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soft, core–shell cellulosic nanoparticles, 
for instance, to alter surface activity toward 
proteins,[4,5] remains largely untapped. 
Nanoparticles are generally synthesized 
by grafting soft polymeric structures onto 
rigid, rod-like nanocrystals, i.e., becoming 
hard-core/soft-shell nanoparticles.[6,7] This 
approach is rather time-consuming, espe-
cially if compared to cellulose II hydro-
gels.[8–10] Expanding on the latter, cellulose 
II nanospheres have been recently intro-
duced through a facile and “green” 
avenue.[11,12] They consist of spherical 
nanocrystals[13–15] interconnected within a 
fibrillar network.[8–10,16] By installing repul-
sive charges onto the surface of cellulose 
II hydrogels, it is possible to develop func-
tional cellulose II nanospheres with an 
intrinsic soft and amorphous shell.[11,12] 
This new class of cellulose colloids fea-

tures the rheological and electrophoretic properties typical  
of soft particles as well as intraparticle and pH-responsive 
swelling behavior. The shells of the soft particles are anionic 
and can deform and interpenetrate[17–19] into a jammed col-
loidal nanogel.[12] Among the latter, classical supramolecular 
nanogels are defined as swollen nanosized networks of polymer 
chains[20] and are already used, for example, to control protein 
interactions.[21–24] Controlling these interactions is crucial in 

Soft cationic core/shell cellulose nanospheres can deform and interpenetrate 
allowing their self-assembly into densely packed colloidal nanogel layers. 
Taking advantage of their water-swelling capacity and molecular accessibility, 
the nanogels are proposed as a new and promising type of coating material 
to immobilize bioactive molecules on thin films and paper. The specific and 
nonspecific interactions between the cellulosic nanogel and human immuno-
globulin G as well as bovine serum albumin (BSA) are investigated. Confocal 
microscopy, electroacoustic microgravimetry, and surface plasmon resonance 
are used to access information about the adsorption behavior and viscoelastic 
properties of self-assembled nanogels. A significant BSA adsorption capacity 
on nanogel layers (17 mg m−2) is measured, 300% higher compared to typical 
polymer coatings. This high protein affinity further confirms the promise of 
the introduced colloidal gel layer, in increasing sensitivity and advancing a 
new generation of substrates for a variety of applications, including immuno-
assays, as demonstrated in this work.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202004702.

1. Introduction

Cellulose can be regarded as one of nature’s best examples of 
structural polymers with abundant surface hydroxyl groups and 
a remarkable elastic modulus, in the range of 138–220 GPa for 
cellulose crystals.[1,2] This explains the high interest on the rigid, 
rod-like cellulose nanocrystals (CNC) obtained via acidic hydrol-
ysis of cellulose fibers.[3] However, the potential of functional 

© 2020 The Authors. Small published by Wiley-VCH GmbH. This is 
an open access article under the terms of the Creative Commons  
Attribution-NonCommercial-NoDerivs License, which permits use 
and distribution in any medium, provided the original work is properly 
cited, the use is non-commercial and no modifications or adaptations 
are made.
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diagnostics, tissue engineering, and other biomedical fields[25–27]  
and has provoked considerable interest in related communi-
ties.[21–24,28–33] In general, the affinity of proteins to a surface 
depends on ionic, electrosteric, hydrogen bonding, and hydro-
phobic interactions.[34] Meanwhile, the first two types of interac-
tions are associated with protein charge, which is dependent on 
the protein’s isoelectric point and environment pH.[35] In the 
case of cellulose, related interactions have been mainly tailored 
through adsorption of soluble polymers.[28,29,31–33] However, a cur-
rent limitation is that the adsorption of soluble macromolecules 
occurs not only on the surface of the substrate but also in voids, 
which may not be accessible to biopolymers or particles. Apart 
from soluble polymers, adsorption of bovine serum albumin 
(BSA) is enhanced by using cationic, rigid cellulose nanocrystals. 
Unfortunately, protein adsorption is, in this case, limited to the 
crystalline surface of cellulose nanocrystals and this is expected to 
be significantly lower than in the case of soft nanoparticles.

