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a b s t r a c t

Hypothesis: Hydrogels based on cellulose nanocrystals (CNC) have attracted great interest because of
their sustainability, biocompatibility, mechanical strength and fibrillar structure. Gelation of colloidal
particles can be induced by the introduction of polymers. Existing examples include gels based on CNC
and derivatives of cellulose or poly(vinyl alcohol), however, gel structure and their application for extru-
sion printing were not shown. Hence, we rationalize formation of colloidal gels based on mixture of poly
(N-isopropylacrylamide) (PNIPAM) and CNC and control their structure and mechanical properties by
variation of components ratio.
Experiments: State diagram for colloidal system based on mixture of PNIPAM and CNC were established
at 25 and 37 �C. Biocompatibility, fiber diameter and rheological properties of the gels were studied for
different PNIPAM/CNC ratio.
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Injectable hydrogel
Direct ink writing

Findings: We show that depending on the ratio between PNIPAM and CNC, colloidal system could be in
sol or gel state at 25 �C and at gel state or phase separated at 37 �C. Physically crosslinked hydrogels were
thermosensitive and could reversibly change it transparency from translucent to opaque in biologically
relevant temperature range. These colloidal hydrogels were biocompatible, had fibrillar structure and
demonstrate shear-thinning behavior, which makes them a promising material for bioapplications
related to extrusion printing.

� 2022 Elsevier Inc. All rights reserved.

1. Introduction

Nanoparticles (NPs) are an universal building block for the for-
mation of colloidal gels [1]. Their shape, size and nature affect on
the gels’ structure, mechanical, optical, transport and bioproperties
[2,3]. Of particular interest is the use of anisotropic NPs, such as
nanorods [4,5], nanosheets [6] or nanoplates [7], since they intro-
duce the anisotropy of the properties to the final colloidal gel,
which gives it advantages for application as actuators [4], scaffolds
for cell growth [5,7,8], and sensors [9]. Among anisotropic
nanoparticles, cellulose nanocrystals (CNC), has received a special
prevalence due to its hydrophilicity, generally low toxicity, ability
to be chemically modified in versatile fashion and cost-
effectiveness [10,11 12]. In recent decades, a number of researches
have focused on implantable to injectable hydrogels that enable
gel formation at the desired injection site or could be 3D printed
in a complex shape [13,14,15]. NP-based physical gels have thixo-
tropic (or shear-thinning) properties, that is, they exhibit solid-like
behavior at low shear and a liquid-like behavior at high shear [16].
These properties are in demand for direct ink writing and 3D extru-
sion printing, what inspires the design of new colloidal gels based
on CNC with task-specific properties for additive technologies.

Physically crosslinked gels based on CNC can be obtained by
adding salt [17], nanoparticles, [18], polymers [19,20], or grafting
polymers to CNC’s surface [21,22]. Among the listed strategies,
gelation due to the introduction of polymers opens up the greatest
opportunities for controlling the rheological and mechanical prop-
erties of the resulting material, while being one of the most cost-
and time-effective in terms of the simplicity of obtaining gels.
However, existing examples which include gels based on CNC
and derivatives of cellulose [19,20] or poly(vinyl alcohol),[20] do
not include study of gel structure and its application for extrusion
printing. Moreover, an important development of the field of col-
loidal gels is the introduction to them of a stimuli-responsive prop-
erties, that is, the ability to undergo changes in structure–
function–property relationship in response to environmental cues.
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most spread
components of stimuli-responsive materials due to PNIPAM ther-
mosensitivity related to the change in ‘‘coil-to-globule” molecular
conformation above the lower critical solution temperature (LCST)
in water.[23] Recent examples of obtaining physical thermosensi-
tive gels based on PNIPAM and CNC include grafting of polymer
to the CNC surface. [21,22] Such gels are in a liquid state at room
temperature and transform into a gel state when the temperature
rises above the LCST of PNIPAM and demonstrated promising
results as cell scaffolds [21]. However, these gels required complex
synthesis’s strategies, purification from toxic components of poly-
merization catalysts and possess difficulties of precise control of
molecular weight and grafting density in the case of ‘‘grafting
from” approach. Also, some applications related to wound dress-
ings, drug delivery or implants require the production of gels that
maintain the gel state both below and above LCST.[24] The transi-
tion from physically crosslinked gels to covalently crosslinked ones

deprives gels of thixotropic behavior and contributes to a dramatic
change in gel volume during the collapse of PNIPAM above LSCT,
[25] which is not always in demand, for example for wound dress-
ings or implants. Thus, the search for new ways to obtain physi-
cally crosslinked gels based on CNC and PNIPAM is of interest for
the design of 3D-printed biomaterials.

In this paper, gelation of the colloidal system based on the phys-
ical interactions between CNC and PNIPAM was investigated. The
thixotropic properties of the gels were studied depending on their
composition and operating temperature. We show that PNIPAM /
CNC colloidal gels have fibrillar structure, thermoresponsive trans-
parency and biocompatibility with cells. These properties of the
hydrogel, along with the simplicity of its preparation, make PNI-
PAM / CNC hydrogel a promising platform for 3D bioprinting, cell
culture, tissue engineering, wound dressings.

