, 
such as THF, dichloromethane, and cyclohexane. THF-sus-
pensions of SS-CNPs formed temperature-responsive organo-
gels at low temperature (e.g., 4 °C) or at RT for long time (e.g., 
4 d). After solvent-casting, THF-suspension of SS-CNPs, trans-
parent and self-standing hydrophobic fi lms with reversibly 
solvent-responsive surface wettability and responsive shape-
memory property were obtained. THF and acetone exhibited 
surface-smoothing and roughing agent, respectively. The coiled 
SS-CNPs fi lms showed nearly full recovery of the original fl at 
shape after only 12 s exposure to THF atmosphere. Moreover, 
the fi lms from SS-CNPs showed excellent interaction with 
nonpolar compounds, e.g., (2-stearoylaminoethyl) rhodamine 

B (C 18 –RhB) could be encapsulated inside the fi lms. The fi lms 
containing C 18 –RhB were endowed with UV- and temperature-
responsive optical colors and correlated fl uorescence. At the 
same time, the transparency of fi lms was maintained. Thus, 
these novel nanoparticles based on sustainable cellulose exhibit 
various advantageous functions and they provide a new plat-
form for the construction of functional materials in diverse 
forms, such as organogels and fi lms.  

  4.     Experimental Section 
  Materials : Microcrystalline cellulose (MCC) with granule size of 50 µm 

and stearoyl chloride (90%) were bought from Sigma-Aldrich (Steinheim, 
Germany). Deionized water (DI) was used in all experiments. Other 
chemicals are all of analytical grade and used as received. 

  Synthesis and Purifi cation of Surface-Stearoylated Cellulose Nanoparticles 
(SS-CNPs) : Surface-stearoylated cellulose nanoparticles (SS-CNPs) 
were prepared according to the synthesis reported before with a few 
modifi cations. [ 23b , 25 ]  In a typical case, cellulose (1 g) was washed with 
methanol to remove traces of moisture, before it was suspended in 
pyridine (30 mL). The mixture was heated up to 100 °C and stearoyl 
chloride (6.91 mL, 3 mol stearoyl chloride per mol anhydroglucose 
units of cellulose) was dropped to the hot cellulose suspension under 
stirring, while the system was purged with nitrogen. After 1 h stirring 
at 100 °C, the hot reaction mixture was poured into 200 mL ethanol. 
The precipitate was separated by centrifugation. Thereafter, the 
product was repeatedly swollen in dichloromethane and precipitated in 
5 volumes ethanol, before the product was thoroughly rinsed with 
ethanol and dried. In order to prepare the SS-CNPs, the powdery 
product was dispersed in THF and treated with ultrasonication for 1 h 
at 0 °C. Then, the suspension was centrifuged for 20 min at 12 000 rpm 
at 4 °C for 3× to remove soluble components. After the centrifugation, 
the supernatant was removed and the solid was dispersed in THF again, 
which was centrifuged for 20 min at 3000 rpm at 20 °C to remove the 
microscaled segments. Finally, the purifi ed product was dispersed in 
THF for further use. Yield of SS-CNPs: 47.3%. Degree of substitution 
(DS): 1.33 according to elemental analysis. 
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 Scheme 2.    Schematic illustration for the reversible construction and destruction of crystalline regions formed by stearoyl groups inside the SS-CNPs 
fi lms via heating or absorbing THF.
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  Formation of Organogel : The suspensions containing 100 mg SS-CNPs 
homogenously dispersed in the 5 mL THF were stored in a refrigerator 
at 4 °C for 2 h or stored at room temperature (RT) for 4 d, leading to 
organogels. 

  Fabrication of Self-Standing Films with Switchable Surface Wettability 
and Responsively Shape-Memory Property : Transparent hydrophobic fi lms 
were obtained after the deposition of homogeneous THF-suspensions 
of SS-CNPs on Tefl on dish using solvent-casting technique. Then, the 
original fi lms (referred as F1-THF-1) were dipped into THF solvent for 10 s 
and immediately transferred into acetone for 10 s, leading to F1-AT-1. 
The F1-AT-1 fi lms were dipped again in THF for 10 s and dried as 
F1-THF-2. This process was iterated, and the treated fi lms were referred 
as F1-AT-2, F1-THF-3, F1-AT-3 … F1-AT/THF- n  in sequence (Figure  3 a). 

