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A B S T R A C T   

Heparin is one of the most important anticoagulant agents used in clinical applications. Commercial heparin 
production includes an isolation from mucosa and an additional enrichment step by cationic resins. However, 
this process remains time-consuming while heparin is obtained in very low concentrations with the presence of 
macromolecular impurities, such as proteins. Therefore, an alternative with a fast, efficient and selective heparin- 
recovery performance is highly desirable. In this work, we utilized a biomass-derived cellulose nanocrystal 
colloid conjugated with cationic polyelectrolytes for heparin recovery. The high specific surface area and brush- 
like structure significantly increased the heparin-capture speed and efficiency under physiologically relevant 
conditions, which were demonstrated by the methylene blue binding assay and quartz crystal microbalance 
measurement. We also found that a selective heparin capture can be realized via adjusting salt concentration or 
pH. Finally, we showed that after several recycle rounds, the heparin-recovery ability of the cationic nanocrystals 
was largely retained and the majority of active heparin dose was recovered, showing a significantly higher 
heparin-recovery performance than the commercial Amberlite IRA-900 and demonstrating its applicability from 
an economic perspective. Therefore, the reported cellulose nanocrystal-polymer conjugate represents a prom-
ising candidate for a green and efficient heparin recovery.   

1. Introduction 

Heparin is a heterogeneous linear glycosaminoglycan (GAG) con-
sisting of alternating uronic acid and D-glucosamine subunits where the 
primary hydroxyl and amino groups are sulfonated.[1] The existence of 
carboxylic and sulfonate groups makes heparin a highly charge-dense 
polyanion.[2] It is well-known that heparin can complex with 
thrombin inhibitors such as antithrombin III (ATIII) with high selectivity 
and affinity, and eventually inhibit blood-clotting cascade, which makes 
heparin one of the most effective anticoagulant agents.[2,3] Currently, 
heparin is the most widely used polysaccharide-based anticoagulant 
with an annual market of ~ 7 billion dollars in 2016.[4] The medical 
role of heparin has also been explored in other fields. For example, 
preclinical and clinical studies have suggested the antitumor ability of 
heparin.[5,6] Other reports have revealed that heparin can circumvent 
the reticuloendothelial system and selectively accumulate at tumor 
targets, which have attracted broad interest in drug delivery applica-
tions.[7–9] 

Currently, there are several approaches in producing heparin and the 

extraction from porcine intestinal mucosa remains the dominant tech-
nique.[4,10] Commercial heparin production involves an initial mucosa 
isolation and hydrolysis step, followed by a chemical digestion or 
autolysis, yielding partially purified heparin in very low concentrations 
(~0.01 wt%).[10] As a result, a heparin-enrichment step is commonly 
needed before further purification. Heparin possesses the highest charge 
density among all known biomacromolecules (~3.7 negative charges/ 
disaccharide) and is the most strongly interacting target through elec-
trostatic interaction.[11,12] Therefore, plenty of synthetic polycations 
or engineered proteins have been prepared to bind heparin.[13–15] 
Quaternized ammonium cations that are either immobilized on resins or 
able to precipitate heparin are prevalent for heparin binding and re-
covery.[10] Currently, a number of quaternized ammonium cation 
functionalized resins are commercially available for this purpose, such 
as Amberlite-IRA900 and Dowex 22CL, and they are feasible for recy-
cling.[10] Nevertheless, continuous efforts are dedicated to the discov-
ery of novel alternatives, attempting to improve the heparin-recovery 
efficiency.[16–18] More importantly, commercial resins are derived 
from petroleum-based synthetic beads.[10] Mounting evidence has 
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unveiled that plastic products can be eventually fragmented into small 
microplastics which present hazard to various organisms throughout the 
ecosystem.[19,20] Therefore, environment-friendly alternatives with an 
excellent heparin-recovery performance are highly desirable. Chitosan, 
the naturally derived product from chitin, has been proposed to fulfill 
the task as chitin is a highly abundant biopolymer and the presence of 
amino groups enables binding with polyanionic targets, such as heparin. 
[21,22] Reports have demonstrated the possibility for heparin recovery 
by crosslinking chitosan into microbeads or immobilizing chitosan on 
microbead scaffolds.[23,24] Though improvements in heparin-recovery 
performance have been reported, chitosan is difficult to recycle in 
multiple capture cycles and its heparin-recovery capacity remains low. 