In this work, we introduce cationic, soft cellulose II nano-
spheres (NPcat) that spontaneously assemble and are immo-
bilized into a colloidal nanogel layer. Associated processes 
are monitored using electromechanical (quartz crystal micro-
balance with dissipation monitoring, QCM-D) and optical (sur-
face plasmon resonance, SPR) sensing. The NPcat nanogel 
layer is used as a powerful anchor for specific and nonspecific 
protein adsorption. More specifically, its interactions with BSA 
and human immunoglobulin G (hIgG) are studied (QCM-D 
and confocal microscopy), and directly compared to more tra-
ditional polymer-coated surfaces. The introduced nanogel layer 
is demonstrated to trigger protein–surface interactions that can 
be suitably used in numerous applications.

2. Results and Discussion

NPcat was obtained analogously to our recently reported 
method.[11,12] It includes a top-down approach from industrially 
produced cellulose II hydrogels.[10,36] An alternative approach 
involves a bench-scale procedure based on caustic treatment 
of micro crystalline cellulose.[8,9] The highly porous structure of 
the cellulose II material and its nanofibrillar network is shown 
in Figure 1A.

The nanostructured cellulose II hydrogel[10,36] was reacted with 
glycidyltrimethylammonium chloride in an organic solvent-free 
process. The conditions were deliberately chosen to allow selective 
surface modification of the chemically accessible regions of the 
dispersed cellulose in water (i.e., heterogeneous conditions). The 
crystalline structure of the cellulose II was not affected through 
this modification, as shown in the diffractograms included in 
Figure S1 (Supporting Information). Successful incorporation of 
the cationic moieties was proven through infrared spectroscopy 
(Figure S2A, Supporting Information) by the presence of the CN 
stretching vibration at 1480 cm−1,[37] and a degree of substitution 
of 0.17 was determined by NMR spectroscopy (Figure S2B, Sup-
porting Information). The introduction of the cationic, repulsive 
charges onto the amorphous regions of the cellulose II hydrogel, 
enabled the extraction of spherical NPcat through mechanical 
shearing in a microfluidizer, as shown in the atomic force micro-
scope (AFM) image (Figure 1B). NPcat featured a particle diameter 
of 30 ± 8 nm (AFM in air) and a number-averaged hydrodynamic  

radius of 55 ± 8  nm, obtained from dynamic light scattering 
(DLS) analysis in 5 × 10−3 m phosphate buffer at pH = 7. The elec-
trophoretic mobility of the particles was measured to be 2.3  ±  
0.6 µm cm V−1 s−1 (5 × 10−3 m NaCl). These values are compa-
rable to those of soft cellulose II nanospheres that were previously 
reported[12] and used here as a reference (Table S1, Supporting 
Information). The number of cationic surface groups of the pre-
pared NPcat was 0.9 mmol g−1. Noteworthy, AFM overestimates 
the particle core diameter of the cellulose II nanospheres, which 
is ≈16 nm.[12] This is due to the contribution of the particle shell 
in the measurement. Using a set of characterization methods, 
including DLS and X-ray diffraction, we showed that NPcat is 
similar to the reference (Figures S1 and S3, Supporting Informa-
tion), and features an intrinsic core/shell structure consisting of 
a densely packed, crystalline core surrounded by a less crystalline 
and water-swellable soft shell.[12]

Although the soft cellulose II nanospheres feature a repul-
sive surface charge, they tend to interact with each other 
forming a nanogel at a gel point of 4 wt% through particle-
shell overlap and interpenetration.[12] We, therefore, hypoth-
esize that upon adsorption on an oppositely charged substrate, 
the colloids interpenetrate with each other, forming a nanogel 
layer. To study this process, we studied the adsorption of 
NPcat on ultrathin films of CNF using QCM-D and with SPR.  
Figures 1C,D shows that compared to a soluble cationic polymer 
(Figure S4, Supporting Information, and Table  1), a consider-
ably larger amount of NPcat was adsorbed on CNF films. The 
strong affinity of NPcat with the surface is most likely related 
to electrostatic interactions. This is given by the slight anionic 
charge of CNF due to the presence of negatively charged hemi-
celluloses.[38,39] Furthermore, van der Waals forces and entropic 
effects (counterion release) influence the adsorption.[40] The 
structural properties of the adsorbed NPcat layer were obtained 
from both QCM-D and SPR data. QCM-D showed high dis-
sipation factors (ΔD >  15 × 10−6), indicating that the adsorbed 
layer was soft, viscoelastic, and water-swollen (Figure  1C). 
Therefore, a Voigt viscoelastic model[41] was used to calculate 
the adsorbed mass and to determine its viscoelastic properties 
(Table 1). Figure 1E shows the obtained changes in mass during 
NPcat adsorption. The adsorbed amount measured by QCM-D 
and SPR corresponded to 28 and 13 mg m−2, respectively. Note-
worthy, QCM-D is an electroacoustic technique that measures 
the shift in wet mass, e.g., it accounts for the solvent coupled 
to the adsorbed molecules (the nanogel layer). In contrast, 
SPR measures the changes in refractive index at the sensor’s  
surface, which are directly related to the effectively adsorbed 
mass.[42] Since there is no difference between the refractive index 
of the water medium and that of hydration water, the SPR signal 
does not track with changes in hydration. Consequently, a water 
content (mwater/msolid) of 118% in the adsorbed NPcat layer can 
be estimated by comparing the results from QCM (wet mass, 
including coupled water) and SPR (effective mass). This equals 
a layer solid content of 46 wt%. In addition, the differences in 
layer thickness measured with QCM-D and SPR (Figure 1F) fur-
ther confirm that the nanogel layer was highly hydrated.