2. Materials and methods

2.1. Materials

Poly(N-isopropylacrylamide) (PNIPAM, Mn = 40,000, Sigma-
Aldrich, PDI � 1.5), 10 wt% aqueous suspension of cellulose
nanocrystals obtained by sulfuric acid hydrolysis (CNC, University
of Maine Process Development), sodium hydroxide (NaOH, 98%,
Sigma-Aldrich), hydrochloric acid (37% aqeous, ACS reagent), were
used as received without purification.

2.2. Gel preparation

State diagram construction. Respective amount of aqueous solu-
tion of PNIPAM (19 wt%) was mixed with an aqueous dispersion of
CNC (10 wt%) and water to obtain mixtures with PNIPAM/
CNC = 0.5 – 4.0 (here and after we will denote this ratio as
Pm
PNIPAM=CNC) and a total weight concentration, ctot, from 4 to 16 wt

% at 25 and 37 �C. Each system was stirred until a homogeneous
mixture was formed (1 min). The sequence of mixing the reagents
had no effect. For the state diagram at 37 �C, the samples were pre-
pared at room temperature (otherwise PNIPAM precipitated) and
heated to 37 �C using a water bath. The assignment of the resulting
mixture to sol, gel or precipitate was determined visually using a
flip-test.

Characterization of the gels and components by dynamic light
scattering (DLS), Fourier-transform infra-red spectroscopy (FTIR), ele-
mental analysis, freeze drying, scanning and transmission electron
microscopy (SEM and TEM, respectively) and micro computer tomog-
raphy analysis are described in Supporting Information (section S1).

Calculation of gyration radius and hydrodynamic radius. Calcula-
tions were carried out for an aqueous solution of PNIPAM, where
room temperature (25 �C) is a good solvent conditions and temper-
ature above the lowest critical dissolution temperature of PNIPAM
(37 �C) is bad solvent conditions. Gyration radius was calculated
for good (R25

g ) and poor (R37
g ) solvent based on equations (1) and

(2), respectively [26]:
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R25
g ¼ b1=5 � N3=5 � v2=5 ð1Þ

R37
g ¼ b2 � N1=3 � v1=3 ð2Þ
Where b is the monomer size (0.63 nm for both 25 and 37 �C)

[27], N is degree of polymerization (N =Mn/Mmonomer = 353 for both
25 and 37 �C, where Mn is molecular weight of the polymer
(40,000) and Mmonomer is molecular weight of the monomer
(113.16)), v is excluded volume (0.54 and 0.38 nm3 for 25 and
37 �C, respectively) [28]. Hydrodynamic radius for good (R25

h ) and

poor (R37
h ) solvent was obtained from equation (3):

RT
h ¼ RT

g=nT ð3Þ
Where nT is ratio between experimentally determined gyration

and hydrodynamic radius, the value of nT was taken from the liter-
ature and was 1.45 and 0.77 for good and poor solvent, respectively
[29].

Volume fraction ratio between PNIPAM and CNC, PV
PNIPAM=CNC,

was calculated according to eq. (4):

PV
PNIPAM=CNC ¼ 4=3 � p � R3

h � Ncoil
mCNC � qCNC

ð4Þ

Where Rh is hydrodynamic radius at respective conditions (bad
or poor solvent), Ncoil is amount of PNIPAM coils in the mixture
defined as Ncoil = NA�mPNIPAM/Mn (where NA is Avogadro number,
mPNIPAM is mass of PNIPAM in the mixture), mCNC is mass of the
CNC in the mixture and qCNC is the CNC’s density, 1.5 g/cm3 [12].

Amount of PNIPAM coils per one CNC, PN
PNIPAM=CNC, was calcu-

lated according to eq. (5):

PN
PNIPAM=CNC ¼ Ncoil

NCNC
ð5Þ

Where NCNC is amount of CNC particles in the mixture and
defined as NCNC =mCNC/m1-CNC, andm1-CNC is mass of 1 CNC particle,
i.e m1-CNC = qCNC p �RCNC�LCNC (RCNC is CNC radius, 8.3 ± 1.9 nm, and
LCNC is CNC length, 151 ± 54 nm).

Amount of PNIPAM coils per one CNC by surface area,
STPNIPAM=CNC, was calculated at certain T according to eq. (6):

STPNIPAM=CNC ¼ S1�CNC

S1�PNIPAM
ð6Þ

Where S1�CNC is surface area of one CNC particles in the mixture
and defined as Sð1�CNCÞ ¼ 2 � p � RCNC � LCNC þ 2 � p � R2

CNC , and S1�PNIPAM

is the surface area of the largest cross-section (diameter) of 1 PNI-
PAM coil , i.e S1�PNIPAM ¼ p � R2

h.
Rheology experiments. Rheology measurements was performed

using an Anton Paar MCR 702 (Austria) rheometer with cone (di-
ameter 25 mm) and plate geometry, and a gap of 108 lm at tem-
perature 25 �C and 37 �C. To control the temperature, an integrated
Peltier plate were used. To measure the viscosity at different shear
rates and storage modules, the systems were equilibrated for
15 min at certain temperature (25 or 37 �C). Studies in the oscilla-
tory mode were carried out at a frequency of 10 rad/s. The shear
modulus G’ and the loss modulus G00 were recorded over time
(strain 1 %) and with a change in displacement (strain) from 0.1
to 30 %. Studies in the rotational mode were carried out in the
range of shear rates from 0.1 to 30 s�1 to determine the dynamic
(shear) viscosity g. The recovery of the system after the application
of shear stress was carried by determination of the dynamic viscos-
ity at a shear rate of 0.1 s�1 for 500 s and 40 s�1 for 500 s. Then the
cycle was repeated one more time.