Cellulose nanocrystals (CNC) are anticipated to make a major impact 
to substitute synthetic materials.[25–27] CNC is produced by the hy-
drolysis of cellulose, the most abundant polysaccharide found in all 
green plants.[28] Aside from the renewability and sustainability, CNC is 
mechanically and chemically robust owing to the highly crystalline 
domains while the dense hydroxyl groups make diverse surface modi-
fications feasible on CNC.[25,29] Therefore, CNC has been widely 
applied in material science and nanotechnology, and is gaining 
increasing interest in biological applications, such as biosensing and 
medical scaffolds.[25,27,30,31] In this work, we further extended its 
application scope by employing CNC for fast, efficient and selective 
heparin recovery. Poly(N,N-dimethylaminoethyl methacrylate) (p 
(DMAEMA)) was firstly grafted from CNC surface via a surface-initiated 
atom-transfer radical polymerization (SI-ATRP). The amine groups in 
the obtained CNC hybrid were quaternized subsequently, yielding a 
positively charged CNC with a brush-like structure, termed as pCNC. 
Nuclear magnetic resonance (NMR) spectroscopy, Fourier-transform 
infrared (FTIR) spectroscopy, dynamic light scattering (DLS) measure-
ments, atomic force microscopy (AFM) and transmission electron mi-
croscopy (TEM) confirmed the successful production and the cationic 
nature. The effective binding between pCNC and heparin was demon-
strated with methylene blue (MB) binding assay and quartz crystal mi-
crobalance with dissipation monitoring (QCM-D) tests. Importantly, we 
found that the selective heparin-capture over serum albumin (SA) pro-
tein can be realized via adjusting the salt concentration or pH. Finally, 
the recyclability of pCNC was evaluated and compared with a com-
mercial heparin-recovery resin, Amberlite IRA-900, and the effective 
heparin dose in the recycled heparin samples was measured. This CNC 
hybrid exhibits excellent heparin-recovery capacity and selectivity, thus 
presents a promising alternative to replace the currently used resins. 

2. Material and methods 

2.1. Chemicals and materials 

α-bromoisobutyryl bromide (BriBBr), 4-dimethylaminopyridine 
(DMAP), N,N-dimethylaminoethyl methacrylate (DMAEMA), Copper(I) 
bromide (Cu(I)Br), hexamethyltriethylenetetramine (HMTETA), ethyl 
α-bromoisobutyryl bromide (EBiB), methyl iodide (MeI), methylene 
blue (MB), heparin sodium salt from porcine intestinal mucosa (100 KU/ 
503.7 mg) and serum albumin (SA, ~66 kDa) protein were purchased 
from Sigma-Aldrich and used without further purification. Amberlite® 
IRA-900 chloride form was obtained from Sigma-Aldrich. 

2.2. Material preparation 

2.2.1. CNC preparation 
CNC was prepared from ground Whatman 541 ashless filter paper 

(Whatman GmbH, Dassel, Germany) via sulfuric acid hydrolysis tech-
nique with added ion-exchange and purification steps.[32] In brief, 
mechanically disintegrated (kitchen blender) filter paper (10 g) was 
transferred into a 1 L three-neck flask. Then, sulfuric acid solution (64 wt 
%, 175 mL) was added, and the hydrolysis procedure was carried out at 
45 ◦C for 45 minutes (min) using mechanical stirring. Afterwards, the 

reaction was quenched by pouring into Milli-Q water (1.8 L). The crude 
product was precipitated, collected by centrifugation, and dialyzed 
against Milli-Q water (membrane: SpectraPor® 7, MWCO 3.5 kDa) to a 
conductivity of less than 5 mS. After the dialysis, the CNC dispersion was 
filtered through a Whatman 541 ashless filter paper and the pH was 
adjusted to 7 with sodium hydroxide solution (0.1 M), followed by 
another dialysis against Milli-Q water and subsequent freeze-drying. The 
obtained solid was washed with Soxleth extraction for 48 h using 
ethanol. Finally, the product was freeze-dried and eventually redis-
persed just before the relevant experiments. The surface charge was 
determined to be 0.6 e nm−2 by conductometric titration, and the 
dimension was derived from AFM images. 

2.2.2. pCNC preparation 
The preparation of pCNC followed a reported procedure which 

included three main steps: CNC surface deposition with the initiator 
BriBBr, SI-ATRP of DMAEMA, and the final quaternization of p 
(DMAEMA).[33] 

BriBBr deposition on CNC. BriBBr was firstly deposited on CNC via a 
chemical vapor deposition (CVD).[34] Briefly, CNC (1 g) in a 30 mL 
glass vial was immersed in a bigger glass container that contained BriBBr 
(2 mL, 16.18 mmol). The big glass container was sealed and covered 
from light, and the reaction was carried out overnight. Afterwards, the 
crude was purified through consecutive washing (dimethylformamide 
(DMF), acetone, ethanol, and hexane) and centrifugation cycles and 
finally freeze-dried from 1,4-dioxane. Next, the pretreated CNC (500 
mg) was dispersed in dry DMF (50 mL) and kept under N2 atmosphere. 
Pyridine (1.5 mL) and DMAP (32 mg, 0.26 mmol) were added, and the 
solution was cooled down to 0 ◦C. Then, BriBBr (1.5 mL, 12.1 mmol) was 
added dropwise, and the reaction was carried out for 30 min. After-
wards, the reaction was evaluated to room temperature and continued 
for another 48 h. The product (CNC-iBBr) was purified through 
consecutive washing (DMF, acetone, ethanol, and hexane) and centri-
fugation cycles, and finally it was extracted using Soxhlet with 
dichloromethane and dried. The CNC-iBBr was characterized with FTIR 
and 1H NMR. 