The AFM height profile and phase image of NPcat adsorbed 
on CNF (Figure  2) indicate that the substrate was covered 
homogeneously, but since the AFM imaging was conducted in a 
dry/deswollen state, it naturally underestimates the difference. 
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The soft cellulose II nanospheres core feature size of ≈16 nm,[12] 
which lies in between the thickness values from QCM-D 
(22 nm) and SPR (10 nm). Most likely, NPcat forms a colloidal 
monolayer onto the CNF surface, which is jammed through 
particle flattening and interparticle interpenetration. Analysis 
of the QCM-D with the Voigt viscoelastic model revealed fur-
ther the pronounced viscoelastic properties of the NPcat layer, 
featuring an elastic shear modulus of ≈170  kPa (Table  1). 

Compared to rheological data,[12] this would equal the storage 
modulus of a cellulose II nanosphere dispersion at ≈10 wt%.  
We compared the adsorption of NPcat with that of a soluble 
polymer with the same cationic functional group (cationic 
starch) (Figure S4, Supporting Information, and Table  1). The 
frequency shift upon adsorption, Δf, was more than fivefold 
lower. Similarly, the shift in dissipation, ΔD, was also less pro-
nounced in the latter case (Δf = −17.7 Hz and ΔD   =  5 × 10−6). 

Figure 1. A nanostructured cellulose II gel (A) is further processed by aqueous cationization and subsequent mechanical shearing to yield soft  
cellulose II nanospheres (B) comprising an amorphous shell and a crystalline core. The introduction of cationic groups into the amorphous, accessible 
cellulose regions weakens interparticle interactions and allows individualization into cellulose II nanoparticles, as shown by atomic force microscope 
imaging (A,B 100 nm scale bar). C,D) The adsorption of the soft cationic cellulose II nanospheres onto thin films of cellulose nanofibrils was monitored 
with quartz crystal microbalance (QCM-D) and surface plasmon resonance (SPR). High dissipation factors measured upon adsorption indicated that 
the introduced colloidal nanogel layer was soft and viscoelastic. E,F) Comparison of layer mass and thickness from SPR and QCM-D were rationalized 
in terms of a highly water-swollen layer.

Table 1. Properties of the adsorbed cationic layers onto thin films, obtained from QCM-D data with the Voigt viscoelastic model.

Sample mSauerbrey
a) [mg m−2] mVoigt [mg m−2] Elastic shear modulus [kPa] Viscosity [mPa s] Thickness [nm]

Soft colloid (NPcat) 19.2 28.4 173 1.84 21.9

Soluble polymer 3.15 10.1 46.4 1.00 7.3

a)The mSauerbrey obtained by using Sauerbrey equation[43] is given as comparison.
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This is expected, since water-soluble cationic starch only 
adsorbs on the accessible CNF surface and structural voids.

In the next phase of the study, NPcat deposited on cellulose 
surfaces was used to investigate protein interactions. Here, we 
demonstrate the ability of NPcat to improve both nonspecific 
and specific protein adsorption. First, interactions of a negatively 
charged protein and previously adsorbed positively charged layers 
were observed in QCM-D. BSA adsorption on NPcat-supported 
nanogel layer, soluble polymer-coating (cationic starch) on CNF 
and pristine CNF (reference) were compared in Figure  2E,F. 
Noteworthy, BSA was negatively charged at the testing condi-
tions (pH 7.4), given its isoelectric pH of 4.7.[44] Therefore, due to 
electrostatic repulsion, only minor adsorption of BSA was meas-
ured on the reference CNF surface (Figure S5A, Supporting 
Information). In contrast, the surfaces modified with cationic 
materials adsorbed BSA (Figure  2E). However, the adsorption 
capability of the NPcat nanogel layer was significantly higher 
compared to that of the polymer-coated CNF substrate. Adsorbed 
protein amounts were calculated using the Voigt viscoelastic 