Ink preparation. Ink for printing with a ctot of 13.0 wt% and
aPm

PNIPAM=CNC = 1 was prepared by mixing 500 mg 10 wt% CNC (aq)

and 260 lL 19 wt% PNIPAM (aq). Bromophenol blue food dye
(0.02 g per 5 ml of gel) was added to the resulted ink to visualize
the injectability of the gel.

Direct ink writing. Inks with a ctot of 13.0 wt% and aPm
PNIPAM=CNC = 1

was placed in syringe with needle 22G and manually extruded on a
glass substrate at r.t. (25 �C). Extruded pattern was placed at heat-
ing plate at 37 �C for 10 min, and then cooled down to r.t. at ambi-
ent conditions. Four cycles of heating–cooling were repeated.

Biological evaluation. In vitro biocompatibility of the gels was
examined using the human epidermal cell line (A-431). The cell
line was obtained from the Cell Culture Collection of the Institute
of Cytology RAS (St. Petersburg, Russia). The cells were cultured
in polystyrene flasks in DMEM supplemented with 10 % FBS, 1 %
penicillin/streptomycin (Sigma-Aldrich, Darmstadt, Germany) at
37 �C in a humidified atmosphere of 5 % CO2 in air. Sub-
confluent cells were passaged by using trypsin– EDTA (0.25 % (w/
v) trypsin, 1 mM EDTA). The samples of the gels were injected into
the wells of 96-well plate at a volume of 60 lL/well (n = 3 for each
gel composition) and incubated at room temperature with an orbi-
tal shaking until the gel was evenly distributed on the surface.
Before cell seeding, the plate was incubated at 37 �C for 5 min.
Then, 100 lL of medium with 1 � 104 cells were added to each test
sample and incubated at 37 �C with 5 % CO2 for 72 h. The wells of
the plate (n = 3) were used as a control surface. The cell viability
was evaluated with the use of standard MTT assay as described
elsewhere [30]. Bright-filed optical microscopy of cells was per-
formed using a Nikon Eclipse TS100 microscope with a color digital
camera (�10). For this purpose, cells were cultivated in the same
way as described above, but in a 24-well plate (350 lL of gel/well).

3. Results and discussion

3.1. Gel formation

Gelation of an aqueous dispersion of anisotropic rod-shape NPs
(CNC), and an aqueous solution of thermoresponsive polymer (PNI-
PAM), was studied in the ratios of components of mass ratio PNI-
PAM / CNC = 0.5 – 4.0 (here and after we will denote mass ratio
as Pm

PNIPAM=CNC) and a total weight concentration, ctot, from 4 to
16 wt%. The dimension of CNC was calculated from TEM images:
length was 151 ± 54 nm, diameter was 16 ± 4 nm (Fig. S1a,b, Sup-
porting information). Colloidal stability of CNC is caused by half-
ester -SO3H groups and concentration of these groups was esti-
mated as 0.32 mmol�g�1 based on the sulfur content 1.03 wt%.
The resulting colloidal gels was formed due to depletion forces
related with charge screening of CNC by PNIPAM coils, acting as
a depletant [31,32]. Adsorption of PNIPAM on CNC surface was
achieved due to physical interactions, namely the formation of
hydrogen bonds between AOH and ASO3H groups of CNC and
ANH and AC@O groups of PNIPAM, as well as hydrophobic inter-
actions (Fig. 1a, Fig. S2, Supporting Information). By variation of
Pm
PNIPAM=CNC and ctot, state diagram for colloidal system PNIPAM /

CNC was obtained at room temperature (25 �C) and 37 �C
(Fig. 1b,c). At 25 �C gel was formed at ctot > 8 wt% and Pm

PNIPAM=CNC

from 0.5 to 1.7 (Fig. 1b, gel region), while for the remaining ratios
the system appeared as homogeneous translucent liquid (Fig. 1b,
sol region).

Next, we investigated the phase behavior of the system at a
temperature above LCST (�32 �C) of PNIPAM [29]. We chose
37 �C as the operating temperature, which satisfies the criterion
T > TLCST and coincides to the biological temperature of tissues.
At 37 �C regions which at 25 �C were in sol state (for the
Pm
PNIPAM=CNC > 2) phase separated into a translucent dispersion and

a white precipitate, while those regions which at 25 �C were in a
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gel state remained in the gel state but became opaque (Fig. 1c).
Precipitation occurs due to insolubility of PNIPAM above LCST
and has reversible nature (Fig. S3, Supporting information).