SI-ATRP of DMAEMA. CNC-iBBr (200 mg) was dispersed in dry DMF 
(6 mL) via bath sonication and transferred to a two-necked flask, and 
DMAEMA (5.83 mL, 17.31 mmol) was added. The flask was sealed with 
a cap and a septum, the mixture was stirred using a magnetic stirrer and 
oxygen was removed from the reactor by bubbling N2 through the 
mixture. Cu(I)Br (57.6 mg, 0.40 mmol) was then added, and the mixture 
was purged with N2 again. A solution of the sacrificial initiator EBiB 
(27.4 µL, 0.19 mmol) and HMTETA (203 µL, 0.75 mmol) in dry DMF (4 
mL) was simultaneously purged with N2. Then, the CNC-iBBr mixture 
was heated to 70 ◦C in a water bath and the EBiB-HMTETA solution was 
added dropwise using a double-tipped needle. After 2 h, the reaction was 
stopped and cooled down to room temperature. The product was puri-
fied through consecutive washing (methanol, 20 mL) and centrifugation 
cycles, and the supernatant containing free polymers was collected. The 
washed precipitate was redispersed in dry DMF (20 mL) and further 
purified by several redispersion and centrifugation cycles in different 
organic solvents (3 × DMF and 3 × 1,4-dioxane). The final p(DMAEMA) 
grafted CNC product was collected and freeze-dried from 1,4-dioxane, 
and was characterized with FTIR and 1H NMR. The collected superna-
tant containing the p(DMAEMA) homopolymer was used to follow the 
kinetics of the polymerization with gel permeation chromatography 
(GPC). 

Quaternization of p(DMAEMA) grafted CNC. p(DMAEMA) grafted 
CNC (200 mg) was dispersed in Milli-Q water (20 mL), and MeI (2 mL) 
was then added. The reaction was allowed to carry out for 7 days. After 
the reaction, the excess MeI was evaporated from the solution and the 
crude product was purified through consecutive washing (water) and 
centrifugation cycles, and finally freeze-dried. The final quaternized 
product, pCNC, was characterized with FTIR, AFM and TEM. The qua-
ternization of p(DMAEMA) polymer followed the same procedure. 
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2.3. Material characterization 

Fourier-transform infrared spectroscopy (FTIR). FTIR were inspected 
by Spectrum Two FTIR Spectrometer (PerkinElmer, Inc., Germany) to 
study the chemical structure of the materials. Thirty-two scans were 
conducted and spectra in an absorbance mode between 4000 cm−1 and 
400 cm−1 wavenumber range at 1 cm−1 resolution were collected. 

Dynamic light scattering (DLS). Zeta potential was recorded using a 
Zetasizer Nano-ZS90 instrument (Malvern, UK). It was determined with 
a dip cell probe and calculated from the electrophoretic mobility data 
using a Smoluchowski model. A volume of 0.5 mL was collected for all 
measurements with a concentration of 0.5 mg mL−1. The size determi-
nation was carried out on the same device with a 4 mW He − Ne ion laser 
at the wavelength of 633 nm and an Avalanche photodiode detector at 
an angle of 173◦. Zetasizer software (Malvern Instruments) was used to 
attain the data. Cumulant analysis was used to obtain the intensity mean 
value of the complex size, that is, the hydrodynamic diameter. Experi-
ments were carried out at 25 ◦C. pCNC was dispersed in 300 μL phos-
phate buffer (PB, 10 mM, pH 7.4) with a concentration of 0.1 mg mL−1 

and 3 μL heparin in the same solution was added, yielding the desired 
mass ratio. Three measurements for each sample were conducted to 
evaluate the reproducibility of the measurement. 

Transmission electron microscopy (TEM). CNC or pCNC dispersion was 
deposited on carbon films in copper square mesh grids and dried under 
ambient conditions. Negative staining of the samples was made with 3 
wt% uranyl acetate. TEM images were acquired in bright-field mode on 
a FEI Tecnai 12 (USA) operating at 120 kV. 

Atomic force microscopy (AFM). CNC or pCNC was spin-coated on a 
silicon wafer by using a WS-650SX-6NPP/LITE spin coater (Laurell 
Technologies Corporation, North Wales, PA). Before spin-coating, the 
silicon wafers were cleansed for 15 min in a UV-ozonator (Bioforce 
Nanosciences Inc., CA). Spin-coating was carried out at 4000 rpm with 
an acceleration of 4000 rpm/s for approximately 90 s. AFM imaging was 
carried out with a MultiMode 8 Scanning Probe Atomic Force Micro-
scope from Bruker AXS inc. (Madison, WI). Images were taken using an 
E-scanner in tapping mode with NSC15/AIBS silicon cantilevers by Ul-
trasharp μmasch (Tallinn, Estonia). According to the manufacturer, the 
radius of curvature of the tips was less than 10 nm with a typical 
cantilever resonance frequency of 325 kHz. AFM images were analyzed 
using Nanoscope Analysis 1.20 software. 