model, and 17, 6.0, and 0.57 mg m–2 were obtained for NPcat 
layer, cationic starch polymer-coating, and pristine CNF, respec-
tively (Figure 2F). The results of the last two are comparable to 
literature values for BSA adsorption onto cationic cellulose or 
chitosan surfaces (0.6–4.5 mg m−2)[28,31,33,45] and native cellulose 
(0.2–0.9 mg m−2)[28,29,31,46] under similar conditions. Furthermore,  
the BSA adsorption onto NPcat turns out to be significantly 
higher, even compared to polydimethylsiloxane and polyethyl-
eneimine (7 and 9 mg m−2, respectively), which are commonly 
used layers for immunoactive reagent immobilization.[47] Com-
parison to these literature values also shows that although 
cationic starch has a lower degree of substitution than NPcat 
(0.05  vs 0.17), it is a very good reference as cationic polymer 
coating. The studied cationic starch had a similar polymer 
adsorption than that of higher charged cationic polymers, such 
as cationic cellulose, chitosan, and polyethyleneimine.[28,31,33,45,47]

The BSA affinity to the NPcat nanogel layer was remark-
ably enhanced. Usually, the repulsive double layer forces of 
individual, negatively charged BSA[35] limit protein adsorption, 

Figure 2. Comparison of native cellulose thin film surface before (A,C) and after adsorption of the colloidal nanogel (B,D) by AFM analysis in the dry 
state (500 nm scale bar). Nonspecific protein affinity of coated and pristine surfaces to negatively charged BSA monitored by microgravimetry: BSA 
adsorption on 1) a polymer coating (cationic starch) (E1 and F1), 2) colloidal nanogel (E2 and F2) with pristine cellulose as reference (F, Ref). F) The 
BSA adsorbed amounts suggest a remarkably enhanced protein affinity to the NPcat nanogel layer.
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but the pronounced adsorption on the nanogel layer, as well 
as the considerable increase in the elastic shear moduli, from  
173 to 547 kPa, and layer viscosity, from 2 to 4 mPa s (Tables 1 
and 2), all point to the fact that BSA penetrated the colloidal 
nanogel, stiffening the associated physical network.

In general, protein adsorption is preferentially conducted at a 
pH close to its isoelectric point, to avoid repulsive double-layer 
interactions;[35] hence, we investigated the nonspecific adsorp-
tion of neutral hIgG on cellulose filter papers (hereafter referred 
as paper) using confocal laser scanning microscopy (CLSM). 
Human IgG (hIgG) antibodies were chosen for this study since 

they are important recognition elements in diagnostic tools, 
e.g., to indicate the immune status of patients exposed to patho-
gens, such as hepatitis B and measles viruses.[49] In this study, 
hIgG antibodies labeled with a fluorescent tag (hIgG-FITC)  
were adsorbed on paper carrying a NPcat gel layer on its sur-
face (Figure 3B). Results for paper covered with a soluble poly-
mer-coating (Figure 3A) are also shown. For comparison of the 
different samples, the relative fluorescence intensity was deter-
mined by image analyses (Table S2, Supporting Information). The 
reference paper did not adsorb hIgG-FITC to a significant extent 
with a relative fluorescence intensity of only 2.2 (Figure  3 Ref).  

Table 2. Properties of the adsorbed protein layers, obtained with the Voigt viscoelastic modeling from the QCM-D data. The mSauerbrey obtained by 
using the Sauerbrey equation[43] is given as a comparison.