Interestingly, compositions, namely, ctot = 14 wt%,
Pm
PNIPAM=CNC = 2.0 and ctot = 12 wt%, Pm

PNIPAM=CNC = 1.5, which were in
a liquid state at 25 �C, formed a gel at 37 �C (Fig. 1c,d marked with
green circles). The size of the CNC, as well as its zeta potential, does
not change during the temperature transition from 25 to 37 �C
(Fig. S3a,b, Supporting information). We associate this with the
change in volume ratio of PNIPAM / CNC, PV

PNIPAM=CNC, due to ‘‘coil-
to-globule” transition of PNIPAM above LCST. This transition led
to dramatic change of gyration radius of PNIPAM, Rg

T, from
24.2 nm for good solvent (water at 25 �C) to 4.1 nm for poor sol-
vent (water at 37 �C) and change in Rh

T, from 16.7 nm for good sol-
vent (water at 25 �C) to 5.4 nm for poor solvent (water at 37 �C).
Experimental values obtained by DLS for Rh were slightly higher
then calculated one and were 21 and 8 nm at 25 and 37 �C, respec-
tively (Fig. S4a, Supporting Information). Table 1 shows the differ-
ence in volume, mass, surface area and particle number ratios for
PPNIPAM=CNC at 25 and 37 �C.

It was previously shown that the topology of the phase diagram
of colloidal NPs and linear polymer is determined by the size ratio,
w, wherew = Rg/RNPs (RNPs is the radius of colloidal particles (RNPs =-
L/2 for CNC)). For w < 0.25 the addition of the polymer simply

expands the colloidal fluid-crystal coexistence region, while for
w � 0.25 a three-phase coexistence of colloidal gas, liquid, and
crystal phases could be observed. [32,33]. For a system in condition
of a good solvent (25 �C) w = 0.32 > 0.25, i.e., colloidal gas, liquid,
and crystal phases coexistence in the system. This can also be con-
cluded by comparing the volume ratio, PV

PNIPAM=CNC, and the number
of PNIPAM coils per 1 CNC at the maximum filling area of the par-
ticle surface, SPNIPAM=CNC. For samples S1-S4 (Table 1) at 25 �C with
the same total concentration (ctot = 9 wt%), but a different ratio of
Pm
PNIPAM=CNC changing from 3 to 0.5, the PV

PNIPAM=CNC changing from
1325 to 221, respectively, while maximum filling of the surface
of 1 CNC corresponds to SPNIPAM=CNC ¼ 20 polymer coils (excluding

deformation during adsorption). Number particle ratio PN
PNIPAM=CNC

for samples S1-S4 is changing from 2201 to 367, which is also
much higher that SPNIPAM=CNC ¼20. Thus, at good solvent conditions
a large excess of polymer may be expected, and it could be in the
colloid-poor phase, i.e. there is a colloidal gas or liquid. For poor
solvent conditions w = 0.05 < 0.25, which is case of transition from
fluid to classical depletion colloidal gel depending on polymer con-
centration [34]. For samples S1-S4 at 37 �C SPNIPAM=CNC ¼ 194 which

is higher then PV
PNIPAM=CNC ranging from 44 to 7. Thus, for each con-

dition (both at 25 and at 37 �C), there are optimal polymer-NPs
ratios leading to gel formation. A similar ‘‘liquid-gel-liquid” transi-

Fig. 1. a) scheme of colloidal gel formation from aqueous dispersion of CNC and aqueous solution of PNIPAM; b) TEM image of CNC demonstrating rod-like structure of
nanoparticles; c-d) state diagram for aqueous dispersion of CNC and PNIPAM at 25 �C (c) and 37 �C (d). Points for which rheology was investigated further are marked with
orange circles, while points that are a gel at 37 �C and a sol at 25 �C are marked with green circles.

Table 1
Volume, mass, surface area and particle number ratio between PNIPAM and CNC at good solvent conditions (25 �C) and poor solvent conditions (37 �C).

Sample ctot, wt.% Pm
PNIPAM=CNC PN

PNIPAM=CNC PV
PNIPAM=CNC

w SPNIPAM=CNC State of the system

25 �C 37 �C 25 �C 37 �C 25 �C 37 �C 25 �C 37 �C

S-1 9 3.0 2201 1325 44 0.32 0.05 20 194 sol precipitate
S-2 9 1.7 1247 751 25 gel gel
S-3 9 1.0 734 442 15 gel gel
S-4 9 0.5 367 221 7 gel gel
S-5 14 2.0 1467 884 30 sol gel

ctot - total weight concentration; Pm
PNIPAM=CNC - mass ratio (dimensionless);PN

PNIPAM=CNC - ratio between PNIPAM coils and CNC particles (dimensionless); PV
PNIPAM=CNC - volume

ratio (dimensionless); w - size ratio (dimensionless); SPNIPAM=CNC - maximum filling area of the particle surface (dimensionless).
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tion with a change in the depletant-nanoparticle ratio was also
observed earlier for a system based on polystyrene spheres as
NPs and PNIPAM microgels as depletants [35]. Comparison of
samples S1 and S5 (Table 1) shows that their volume ratios, 1325
and 884, respectively, are outside the gel zone for 25 �C, while
for 37 �C, sample S1 volume fraction PV

PNIPAM=CNC = 44, remains out-
side the gel region for 37 �C and is phase separated, and sample S5
turns into a gel with PV

PNIPAM=CNC = 30. Considering the nature of
depleted forces (osmotic pressure created by polymer tangles (de-
pletants) bringing particles closer together) [36], it is expected that
the interaction between CNC in the gel under poor solvent condi-
tions will be stronger than the same under good solvent conditions.