Methylene blue (MB) binding assay. The time-dependence of the 
heparin-capture ability was evaluated by adding pCNC or Amberlite 
IRA-900 to heparin in PB, yielding a final solution of 5 mL containing 
0.5 mg mL−1 heparin and 10 mg mL−1 pCNC or Amberlite IRA-900. After 
every 10 min, 100 µL solution was taken and precipitated by centrifu-
gation. The heparin concentration in the supernatant was determined 
with the help of MB.[17] A calibration curve was plotted using the 
absorbance intensity ratio A (664 nm)/A (568 nm) of MB (0.013 mg 
mL−1) against the heparin concentration between 0 and 20 µg mL−1 

(Fig. S1). The absorption spectra of the samples were measured with a 
BioTek Cytation 3-microplate reader in a 96-well plate at room tem-
perature (400–750 nm). Measurements were performed using triplicate 
samples. 

The influence of pH (5.0, 7.4 and 9.0) on the heparin-binding ability 
was measured following a similar procedure. Different concentrations of 
the binders were added to the heparin solution (0.5 mg mL−1) in 10 mM 
phosphate buffer with a corresponding pH, yielding desired mass ratios. 
After mixing and precipitation, the heparin concentration in the super-
natant was determined with the help of MB (0.013 mg mL−1) by 
measuring the absorbance intensity ratio A (664 nm)/A (568 nm). 
Measurements were performed using triplicate samples. 

Quartz crystal microbalance with dissipation monitoring (QCM-D). In-
teractions between surface immobilized pCNC or CNC and heparin or SA 
were investigated by using gold-coated sensors and a QCM-D unit (E4 
instrument, Q-Sense AB, Sweden). To start, the areal mass of the spin- 
coated pCNC or CNC (3 mg mL−1) thin film was determined as 

described by Peresin et al. by determining the frequency response in air 
(normal atmospheric conditions) before and after pCNC or CNC film 
deposition on the QCM-D sensor crystal.[35] The collected frequency 
data were stitched together using Q-Tools Software, and the areal mass 
was calculated according to the Sauerbrey equation:  

Δm = (−C⋅Δf)/n                                                                                   

where Δf = f − f 0 is the resonance frequency, n is the measurement 
overtone number (n = 1, 3, 5, 7, …), and C is the sensitivity constant of 
the sensor.[36] Each sample was first dried in an oven at 80 ◦C for 15 
min prior to the mass change determination. Before the heparin or SA 
adsorption measurements, the pCNC or CNC thin films were allowed to 
stabilize in buffer. Then, the heparin or SA adsorption experiments were 
carried out, followed by Milli-Q washing. After that, the sensors were 
dried in an oven at 80 ◦C for 15 min and the areal mass of tested sensors 
were calculated by determining the frequency response in air (normal 
atmospheric conditions). All target molecules were dissolved in PB 
without or with 150 mM NaCl to yield 0.1 mg mL−1 concentration. All 
solutions were filtered by using 0.45 μm filters prior to tests. Experi-
ments were performed at a constant flow rate of 20 μL min−1, and the 
temperature was maintained at 23 ◦C. Voigt protocol (Q-Tools software, 
version 2.1, Q-Sense, Västra Frölunda, Sweden) was used to estimate the 
adsorbed mass of polymer layer on the pCNC or CNC surface. 

Heparin and SA capture by pCNC. To determine the effect of salt 
concentration (PB, NaCl: 0.15 M, 0.5 M, 1 M, 2 M, 4 M, and brine) and 
pH (10 mM phosphate buffer, NaCl: 150 mM, pH: 5, 6, 8, 9, and 10) on 
the heparin or SA capture ability of pCNC, 10 mg mL−1 pCNC was mixed 
with 0.5 mg mL−1 heparin or SA in 500 µL corresponding solution, and 
the solution was incubated for 10 min at room temperature. Afterwards, 
the mixture was precipitated via centrifugation and 200 µL supernatant 
was taken and dialyzed against Milli-Q water for 48 h (Slide-A Lyzer® 
MINI Dialysis Units, MWCO 3.5 kDa). After freeze-drying, the sample 
was redissolved in PB and the concentration was determined. Heparin 
concentration was measured by using the calibration curve with the help 
of MB (Fig. S1). To determine the SA concentration, a calibration curve 
was plotted using the absorption at 280 nm against SA concentration 
(Fig. S2). Measurements were performed using triplicate samples. 