Sample mSauerbrey [mg m−2] mVoigt [mg m−2] Elastic shear modulus [kPa] Viscosity [mPa s] Thickness [nm]

Reference 0.35 0.57 23.2 0.26 0.48a)

Soft colloid (NPcat) 17.4 16.9 547 3.95 12.9

Soluble polymer 2.4 6.01 57.6 1.00 4.3

a)Value indicates that the adsorbed layer is not fully covering the CNF film since the Stokes radius of BSA is 3.5 nm.[48]

Figure 3. Surface functionalization of BSA-blocked filter paper substrates to enhance nonspecific adsorption of fluorescent-labeled human immuno-
globulin G: Confocal microscopy images of adsorbed antibody onto paper support coated with a cationic polymer (A) and colloidal nanogel (B) are 
compared to the bare paper reference (Ref). The colloidal nanogel layer offers a highly accessible surface and a significantly improved protein affinity. 
C,D) This higher affinity is also achieved when the net charge of immunoglobulin is positive or negative.
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Furthermore, only a weak fluorescence signal (intensity ≈2.8) 
was detected on the sample carrying the polymer-coated layer, 
demonstrating minor antibody adsorption (Figure  3A). In 
contrast, a high fluorescence (intensity ≈27.9) was observed 
from images of paper carrying a NPcat layer, indicating a high 
affinity of the antibody to the nanoparticles (Figure 3B). Since 
there are multiple human IgG subclasses, no single isoelectric 
point can be assigned to hIgG, but reported to be in the range 
of pH between 6.6 and 8.2.[50] Consequently, the net charge of 
the hIgG was estimated to be close to neutral at pH 7.4, and 
therefore, adsorption was mainly driven by nonelectrostatic 
forces. Thus, adsorption of hIgG occurred most likely due to 
van der Waals interactions, and/or the entropy gain caused by 
solvent molecule or counterion release.[51] However, despite the 
net zero overall charge of the protein at the isoelectric point, 
there are still charged domains on the surface, which drive elec-
trostatic interactions.[40] Consequently, it is possible that adsorp-
tion of hIgG antibodies occurred via the exposed, oppositely 
charged NPcat surfaces. This behavior and the other nonelec-
trostatic interactions explain why net positively charged hIgG 
was adsorbed to surfaces with the same charge, i.e., at condi-
tions below its isoelectric point range.[51] Namely, adsorption of 
hIgG-FITC on NPcat was also detected at pH 6 (hIgG positively 
charged) and at pH 9 (hIgG negatively charged) (Figure 3C,D). 
The fluorescence intensity values of 13.5 and 38.0 were obtained 
from the images taken at pH 6 and pH 9, respectively. Further-
more, the NPcat had higher affinity to the antibody at pH 6 and 
9 compared to the soluble polymer-coating (fluorescence inten-
sity ≈6.2 and 5.1 at pH 6 and pH 9, respectively) (Figure S6, 
Supporting Information), showing that NPcat surfaces could 
be employed to increase sensitivities of state-of-the-art antibody 
tests based on polymer-coated surfaces.

Besides, the enhanced adsorption ability of NPcat-modified 
paper compared to unmodified and polymer-coated papers was 
also demonstrated in tests with anionic fluorescein sodium salt. 
The differences in sample adsorption capabilities could be seen 
with the naked eye (Figure S7, Supporting Information). This 

demonstrates that the application of NPcat-modified surfaces 
for adsorption-related processes is broad and not restricted to 
diagnostics.

In order to determine whether the NPcat nanogel layer 
facilitates specific protein interactions, adsorption tests were 
performed with hIgG antibodies and fluorescent-stained anti-
human IgG (anti-hIgG) antibodies on papers and analyzed via 
CLSM. Figure 4 illustrates three-step adsorption of antibodies 
on the NPcat nanogel layer: 1) hIgG antibodies were adsorbed 
nonspecifically on the NPcat layer. 2) The remaining nonspecific 
adsorption sites were blocked with blocker molecules (BSA), 
and 3) the fluorescent-tagged anti-antibody (anti-hIgG-FITC) 
was bound specifically to hIgG. This kind of antibody–antibody 
interaction is employed, for example, in indirect immunoas-
says, where a primary antibody is used in antigen detection and 
a secondary antibody produces a detectable signal.[52]

Confocal images show the specific interaction of anti-hIgG-
FITC with hIgG adsorbed onto the colloidal nanogel layer-dec-
orated paper (Figure 4A), in comparison to the reference paper 
(Figure 4B). The obtained dark (black) images of the reference 
paper show that in the case of the sample without hIgG anti-
bodies, no anti-hIgG antibodies adsorption occurred (fluores-
cence intensity ≈2.7, Table S3, Supporting Information). The 
image of the colloidal nanogel paper with physically bound 
antibodies shows intensive fluorescence (intensity ≈19.6), indi-
cating significant binding of the anti-antibody. The interactions 
were specific since nonspecific binding sites were blocked with 
BSA prior to imaging.