  Fabrication of Transparent Nanocomposite Films with Switchable Colors : 
For the fabrication of transparent nanocomposite fi lms with switchable 
colors, (2-stearoylaminoethyl) rhodamine B (C 18 –RhB) was dissolved 
in THF-suspension of SS-CNPs at the ratio of C 18 –RhB:SS-CNPs = 
5/95 (w/w). Transparent nanocomposite fi lms were obtained by 
decanting the suspension into a Tefl on dish and further evaporation of 
THF at ambient temperature. 

  Elemental Analysis : The contents of carbon, hydrogen, and nitrogen 
were determined with an Elemental Analyser vario EL III CHN 
(Elementar, Hanau, Germany). The total degree of substitution (DS) 
ascribed to stearoyl groups was calculated according to the ref. [ 12 ] . 

  FTIR Spectroscopy : FTIR spectroscopy was conducted on Spectrum 
One FTIR Spectrometer (PerkinElmer, USA) at RT between 4000 and 
600 cm −1  with a resolution of 4 cm −1 . The samples were measured twice 
per 32 scans and average spectra were generated for each sample. 

  Solid-State CP/MAS  13 C NMR Spectroscopy : Solid-state CP/MAS 
 13 C NMR spectroscopy was performed on a Bruker Avance III HD 
spectrometer (Bruker Biospin, Ettlingen, Germany) at RT with a  13 C 
frequency of 75.47 MHz, 8 kHz spinning speed, 3 ms of contact time 
and  1 H decoupling of 20 tppm. 

  Scanning Electron Microscopy (SEM) : SEM images were obtained with 
a Philips XL30 FEG high-resolution scanning electron microscope (HR-
SEM) (FEI Deutschland GmbH, Frankfurt/Main, Germany). A layer from 
platinum/palladium of 10 nm was coated on the surface of samples 
before SEM measurements. 

  Dynamic Light Scattering (DLS) : The DLS measurement was 
performed on a Zetasizer Nano ZS (Malvern Instruments Ltd., UK) 
using 5 mW laser with the incident beam of 633 nm (He–Ne laser). For 
the particle size measurement, the SS-CNPs suspensions were diluted 
with THF to a concentration of 1 mg mL –1 . 1 mL of each suspension in 
a quartz cuvette (Type 3 from Starna GmbH, Pfungstadt, Germany) was 
used for the size measurement. The Z-average diameter of SS-CNPs was 
measured 3× with 10 runs and 10 s per run. 

  Atomic Force Microscopy (AFM) : An MFP-3D system (Asylum 
Research, Santa Barbara, USA) was used for AFM imaging in noncontact 
mode using cantilevers with resonance frequencies of approximately 
150 kHz and a nominal force constant of 5 N m –1  (BudgetSensors, 
Innnovative Solutions Bulgaria Ltd., Sofi a, Bulgaria) at a scan speed 
of 10 µm s –1 . The programs IGOR Pro 6.22A (WaveMetrics Inc., 
Lake Portland, USA) was used to guide the AFM measurements and 
Gwyddion (Free Software Foundation, Inc., Boston, USA) for the analysis 
of AFM images, respectively. 

  Rheological Experiments : Rheological measurements were performed 
in a Thermo Scientifi c HAAKE MARS III Rotational Rheometer with 
parallel plate geometry (φ = 25 mm). The experiments were performed at 
25 and 4 °C in a closed chamber. To minimize the solvent evaporation, 
THF-saturated tissues were placed in the chamber around the samples. 
Frequency sweep measurements in the frequency range of 1–100 rad s –1  
with a distance of 0.3 mm between the plates at a strain (γ) of 0.05% 
were performed, in order to ensure the measurements in the linear 
viscoelastic regime (which has been determined by dynamic strain 
sweep measurements). 

  UV–Vis Measurements : UV–vis measurements of the transparent 
fi lms and SS-CNPs suspensions in different solvents were carried out 
on Varian Cary 50 UV–vis Spectrophotometer (Agilent Technologies 

Deutschland GmbH, Böblingen, Germany) between the wavelengths of 
200 and 900 nm at RT. 

  Static Contact Angles : Static contact angles of 4 μL water drops on 
fi lm surfaces were measured on Contact Angle System OCA 15EC 
(dataphysics, Filderstadt, Germany) under controlled conditions at 
23 ± 2 °C and a moisture of 50 ± 1%.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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