pCNC recyclability. To determine the recyclability of pCNC, 10 mg 
mL−1 pCNC was mixed with 0.5 mg mL−1 heparin in 1 mL phosphate- 
buffered saline (PBS: PB, 150 mM NaCl) and incubated on a shaker at 
room temperature for 10 min. Then, the precipitate was isolated by 
centrifugation, and 800 µL supernatant was discarded. The remaining 
precipitate was purified with consecutive washing (3 × PBS, 800 µL) and 
centrifugation cycles to remove the unbound heparin. Afterwards, 800 
µL brine was added to the pCNC-heparin complex to release heparin, and 
the solution was incubated on a shaker at 50 ◦C for 90 min. After the 
incubation, the solution was centrifugated, and 800 µL supernatant was 
collected and dialyzed against Milli-Q water for 48 h to remove salt 
(Slide-A Lyzer® MINI Dialysis Units, MWCO 3.5 kDa). Finally, the dia-
lyzed sample was freeze-dried and redissolved in 800 µL PB for con-
centration determination using the method given above. The remaining 
precipitate was purified with consecutive washing (3 × NaCl (4 M in 
PB), 3 × PB and 3 × PBS) and centrifugation cycles. Finally, the pre-
cipitate was redispersed in PBS and heparin was added, yielding a 1 mL 
solution with 0.5 mg mL−1 heparin. The heparin recovery procedure was 
repeated to determine the recyclability of pCNC. The heparin recovery 
performance of Amberlite IRA-900 was followed by using the same 
procedure. The determination of the SA amount in the recovered hep-
arin sample in the first round followed the same procedure by mixing 
heparin and SA (each 0.5 mg/mL) with 10 mg mL−1 pCNC in PBS. 
Measurements were performed using triplicate samples. 

Anti-Xa assay. The active heparin dosage in the recovered heparin 
samples was evaluated using a commercial two-stage kit, BiophenTM 
Anti-Xa (221005). After concentration measurement, the recovered 
heparin samples were diluted to 0.2 µg mL−1 and the kit reagents were 
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utilized according to the manufacturer’s instructions to determine 
effective heparin dosage. To run the calorimetric assay, 40 μL of the 
sample solution was added to a 96-well microplate followed by the 
addition of 40 μL of antithrombin and incubation for 2 min. Then, 40 μL 
of factor Xa was added and incubated for another 2 min. Afterward, 40 
μL of the factor Xa- specific chromogenic substrate was added to the 
solution and let react for 2 min. Finally, the reaction was quenched by 
introducing 80 μL of 2% citric acid. The absorbance at 405 nm was 
recorded immediately using a BioTek Cytation 3-microplate reader. The 
anticoagulant activity is inversely proportional to the measured ab-
sorption intensity, and the effective heparin dosage was determined 
using a calibration curve constructed according to the manufacturer’s 
instructions (Fig. S3). The effective heparin rate was calculated using the 
following equation: 

3. wt% ¼ [(ct/0.2)/c0] £ 100 

where ct is the measured effective dose in 0.2 µg mL−1 heparin and c0 
is the original value from the manufacturer which is 0.2 IU µg−1. Mea-
surements were performed using triplicate samples. 

4. Results and discussion 

4.1. Material preparation and characterization 

The preparation of pCNC followed a reported procedure,[33] and it 
is illustrated in Fig. 1a. To yield a high grafting degree, the deposition of 
the initiator, BriBBr, on CNC was accomplished via an initial CVD step 
and an additional coupling in solution.[34] Successful reaction was 
verified with FTIR (Fig. 1b) and 1H NMR (Fig. S4). Comparing to the 
pristine CNC (Fig. 1b), a new stretching band at 1743 cm−1 

corresponding to the carbonyl groups from iBBr emerged while the 
hydroxyl groups at 3340 cm−1 originating from the sugar units in CNC 
remained unchanged.[34] Subsequent SI-ATRP of DMAEMA resulted in 
the p(DMAEMA) polymer chains on the crystal surface, as proved by 
FTIR (Fig. 1b) and 1H NMR (Fig. S5). The addition of the sacrificial 
initiator, EBiB, has been reported to benefit the chain propagation on 
CNC while produce free homopolymers in solution that are largely 
identical to those on CNC.[34,37] Therefore, the chain length and the 
polydispersity of the p(DMAEMA) on CNC were deducted by analyzing 
free polymers in the solution with GPC. The GPC result showed a 
averaged number molecular weight (Mn) of 61 000 g mol−1 with a 
molar-mass dispersity of 1.23, suggesting a relatively uniform polymer 
length on CNC (Fig. S6).[33] After quaternization, the signals between 
2700 and 2800 cm−1 corresponding to –N(CH3)2 groups disappeared 
while bands at 1142 cm−1 (–C–N < ), 1475 cm−1 (–CH2–), 1724 cm−1 

(>C = O) and 2950 cm−1 (–CH2–, –CH3) that were associated with p 
(DMAEMA) polymer remained (Fig. 1b and Fig. S7), indicating the 
successful production of pCNC. 