3. Conclusions

NPcat were produced from a cellulose II hydrogel by aqueous 
cationization and subsequent mechanical shearing. NPcat, 
with a hydrodynamic radius of 55  nm, showed an intrinsic 
solid core/soft shell structure. Adsorption of these colloids 
onto an oppositely charged cellulose surface was monitored by 

Figure 4. Immobilization of a colloidal nanogel layer onto paper enabled specific antibody–antibody interactions. Schematic illustration of the three-
step adsorption process: 1) Immunoglobulin (hIgG) was adsorbed on the nanogel layer. 2) Bovine serum albumin (BSA) was used as a blocking 
molecule for nonspecific binding sites, and 3) fluorescent-tagged anti-hIgG was adsorbed specifically to hIgG. The adsorption of the tagged anti-hIgG 
onto the colloidal nanogel layer (A) and the reference paper (B) was monitored by confocal microscopy.

Small 2020, 2004702



www.advancedsciencenews.com www.small-journal.com

2004702 (7 of 9) © 2020 The Authors. Small published by Wiley-VCH GmbH

microgravimetry and surface plasmon resonance. The cellu-
lose surface was homogeneously covered with NPcat, forming 
a viscoelastic and water-swollen colloidal nanogel layer. The 
interaction of this layer with differently charged proteins was 
compared to a traditional polymer-based coating, revealing a 
significantly higher affinity of proteins to the colloidal nanogel. 
The formed accessible gel layer on cellulose had not only sub-
stantial affinity to nonspecific proteins in a broad pH range but 
could be also used as an anchoring layer for specific protein 
interactions. The capability of the colloidal nanogel to facilitate 
protein interactions reveals its potential as an anchor layer for 
adsorption-related processes, offering a powerful alternative to 
state-of-the-art polymer-coatings with a high potential to over-
come the current sensitivity limitations of immunosensors.

4. Experimental Section
Materials: The cellulose II gel also referred to as LENZING(TM) 

lyocell gel[11,36] ((LENZING(TM) is a trademark of Lenzing AG) with 
a solid content of 4 wt% was provided by Lenzing AG and stored at 
8  °C until use.  Cellulose nanofibril (CNF) suspension (1.48 wt%) was 
prepared from bleached sulfite birch fibers (12 passes through a M110P 
fluidizer (Microfluidics Corp.)). Cationic starch (Raisamyl 150) with a 
degree of substitution of 0.05 was purchased from Chemigate. Cationic 
starch was used as an example for a soluble cationic polymer. Dimethyl 
sulfoxide (DMSO) (≥99.9%) was purchased from Merck. D2SO4 and 
D2O were obtained from Euriso-top. All other chemicals were purchased 
from Sigma-Aldrich (Finland): Fluorescein 5(6)-isothiocyanate 
(FITC) (≥90%), polyethyleneimine (PEI) 50% aqueous solution 
(Mw 600  000–1  000  000  g mol−1), glycidyltrimethylammonium chloride 
(20–25% water, dry substance ≥90%, techn.), hIgG (≥95%), anti-hIgG 
γ-chain specific antibody produced in rabbit, and BSA (≥98%). Water 
purified with a Millipore Synergy UV unit (Milli-Q) was used.

Preparation of Cellulose II Nanoparticles: The cellulose II gel was 
concentrated at 10 000 rcf for 10 min to a solid content of 9.2 wt%. 32 g 
of this material (2.95 g of dry cellulose, 18.2  mmol) was transferred 
into a 100  mL Schott bottle. The suspension was mixed with a glass 
rod due to its high viscosity and a 50 wt% aqueous solution of NaOH 
(0.38 g, 4.8 mmol) was added slowly while mixing. After 30 min, glycidyl 
trimethylammonium chloride (5.5 mL, 6.2 g, 29.5 mmol (considering 
90% purity and a water content of 20%), 1.6 eq) was added and the highly 
viscous gel was homogeneously mixed with a glass rod and transferred 
into a water bath shaker at 55 °C. After 20 h, 60 mL of Milli-Q water was 
added, and the suspension was washed with Milli-Q water following 
three washing and centrifugation cycles (5 min@10  000 rcf). The 
suspension was further purified by dialysis (6–8 kDa regenerated cellulose 
membrane) against deionized water for 4 d. Finally, the suspensions were 
homogenized in a microfluidizer (Microfluidics M110P, Microfluidics 
Corporation, USA) (2 passes@2000 bar) to yield individualized spherical 
nanoparticles.  The degree of substitution of  0.17 was determined by 
liquid-state NMR from a hydrolyzed NPcat sample, the particles were 
further analyzed by small-angle X-ray scattering as well as dynamic and 
electrophoretic light scattering (see the Supporting Information for more 
details). The number of cationic surface groups of NPcat was calculated 
from the degree of substitution and corresponds to 0.9 mmol g−1.