3.2. Gel structure

Due to the anisotropic shape of the CNC, the gels formed on its
basis have a fibrillar structure [1,2], (Fig. 2a-d) while pure polymer
have no defined structure (Fig. 2e).

It was previously demonstrated that fibrillar gels could be
formed by physical crosslinking of CNC caused by salt addition
[17]. Here we use depletion forces originated from PNIPAM to form
gel. Based on the literature fibrillar structure for gels based on
covalently crosslinked CNC and polymer could be achieved for
ratios Pm

PNIPAM=CNC < 10 [5]. Thus, our gels are physically crosslinked
by depletion forces and the ratio between CNC and polymer are in
the range of fibrillar structure 0:5 < Pm

PNIPAM=CNC < 1.7. We show

that by changing Pm
PNIPAM=CNC it is possible to obtain fibrils with dif-

ferent diameters (Fig. 2a-c), which is in agreement with previously
reported data for gels formed form CNC covalently grafted with
polymer [5]. With a decrease of Pm

PNIPAM=CNC from 1.7 to 0.5 the
diameter of the fibrils decreases from 38 to 30 nm (Fig. 2a-c).
The diameter of fibrils of the salt-induced CNC gel (Fig. 2d) was
30 nm, which is equal to two CNC diameters (RCNC = 8.3 ± 1.9 nm
based on TEM analysis, Fig. S1a,b, Supporting Information). Mono-

tonic increase in the diameter of the fibrils with an increase of the
concentration of PNIPAM is associated with the adsorption of a
polymer on the surface of fibrils. The values of the diameter of
the fibrils at 37 �C coincide with the values at 25� C within the mar-
gin of error (Figure S5, Supporting information).

The fibrillar structure on the nanoscale level leads to the layer
structure of the resulting gel on the microscopic level (Fig. 2g,h).
According to the tomography data gels have porous structure with
a total volume pore space, Vp, for 25 and 37 �C were 0.37�and
0.17 mm3. The total porosity for gels were 74 and 73 % for 25
and 37 �C, respectively. Thus, structure of gels at 25 and 37 �C
was similar both on nano- and microscale levels.

3.3. Thermosensitive behavior and pH effect

It is well known that PNIPAM-based gels are thermosensitive,
due to the ‘‘coil-to-globule” transition of PNIPAM in water at tem-
peratures above the LCST [37]. The gels obtained in this work pro-
cess thermal sensitivity, which was expressed in a change in
transparency from translucent at T < TLCST (Fig. 3a top) to opaque
at T>TLSCT (Fig. 3a bottom). The translucency of the gels was the
same for compositions with different total concentrations
(Fig. S6, Supporting Information).

It is important to note that the thermal transition did not affect
on the total volume of the gel, unlike gels based on covalently
crosslinked PNIPAM (Fig. 3a), which collapse with a dramatic
decrease in volume [38,39]. Volume retention is promising for
extrusion printing and some biomedical applications, such as
wound dressings or implants.

Fig. 3b demonstrated dependence of thermosensitive properties
of the gels with same total concentration 9 wt%, but differ in their
compositions, namely, Pm

PNIPAM=CNC equal to 1.7, 1 and 0.5. We found

that with decreasing Pm
PNIPAM=CNC from 1.7 to 0.5 lead to the increase

of LCST temperature of the gel in comparison with the pure PNI-
PAM from 31 to 36 �C (Fig. 3c). This is in the agreement with liter-

Fig. 2. a)-c) SEM images of gels incubated at 25 �C with ctot = 9 wt% and different ratios of PNIPAM and CNC: Pm
PNIPAM=CNC = 1.7 (a), Pm

PNIPAM=CNC = 1.0 (b) and Pm
PNIPAM=CNC = 0.5 (c); d)

SEM image of gel obtained by slat-induced gelation of CNC; e) SEM image of a dried PNIPAM; f) average diameter of the fibrils for different ratios of Pm
PNIPAM=CNC calculated

based on SEM images; g-h) images of the structure of gel with ctot = 13 wt% and a mass ratio Pm
PNIPAM=CNC = 1.0 obtained by X-ray microtomography at 25 �C (g) and 37 �C (h).
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ature data and explained by the change of the gel’s hydrophilic /
hydrophobic balance: with decreasing Pm

PNIPAM=CNC the concentra-
tion of CNCs increase (and hence, hydrophilic –OH and -SO3H
groups) made the environment of PNIPAM more hydrophilic and
thus increased its LSCT [25,40,41]. Thus, the transition temperature
(LCST) can be varied by changing the composition of the gel in bio-
logically relevant region.