We compared the morphologies of the obtained pCNC and the pris-
tine CNC by using AFM and TEM (Fig. 2c-g and Fig. S8). The images of 
unmodified CNC showed aggregates of rod-shaped objects with a 
smooth surface (Fig. 1c and Fig. S8). After cationization, pCNC was 
homogeneously dispersed, and clear boundaries can be distinguished 
between pCNC particles (Fig. 1d,e). Besides, the shape was shifted to a 
round bar-like structure with a rough surface. Fig. 1f revealed that pCNC 
had a relatively shorter crystal length with a narrower size distribution 
comparing to CNC. Height profiles taken perpendicular to the crystals on 
AFM images showed clear size increases in height and width, which, 
together with the TEM images, indicate the existence of the polymer 
layer.[33] 

We also determined the surface zeta potential (ξ) with 

Fig. 1. (a) Schematic illustration of the pCNC preparation procedure. (b) FTIR spectra of pristine CNC, iBBr deposited CNC, p(DMAEMA) grafted CNC, and pCNC. (c) 
AFM image of CNC. (d) AFM image of pCNC. (e) Representative TEM images of pCNC. (f) Length distribution histogram estimated from the AFM images of CNC and 
pCNC (total number: 103 for CNC and 112 for pCNC). (g) Representative height profiles of CNC and pCNC. (h) Zeta potential of CNC, pCNC, SA and heparin measured 
at different pH values. Measurements were performed using triplicate samples, and the averaged results with standard deviation are presented. 
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electrophoretic light scattering in response to pH change. As shown in 
Fig. 1h, the zeta potential of all tested samples decreased as the pH was 
elevated. Owing to the surface sulfonate anions, CNC was negatively 
charged (ξ < -10 mV) in the whole pH range.[33] After the surface 
modification, the anionic nature was shielded by the polymer layer, and 
CNC with a cationic surface (ξ greater than 10 mV) was obtained in the 
tested pH range. While SA displayed a typical surface charge transition 
at approximately pH 4,[38] heparin stayed anionic in the whole pH 
range because of the dense carboxylic and sulfonate groups.[2,24] 

4.2. Heparin binding 

After verifying the successful preparation of pCNC, we compared the 
heparin-binding ability of pCNC, CNC and a commercial heparin- 
recovery resin, Amberlite IRA-900, in PB using a MB binding assay. 
[39–41] Unlike the previously reported systems that took half to one 
hour to reach a binding equilibration,[17,24] pCNC instantaneously 
captured all heparin in solution upon mixing the two polyelectrolytes, as 
shown in Fig. 2a (solid dot). On the contrary, heparin-binding to 
Amberlite IRA-900 gradually increased and only ~ 12 wt% heparin was 
captured after 90 min (hollow circle). When the resin concentration was 
increased 10 times (100 mg mL−1, mass ratio: 200), only ~ 4 wt% 
heparin was captured by the resin when heparin was added, and this 
value gradually reached ~ 75 wt% after 90 min incubation (Fig. S9). 

Later, the heparin-binding ability was evaluated at various pH (5.0, 
7.4 and 9.0) in 10 mM phosphate buffer (Fig. 2b,c). It is worth noting 
that the complexation between absorbents and heparin was immediately 
followed by the precipitation procedure without an incubation step on a 
shaker. We found that the quaternized p(DMAEMA) polymer exhibited 
an excellent heparin-binding performance which reached saturation 
points at mass ratios of ~ 2 in all conditions (Fig. S10), exhibiting a 
similar capacity as the clinical heparin antidote, protamine sulfate. 
[39–41] pCNC also showed obvious binding to heparin (Fig. 2b,c), and 
the best performance was observed at pH 7.4 with a saturation point at a 
mass ratio of ~ 16 while those at pH 5.0 and 9.0 were ~ 18 and ~ 36, 
respectively, a trend that was also observed with other heparin absor-
bents.[17,24] The decreased binding efficiency comparing to quater-
nized p(DMAEMA) polymer originated from CNC crystals which 
lowered the charge-to-mass ratio but played a vital role in the heparin- 
recovery process, as demonstrated in Section 3.3. On the other hand, no 
binding between heparin and CNC was observed, which was expected as 
both chemicals were negatively charged (Fig. 1h). The binding between 
heparin and Amberlite IRA-900 was not detectable in the tested condi-
tions (Fig. 2c), and a further increase to 1000 showed slight enhance-
ment in the binding performance (Fig. S11). Combining the results, we 
found that the binding between Amberlite IRA-900 and heparin in PB 
was inefficient and significantly affected by the incubation time. On the 
contrary, the polycation-grafted CNC exhibited high heparin-capture 
ability and performance over time. We attribute the excellent heparin- 

binding performance of pCNC to the multivalent electrostatic interac-
tion between the flexible cationic p(DMAEMA) polymer brush and the 
highly negatively charged heparin.[41,42] On the contrary, the 
ammonium cations on Amberlite IRA-900, as well as the microbeads, 
[23,24] are relatively sparse and constrained, which leads to restricted 
molecular movement and the subsequent weak electrostatic interaction. 
Besides, the screening effect of ions in the buffer can further weaken the 
interaction between the cationic beads and heparin. The much smaller 
size of pCNC (100–300 nm, Fig. 1f) compared to Amberlite IRA-900 
(300–1190 µm) yields a highly increased specific surface area, which 
can also contribute to the efficient interaction with heparin. 