Atomic Force Microscopy: The surface topography of the particles was 
studied on SiO2 wafers or QCM sensors by a Nanoscope IIIa multimode 
scanning probe microscope (Digital Instruments, USA). Surface areas 
of 3 × 3 and 1 × 1 µm2 were investigated in air using tapping mode with 
silicon cantilevers (NSC15/ALBS, MikroMasch, 8 nm tip radius). Images 
were processed (flattening) and analyzed with Gwyddion software.

Preparation of CNF Model Surfaces: Ultrathin films of CNF were 
prepared as described by Ahola et  al.[53] First, 0.148% CNF suspension 
was defibrillated with a tip sonicator (Digital Sonifier Model 450, Barbson 
Ultrasonics Corp.) for 10 min at 25% amplitude. Then, CNF suspension 

was centrifuged at 10 000 rcf for 45 min. The supernatant with individual 
nanofibrils was collected with a pipette. Then, the nanofibrils from 
the supernatant were spin-coated (Model WS-650SX-6NPP, Laurell 
Technologies) at 3000  rpm onto UV-ozonized QCM sensors (QSX 301, 
Q-sense) and SPR sensors (SPR102-AU, BioNavis) with a thin anchor 
layer of cationic PEI. Finally, the spin-coated substrates were dried in an 
oven at 80 °C for 10 min. 

Quartz Crystal Microbalance with Dissipation Monitoring: QCM-D (E4 
instrument, Q-Sense AB) was utilized to monitor adsorption of charged 
materials on thin CNF films and sequential adsorption of BSA (0.1 g L−1) 
on these surfaces at pH 7.4. Phosphate buffer (pH 7.4, 10  × 10−3 m) 
was used for film equilibration and as washing buffer. Changes in the 
sensor oscillation frequency were measured at a fundamental resonance 
frequency of 5 MHz. All measurements were performed at 23 °C under 
the constant flow of 100 µL min−1. The adsorbed masses were calculated 
with the Sauerbrey equation (Equation (1))

m C
f
nQCM∆ =− ∆  (1)

where CQCM is 17.7 ng Hz−1 cm−2 for 5 MHz crystal, Δf is the change in 
frequency, and n is the overtone number.[43,54] However, the Sauerbrey 
equation is not usually suitable for mass estimations if the adsorbed 
layer is not rigid.[55] Therefore, also the Voigt viscoelastic model (Q-Tools 
software, version 2.1 Q-Sense) was used to estimate the adsorbed 
masses (see Figure S8, Supporting Information, showing typical fittings 
to the thickness of adsorbed layers via Voigt viscoelastic model). The 
fluid density was approximated to 1000  kg m−3, the fluid viscosity to 
0.001 m3 kg−1, and the density of the adsorbed layers to be 1300 kg m−3.

Adsorption of Charged Materials and Protein on CNF Model Surfaces 
in QCM-D: Prior measurements, CNF films were placed inside QCM 
chambers and stabilized in a phosphate buffer (pH 7.4, 10 × 10−3 m) until 
a stable baseline was observed. After stabilization, 0.5 wt% NPcat or 
0.5 wt% cationic starch were adsorbed on CNF films for 20 min. Then, 
loosely bound particles were removed by washing with the buffer for 
15 min. Next, 0.1 g L−1 BSA (in phosphate buffer, pH 7.4) was adsorbed 
on the pristine CNF surface and the NPcat- and starch-modified CNF 
surfaces for 50 min. Finally, washing with the buffer was done for 20 min.

Surface Plasmon Resonance: Multiparametric SPR instrument (MP-
SPR Model Navi 200, Oy BioNavis Ltd.) was used to monitor adsorption 
of NPcat on thin CNF films. All SPR measurements were performed 
at 20 °C under the constant flow of 100 µL min−1. The thickness of the 
adsorbed layer was determined with Equation (2)[56]

d l
m n n2

d angle

a 0( )=
∆

−
 (2)

where d is the thickness, ld is the characteristic evanescent 
electromagnetic field decay length (estimated as 0.37 of the light 
wavelength 670  nm), Δangle is the change in the SPR angle, m is the 
sensitivity factor for the sensor (109.94° RIU−1, obtained after calibration), 
n0 is the refractive index of the bulk solution (1.334 RIU), and na is the 
refractive index of the adsorbed substance (for NPcat 1.410[57]).