Next, we investigate the effect of pH on the gel stability for gels
with total concentration 9 wt% and Pm

PNIPAM=CNC equal to 1.7, 1 and
0.5 (Fig. 3d). All gels have initially pH 7, because of initial compo-
nents, CNC aqeous dispersion and PNIPAM aqeous solution, has pH
7. We found that all gels become unstable at basic pH � 8 and at
acidic pH 4. At slightly acidic pH 6 gels with Pm

PNIPAM=CNC equal 1

and 0.5 were stable, while gel with Pm
PNIPAM=CNC equal to 1.7 precip-

itated (Table S1, Supporting Information). The effect of pH was
attributed to the change of zeta-potential of CNC: when pH was
differed from 7, zeta potential increase from �44 mV to –23 mV

(Fig. S6a, supporting information) which is in the agreement with
previously reported data [42,43]. Thus, instability of the gels could
be explained by reduced colloidal stability of CNC. Change in pH
from 7 to 6 has insignificant effect on the gel’s LCST (Fig. S7b,
Table S1, Supporting Information).

3.4. Rheological properties

Rheological properties of the hydrogels were investigated
depending on the total concentration and ratios of PNIPAM and
CNC. For the ratio Pm

PNIPAM=CNC = 1 when the ctot of the components
increases from 7 to 13 wt%, the shear modulus G’ changes at
25 �C from 180 to 293 Pa (Fig. 4a).

This data are in the agreement with the previously reported
data for systems based on polymer-CNC mixture, i.e. CNC has a
reinforcing effect on the polymer gels [19]. The significant increase
in the shear modulus by 2.1–2.4 times at 37 �C was associated with

Fig. 3. Effect of gel’s composition on its LCST. a) appearance of the gel ctot = 9 wt% andPm
PNIPAM=CNC = 1 below (25 �C) and above (37 �C) LCST; b) temporal variation in the

normalized extinction of the gels with total concentration 9 wt% and different ratios of PNIPAM and CNC, namely, Pm
PNIPAM=CNCequal to 1.7, 1 and 0.5. The solid lines are given for

eye guidance; c) LSCT values of PNIPAM solution and gels with total concentration 9 wt% and Pm
PNIPAM=CNCequal to 1.7, 1 and 0.5; d) effect of pH on the gels’ and PNIPAM LCST.

Data are provided only for system which were stable at certain pH.

Fig. 4. a) dependence of the values of the storage modulus G0 for gels with the same Pm
PNIPAM=CNC = 1 and different ctot; b) dependence of the values of the storage modulus G0 for

gels with the same ctot = 9 wt% and different Pm
PNIPAM=CNC.
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a more pronounced contribution of depletion forces, due to a
change in the scale ratio w and the volume fraction of the polymer,
which led to reducing the coverage of the surface of the particles
[44]. Values of G’ at 37 �C range from 425 to 667 Pa for the ratio
Pm
PNIPAM=CNC = 1 with an increase in ctot from 7 to 13 wt%, respectively

(Fig. 4a).
Mechanical properties alter non-monotonically when the ratio

of Pm
PNIPAM=CNC = 0.5 – 1.7 components changed (Fig. 4b, Fig. S9 Sup-

porting Information). For the ctot = 9 wt%, the highest value of the
strength modulus G’ was achieved with the ratioPm

PNIPAM=CNC = 1 and

is 250 Pa at 25 �C (PV
PNIPAM=CNC = 442), and 540 Pa at 37 �C

(PV
PNIPAM=CNC = 14). With the ratioPm

PNIPAM=CNC = 0.5 G’ is 23 Pa at

25 �C (PV
PNIPAM=CNC = 221), and 63 Pa at 37 �C (PV

PNIPAM=CNC = 7). And

with the ratio Pm
PNIPAM=CNC = 1.7 G’ is 119 Pa at 25 �C

(PV
PNIPAM=CNC = 751), and 415 Pa at 37 �C (PV

PNIPAM=CNC = 25). When

switching from Pm
PNIPAM=CNC = 1 toPm

PNIPAM=CNC = 1.7 there is a 2.1-
fold decrease in G’ for 25 �C and 1.3-fold for 37 �C. The higher
the content of PNIPAM in the system, the higher the difference
for G’ for 25 �C and 37 �C (119 and 415) and (23 and 63) by 3.5
times, and 2.7 times, respectively. As a control experiment, we
investigated the rheological properties separately only of the PNI-
PAM solution and separately only of the CNC aqueous dispersion.
Concentrations equivalent to the concentrations of the correspond-
ing components in the gel were selected. It is shown that at 25 �C
both PNIPAM and CNC demonstrate liquid behavior, i.e. G0 < G00

(Table S2, Fig. S8a,c), while their mixture is a gel. At 37 �C, the
CNC exhibits fluid behavior, i.e. G0 < G00 (Table S2, Fig. S8b, Support-
ing Information), and PNIPAM precipitates (Fig. S8d, Supporting
Information), their mixture is a gel. This nonmonotonic depen-
dence is determined by the existence of optimal ratios of PNIPAM
and CNC in the gelation region, which will lead to the presence of a
region of maximum contribution of depleted forces.