The capture ability was also evaluated with QCM-D by measuring 
changes in resonance frequency shifts (Δf) and energy dissipation (ΔD) 
as a function of time under constant flows. CNC or pCNC was firstly 
deposited on a gold-coated sensor via spin-coating, which was followed 
by flushing with a constant heparin or SA solution flow. The shifts in the 
resonance frequency and energy dissipation were recorded (Fig. 3a-d). 
Dramatic frequency changes were observed when pCNC was flushed 
with heparin in PB without (Fig. 3a) or with (Fig. 3b) salt (150 mM 
NaCl), demonstrating the excellent heparin-capture ability of pCNC 
even under physiologically relevant conditions. A similar trend was also 
observed with pCNC capturing SA in PBS (Fig. 3c). However, the fre-
quency curves for CNC coated sensors flushed with heparin stayed 
almost unchanged (Fig. 3d), implying no binding between the two 
components. Based on the frequency/mass relation (Sauerbrey equa-
tion), we calculated the initial weights of CNC or pCNC deposited on the 
sensors and the absorbed target mass after the tests, and the normalized 
weights are compared and presented in Fig. 3e. It showed that adding 
NaCl (PBS) had a minor effect on the binding between pCNC and heparin 
(88 ng/100 ng pCNC in PB vs 81 ng/100 ng pCNC in PBS). In PBS, the 
bound mass of SA was 44 ng/100 ng pCNC while CNC showed negligible 
binding to heparin (8.8 ng/100 ng CNC in PB) even in the absence of 
salt, which is well in line with the MB binding result. 

Energy dissipation (ΔD) results confirmed the binding performance 
of all samples (Fig. 3a-d, insets). After the initial rinsing with buffer, a 
subsequent heparin flow had a negative influence on the energy dissi-
pation of pCNC in both conditions (Fig. 3a,b, insets), which can be 
explained by the increased surface rigidity caused by the polyelectrolyte 
complexation.[39] On the other hand, heparin had no detectable in-
fluence on CNC (Fig. 3d, insets) while a positive shift was observed with 
pCNC flushed with SA (Fig. 3c, insets), implying the increase in visco-
elasticity that was caused by the bound SA. 

Comparing to the heparin-capture capacity deduced from MB bind-
ing assay (mass ratio of 16 at saturation point at pH 7.4, corresponding 
to a capture capacity of ~ 62 mg g−1), we found that the capacity was 
greatly enhanced when pCNC was deposited on sensors (880 mg g−1). 
The clear difference was reasoned to be the different binding models in 
the two conditions, as illustrated in Fig. 3f. In solution (MB binding 
assay), a small amount of heparin can interconnect and precipitate well 

Fig. 2. (a) Time-dependence of the heparin-capture performance of pCNC and Amberlite IRA-900 in PB, measured by the MB binding assay and reported as the A 
(664 nm)/A (568 nm) ratio as well as the calculated heparin-capture rate (wt%). (b) Representative UV–vis spectra of the MB binding assay of pCNC performed in PB. 
(c) MB binding assay results at different pH (5.0, 7.4 and 9.0) in 10 mM phosphate buffer, measured by the A (664 nm)/A (568 nm) ratio. All measurements were 
performed using triplicate samples, and the averaged results with standard deviation are presented. 
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dispersed pCNC nanoparticles, forming insoluble complexes and pre-
venting pCNC from further capturing heparin. This proposed mechanism 
was supported by the DLS measurement (Fig. 3g). When pCNC was 

deposited on a sensor, though the mobility was constrained and some 
polycations were inaccessible to heparin, no complex precipitation was 
expected, and a large amount of free polymers on pCNC were capable of 

Fig. 3. Frequency shifts (Δf) and energy dissipation (ΔD) graphs (insets) from QCM-D measurements on the evaluation of (a) pCNC capturing heparin in PB, (b) pCNC 
capturing heparin in PBS, (c) pCNC capturing SA in PBS, and (d) CNC capturing heparin in PB. (e) The normalized weights of CNC or pCNC deposited on the sensors 
and the captured target mass derived from frequency shifts in graph a-d. (f) The proposed pCNC binding heparin models in solution and on the sensor. (g) The 
presentative pCNC solution titrated with heparin in different mass ratios in PB measured by DLS. 

Fig. 4. (a) Evaluation on the effect of salt concentration (left, 10 mM PB, pH 7.4) and pH (right, 10 mM phosphate buffer, 150 mM NaCl) on the capture capacity of 
heparin or SA by pCNC. (b) Study on the recyclability of pCNC in heparin-recovery in PBS. (c) Comparison between pCNC and Amberlite IRA-900 on the heparin- 
recovery ability in the first recovery round in PBS. (d) Recovery rate of the effective heparin dose measured via anti-Xa assay. All measurements were performed using 
triplicate samples, and the averaged results with standard deviation are presented. 
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capturing heparin, leading to a highly boosted heparin-capture ability. 
Therefore, it is reasonable to anticipate that further improvement in 
heparin-recovery can be achieved by immobilizing pCNC on a scaffold. 