The mass of the adsorbed layer per unit area was determined with 
Equation (3)[58]

m d ρ∆ = ×  (3)

where Δm is the adsorbed mass, d is the thickness, and ρ is the packing 
density of the NPcat (estimated to be 1.39 g cm−3[57]).

Adsorption of NPcat on CNF Model Surfaces in SPR: Prior 
measurements, CNF films were placed inside SPR and stabilized in 
a phosphate buffer (pH 7.4, 10  × 10−3 m) until a stable baseline was 
observed. After stabilization, 0.5 wt% NPcat were adsorbed on CNF 
films for 80 min. Then, loosely bound particles were removed by washing 
with the buffer for 40 min.

Fluorescein Labeling of hIgG and Anti-hIgG: To modify antibodies with 
a fluorescent probe, a procedure for immunoglobulin modification by 
Hermanson[59] was used with few alterations. First, 2  mg mL−1 protein 
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solution was prepared in 0.1 m sodium carbonate buffer (pH 9.0). Then, 
1  g L−1 FITC solution was prepared in a dark room by dissolving FITC 
in dry DMSO. This solution was protected from light by wrapping the 
sample container in aluminum foil. Next, 100 µL of the FITC solution 
was added dropwise to each ml of hIgG solution and gently mixed. The 
reaction occurred at 4  °C for 8 h. To purify the obtained FITC-stained 
hIgG (hIgG-FITC) and anti-hIgG (anti-hIgG-FITC) from unreacted FITC 
molecules, the solution was centrifuged four times at 3500 rcf for 30 min 
by using centrifugal filter units (Amicon Ultra-15, MWCO 30 kDa).

Nonspecific Protein Adsorption and CLSM: Nonspecific adsorption 
behavior of hIgG-FITC was studied on filter papers. First, paper substrates 
were immersed in a 5 wt% BSA solution for 10  min in order to block 
the surfaces. Then, 30 µL of 1 wt% cationic starch or 1 wt% NPcat were 
adsorbed on the BSA-blocked substrates. Finally, 30 µL of 0.1 g L−1 hIgG-
FITC (in 10 × 10−3 m phosphate buffer (pH 6 or 7.4) or sodium carbonate 
buffer (pH 9)) was adsorbed on the samples. Additionally, 10 min washing 
with buffer (pH 6, 7.4, or 9) and drying with N2 gas were done after each 
adsorption step. Then, the hIgG-FITC exposed samples were imaged with 
CLSM to detect the adsorbed antibodies. Images were taken with a laser 
scanning spectral confocal microscope (Leica TCS SP2, Leica microsystems 
CMS GmbH) by using 488  nm excitation wavelength and 500–540  nm 
detection wavelength range. Images were acquired with 848 V laser power 
and under constant imaging conditions.   After imaging, the intensity of 
the fluorescence images was measured using the color analysis tool of the 
GNU Image Manipulation Program. The intensity was measured from the 
unmodified images (Table S2, Supporting Information).

Specific Protein Adsorption and CLSM: First, 1 wt% NPcat was 
physically adsorbed on BSA-blocked filter papers for 10 min. Then, 30 µL 
of 0.1 g L−1 hIgG (in 10 × 10−3 m phosphate buffer, pH 7.4) was adsorbed 
on the samples. Next, samples were blocked by immersing them in a  
5 wt% BSA solution for 10 min. Then, 30 µL of 0.1 g L−1 anti-hIgG-FITC 
(in 10 × 10−3 m phosphate buffer, pH 7.4) was adsorbed on the samples 
for 10  min. Additionally, 10  min washing step with a phosphate buffer  
(pH 7.4, 10  × 10−3 m) and drying with N2 gas were done after each 
adsorption step. To determine if the anti-antibodies bound with the 
antibody on the paper samples, all samples were imaged with CLSM 
(Leica TCS SP2, Leica microsystems CMS GmbH). 488  nm excitation 
wavelength and 500–540  nm detection wavelength range were used. 
Images were acquired with 848  V laser power and under constant 
imaging conditions.   After imaging, the intensity of the fluorescence 
images was measured using the color analysis tool of the GNU Image 
Manipulation Program. The intensity was measured from the unmodified 
images (Table S3, Supporting Information).
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