Due to the fact that the gels are formed through physical inter-
actions (depletion forces and hydrogen bonding), they demon-
strate thixotropic properties, i.e. a decrease in viscosity with an
increase in shear rate, which is highly beneficial for the application
of gels as inks for direct ink writing or extrusion based 3D printing
[1]. Gel with ctot = 13 wt%, Pm

PNIPAM=CNC = 1 was selected as ink since it
has the highest values of the G’ among other compositions with a
different mass fraction and other ratios. The G’ increases from
293 Pa to 667 Pa when the temperature rises from 25 to 37 �C
(Fig. 5a).

When the strain reaches > 21 % (Fig. 5b), the gel is destroyed
(G00/G’ < 1) at 25 �C, and at 37 �C the maximum strain required
for the destruction of the gel increases to 42 %. This indicates an
increase in the strength of the gel at a higher temperature associ-
ated with an increase in the contribution of depletion forces, which
was described in Section 3.1.

The shear-thinning behavior of the gel was confirmed by rheo-
logical studies of shear viscosity, g, at different shear rates, _c,
(Fig. 5c). At _c = 0.1 s�1, the viscosity was 400 and 1000 Pa�s for
25 and 37 �C, respectively, and at _c = 30 s�1, the viscosity decreased
to 2 and 5 Pa�s for 25 and 37 �C, respectively. Next, we studied the
recovery of g upon cyclic change of _c from 0.1 to 40 s�1, that is, the
‘‘self-healing” properties of the colloidal gel which determine its
ability to preserve its shape after shear-stress or extrusion
(Fig. 5d). At 25 and 37 �C, a periodic step-wise change in _c in the
range from 0.1 to 40 s�1 led to a change in the shear viscosity of
the gel. At 25 �C and an initial value of _c = 0.1 s�1, the value of g
was 25 ± 3 Pa�s, an increase of _c up to 40 s�1, lead to the decrease
in g by 29 times. Subsequent decrease of _c to 0.1 s�1 led to an
increase in g to 26 ± 2 Pa�s, that is, to the recovery of almost
100 % of the original value of g. At 37 �C and the initial value

of _c = 0.1 s�1, the value of g = 290 ± 180 Pa�s, an increase in _c to
40 s�1 led to a decrease in g by 152 times. The subsequent decrease
of _c to 0.1 s�1 led to an increase in g to 160 ± 40 Pa�s, that is, to the
restoration of 55 % of the original value of g. Thus, the ink has rhe-
ological properties that can be used for extrusion printing: lique-
faction during shear and rapid recovery of ink viscosity after
reducing the shear stress. Printing at 25 �C is more beneficial than
printing at 37 �C due to higher recovery of the inks.

3.5. In vitro biocompatibility

The evaluation of the in vitro biocompatibility of gel samples
was carried out using A-431 cells. For this purpose, cells were
seeded on the surface of gel coats previously created at the bottom
of the plate wells. The non-covered bottom of wells was used as a
control surface. The seeded cells were incubated for 72 h at 37 �C,
and after that the cell proliferation was examined by MTT assay.
The results, presented in Fig. 6a, demonstrate the high biocompat-
ibility of the cells with gel matrices. The higher optical density of
formazan in the case of tested gels means the higher number of liv-
ing cells compared to control (metabolic activity was about 200 %
and more with respect to control). This result is explained by the
difference in the space available for cell growth: the control surface
is two-dimensional (2D), while the gel coats have a three-
dimensional (3D) space. In turn, this leads to a faster confluence
of cells on the 2D surface in contrast to the gels. Thus, active cell
proliferation and high viability of cells after 3 days indicate a cell
friendly environment providing by the PNIPAM / CNC gels. At the
same time, there were no drastic differences in cell viability
depending on the gel composition.

In addition, to confirm our assumption about the positive effect
of the gel on cell support and growth in the gel space, we examined
the control and gel surfaces by bright-field optical microscopy
(Fig. 6b-d). A-431 cells in the control (the bottom of cell culture
plate) after 72 h of cultivation have a typical shape for epithelial
cells, attached to the surface of the culture plate. However, in some
cells, one can observe outgrowths or phyllapodia not characteristic
to epidermal cells. Such phenomena in the morphology of cells can
be attributed to the peculiarities of cultivation on the culture plate.
In turn, no such phyllopodia were observed when cells were cul-
tured on gels. All cells had a typical shape. The softness of the gel
promotes partial immersion of cells in the gel. It should also be
noted that after 72 h of cultivation, the number of cells on the
gel surfaces exceeded the number of cells in the control sample.
The obtained result is in complete agreement with the MTT-
analysis data discussed above.