4.3. Selective heparin capture and pCNC recyclability 

SA was utilized to evaluate the selective binding to pCNC because 
proteins are the major impurities in crude heparin products.[10] We 
tested the capture capacity of pCNC towards heparin or SA respectively 
in various salt concentrations or pH. It was found that selective heparin- 
capture over SA can be realized via adjusting salt concentration or pH, as 
shown in Fig. 4a. 65 wt% of SA was captured by pCNC in PBS (150 mM 
NaCl), and the captured amount was significantly affected by salt: 
increasing NaCl concentration to 0.5 M led to only 10 wt% binding 
(Fig. 4a, left), a similar phenomenon that was observed with the multi- 
porous quaternized chitosan/polystyrene microbeads.[24] The binding 
between SA and pCNC was also remarkably influenced by pH: the cap-
ture rate of 82 wt% at pH 10 was lowered to 7 wt% at pH 5 (Fig. 4a, 
right). This can be explained by the significant change in the surface 
charge of SA induced by pH (Fig. 1h). On the other hand, the capture 
rate of heparin remained at 100 wt% even in the buffer containing 1 M 
NaCl (Fig. 4a, left). This observation can be attributed to the multi-
valency effect induced by the cationic polyelectrolyte brush.[41–45] 
Further increase in salt concentration resulted in the decrease in heparin 
binding and almost no binding was observed in brine. Besides, quanti-
tative heparin-capture was observed in the tested pH range (Fig. 4a, 
right). Based on these results, we propose an optimal condition for an 
efficient and selective heparin-recovery: the heparin-capture procedure 
can be carried out at pH 5 with 1 M NaCl and a subsequent increase in 
salt concentration can trigger the release of heparin. 

The performance of pCNC from an economic perspective was eval-
uated by recycling pCNC and tracking the change in the heparin- 
recovery ability in PBS. Fig. 4b showed that 82 wt% heparin was 
recovered by pCNC in the first recovery round, corresponding to a re-
covery capacity of ~ 41 mg g−1. This value was 11 times that of the 
reported multi-porous quaternized chitosan/polystyrene microbeads 
and 4 times that of the quaternary ammonium functionalized halloysite 
nanotubes.[17,24] We also evaluated the residual SA in the heparin 
sample from the first recovery round and found that 43.7 wt% SA was 
also recovered in PBS, an value that is much smaller than that in the 
absence of heparin (65 wt%). Based on the result in Fig. 4a, we believe 
that the selective performance can be further optimized through salt 
concentration and pH adjustment. After 5 rounds of capture and release 
cycle, the heparin-recovery capacity was slightly undermined to 36.7 
mg g−1, indicating a 69 wt% recovery rate. FTIR result of the recovered 
product showed identical bands to fresh heparin (Fig. S12). In contrast, 
the recovery capacity of Amberlite IRA-900 resin was 6.2 mg g−1 in the 
first round, corresponding to a recovery rate of 1.2 wt% in PBS (Fig. 4c). 
We also evaluated the possibility of using quaternized p(DMAEMA) 
polymer for heparin recovery. The formation of a white precipitation 
confirmed the successful binding between the two polyelectrolytes. 
However, the insoluble complex was dissolved immediately in brine and 
no separation was realized through centrifugation owing to the similar 
size of heparin and the quaternized polymer. After the removal of salt, 
the white precipitation reappeared, and FTIR measurement confirmed 
the coexistence of the polycations and heparin in the precipitation 
(Fig. S12), showing an unsuccessful recovery of heparin by using free 
cationic polymers and highlighting the vital importance of CNC. 

We also tested the influence of the capture and release treatment on 
the active heparin-recovery ability of pCNC. It is recognized that the 
anticoagulant action is triggered by a particular sequence within hepa-
rin chains, which accounts for an active dose of ca. 30–40 wt% can 
inhibit blood-clotting cascade.[46] Therefore, it is essential to guarantee 
a sufficient active heparin recovery after every recycle round. We 
analyzed the active heparin dose in the recovered samples after every 
recycle round with anti-Xa assay (Fig. 4d) and found that more than 80 

wt% of the effective heparin was captured in the first recovery cycle and 
a value of more than 70 wt% was sustained after 5 rounds, demon-
strating an excellent heparin-recovery performance. 

5. Conclusions 

In summary, we employed a biomass-derived material, CNC, to 
display cationic polyelectrolytes for fast, efficient, and selective heparin- 
recovery. Successful preparation of the CNC hybrid was confirmed by 
NMR, FTIR, AFM, TEM and DLS measurements. MB binding assay results 
unveiled a fast and efficient binding between heparin and pCNC, which 
exhibited a highly better performance than the commercial heparin- 
recovery resin, Amberlite IRA-900. QCM-D tests were well in line with 
these findings and further confirmed the efficient capture in 
physiological-relevant conditions. Through adjusting salt concentration 
or pH, selective heparin-capture over a competing binder (SA) can be 
achieved. An aqueous solution containing 1 M NaCl at pH 5 was found to 
be optimal for selective heparin-recovery. We also found that the pCNC 
can be recycled through several capture and release cycles, where most 
of the active heparin can be recovered at each time. We therefore believe 
that the reported polymer conjugated CNC presents a promising alter-
native for a green and efficient heparin production. 
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