3.6. Direct ink writing (injectability) with PNIPAM / CNC inks

Chosen composition of colloidal gel, with ctot = 13 wt%,
Pm
PNIPAM=CNC = 1, was tested for direct ink writing using a syringe

with 22G needle at 25 �C. The choice of the Pm
PNIPAM=CNC ratio was

explained by its highest biocompatibility and highest storage mod-
ulus among other ratios. Fig. 7a shows that the developed ink was
squeezed out as a continuous homogeneous filament at 25 �C (dye
was used to increase contrast between the filament and the aque-
ous medium).

To utilize the shear-thinning behavior of the obtained inks, we
examined the hydrogel performance as an injectable material by
manual extrusion from the syringe on a horizontal glass slide sur-
face to produce logo of the university (Fig. 7b). Upon extrusion, the
hydrogel retained its threadlike shape and formed a predesigned
pattern, which prove shear-thinning properties of the developed
inks (Fig. 7b). Extruded pattern was translucent at 25 �C (Fig. 7b)
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and becomes non-transparent (opaque) when heated up to 37 �C
(Fig. 7c). It has been shown that the transition of the gel pattern
from a transparent to a non-transparent state is completely rever-

sible within 4 cycles (Fig. S11, Supporting Information, video s1).
The resulting gels could form translucent brittle films upon drying
(Fig. S9, Supporting Information). Further cycling was accompanied

Fig. 5. Rheological properties of gel a ctot = 13.0 wt% and Pm
PNIPAM=CNC = 1. a) Time-dependency of storage modulus G0 and loss modulus G00 at strain 1 % and 10 rad/s; b) Variation

storage modulus G0 and loss modulus G00 of the gel, plotted as a function of the shear strain c; c) Variation in shear viscosity g of the gel, plotted as a function of the shear rate
_c; d) Time-dependent variation in shear viscosity g of gel (top) at corresponding variation of _c (bottom).

Fig. 6. a) proliferation of a-431 cells on the control surface (bottom of the wells of the adhesion cell culture 96-well plate) and the surface of gels with the same ctot = 9 wt%
and different Pm

PNIPAM=CNC (MTT assay, 72 h). b)-d) Bright-field optical microscopy (�10) of A-431 cells on the control surface (bottom of the adhesion cell culture 24-well plate)
(b) and the surface of gels with the same ctot = 9 wt% and different Pm

PNIPAM=CNC: 1.0 (c) and 1.7 (d).
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with a significant drying of the gel. The extruded pattern retains its
shape during the heating–cooling cycles since the ink composition
was selected according to the state diagrams to be gel at both 25 �C
(Fig. 1c) and 37 �C (Fig. 1d). However, it is possible to select com-
positions when the system is in a gel state at 37 �C and liquefies at
25 �C.

4. Conclusion

On the basis of previously reported approaches for non-stimuli
responsive polymers [45,46] we developed an injectable fibrillar
colloidal hydrogel formed from anisotropic rod-like cellulose
nanocrystals and thermosensitive poly(N-isopropylacryalmide).
The hydrogel formed as a result of the attractive depletion forces
created by polymer coils which overcame the electrostatic repul-
sion between the negatively charged half-ester sulfate groups of
CNC and hydrogen bonds between AOH and ASO3H groups of
CNC particles and ANH and AC@O groups of PNIPAM. Although
physically crosslinked gels based on CNC and polymer were previ-
ously reported,[45,46] their fibrillar structure and its features such
as the diameter of the fibrils depending on the gel’s components
and temperature, were demonstrated by us for the first time. The
resulting gel possess stimuli-responsive properties: a) for all gel
compositions, a change in transparency from translucent to opaque
was observed during the transition from 25 to 37 �C, and b) for
some compositions (ctot > 10.0 wt% and a mass ratio
Pm
PNIPAM=CNC > 1.3), the gelation was temperature induced and sys-

tems were in a sol state at 25 �C and in a gel state at 37 �C and
c) for compositions that were gels at both 25 and 37 �C, the tem-
perature transition is accompanied by an increase in mechanical
properties (the storage modulus increases by 2–3 times). More-
over, it was shown that the transition temperature can be adjusted
in biologically relevant range from 33 to 36 �C by changing the
ratio of PNIPAM and CNC.

In contrast to the previously reported gels based on PNIPAM
grafted to CNC,[47,21,48] gels developed in this work demon-
strated shear-thinning behavior without temperature change and
could be printed at either 25 or at 37 �C. The resulting hydrogels
were biocompatible, exhibited shear-thinning behavior and their
mechanical properties as well as temperature sensivity could be
tuned by varying the PNIPAM and CNC concentrations. We demon-
strated that hydrogel was suitable as an injectable material for
direct ink writing. Thus, developed colloidal gels can be a simple
and convenient platform for bioapplications, where further devel-
opment of the work may be associated with introduction to the gel
task-specific properties. For example, the adsorption of hydrophilic

therapeutic agents at 25 �C (when PNIPAM is in a hydrophilic state)
and their release by the ‘‘squeezing out” mechanism [24,49] at
37 �C due to the collapse of PNIPAM. Another promising direction
is the application of developed gel as bioink for extrusion printing
implants by incorporation of cells in the gel’s structure. [50].
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