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Abstract

Cancer is one of the leading causes of death worldwide, affecting millions of people every year.
While chemotherapy remains one of the most common cancer treatments in the world, the severe
side effects of chemotherapy drugs impose serious concerns to cancer patients. In many cases,

the chemotherapy can be localized to maximize the drug effects; however, the drug systemic
circulation induces undesirable side effects. Here, we have developed a highly efficient cellulose-
based nanoadsorbent that can capture more than 6000 mg of doxorubicin (DOX), one of the most
widely used chemotherapy drugs, per gram of the adsorbent at physiological conditions. Such
drug capture capacity is more than 3200% higher than other nanoadsorbents, such as DNA-based
platforms. We show how anionic hairy cellulose nanocrystals, also known as electrosterically
stabilized nanocrystalline cellulose (ENCC), bind to positively charged drugs in human serum and
capture DOX immediately without imposing any cytotoxicity and hemolytic effects. We elucidate
how ENCC provides a remarkable platform for biodetoxification at varying pH, ionic strength, ion
type, and protein concentration. The outcome of this research may pave the way for developing the
next generation /n vitroand in vivo drug capture additives and devices.

Graphical Abstract

DOX complex
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1. Introduction

More than 39% of men and women are diagnosed with cancer at some stage in

their lifetime[1] from whom more than 85% will suffer from one or more side effects,

[2,3] including anemia, repeated infections, hair loss, jaundice, and fever. Despite the

recent advances in drug-free cancer treatment methods, such as immunoengineering,[4,5]
chemotherapy drugs remain the standard practice among clinicians.[6-8] As an example,

an adult diagnosed with liver cancer may require 60, 75, and 800 mg/m? of doxorubicin
(DOX),[9] cisplatin,[10] and 5-fluorouracil,[11] respectively, administered once a month via
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intravenous (1V) injection. Such treatment may result in anemia,[10,11] congestive heart
failure,[9] cardiomyopathy,[9] seizures,[9,10] myelosuppression,[9-11] and mucositis.[9,11]
In some cases, e.g., hepatocellular carcinoma (HCC), localized drug delivery approaches,
such as catheter-based minimally invasive injection of chemotherapy drugs and drug eluting
materials[12—-18] may help increase the treatment efficacy; however, the unused drugs may
still reach the circulation system and result in unpreventable damages to healthy tissues.
[19,20]

To reduce the off-target effects of cancer drugs during and after localized chemotherapy,
eliminating their systemic circulation is necessary. Recently, a few platforms have been
proposed to remove unwanted drugs, mainly DOX, from blood, including an endovascular
ion exchange device consisting of a porous nylon mesh cylinder filled with the ion exchange
resin Dowex,[21] DNA-coated magnetic nanoparticles,[22] DNA-coated polyacrylate,[23]
and block copolymers.[24,25] While these strategies have shown some success in removing
DOX from blood, their removal efficacy remains exceedingly low, e.g., in the order of a few
ug of DOX per mg of adsorbent within several minutes, often necessitating the use of large
devices, e.g., ~0.5 m long tubes,[22] to remove physiologically relevant concentrations of
DOX.

To overcome the challenges associated with current drug capture materials, specifically
the low removal capacity, nanoparticles with a large density of functional groups appear
very promising. A large portion of therapeutic drugs, e.g., some chemotherapeutic

agents, bactericides, fungicides, virucides, and opioids, contain positively charged moieties,
[26] which may bind to oppositely charged substances via electrostatic interactions.
However, due to the complex blood composition, charged nanoparticles typically lose
their functionality in blood as a result of ionic strength and protein mediated aggregation
via several mechanisms, such as electrical double layer screening and bridging.[27,28]
Uncharged moieties, such as polyethylene glycol (PEG), have widely been used to protect
nanoparticles in blood via steric repulsion and render them stealth;[29-31] however, they
may result in compromised drug binding affinity as a result of reduced surface charge.[32]
To the best of our knowledge, there is currently no nanoparticle-based super-capacity drug
capture system.

We believe that among nanoparticles, nanoscale celluloses, known as nanocellulose, may
be an interesting candidate to develop drug capture systems due to their benign chemical
structure,[33,34] non-cytotoxic nature,[35-40] and non-biodegradability[41] in the human
body. Conventional nanocelluloses are commonly classified as cellulose nanocrystals (CNC)
and cellulose nanofibrils (CNF), neither of which may accommodate more than 2 mmol of
anionic functional groups, such as carboxylates, per gram due to the inaccessibility of their
inner crystalline cellulose chains.[42-48] The emergence of hairy cellulose nanocrystals,
[49-51] CNCs decorated with highly functionalized amorphous cellulose chains (hairs) at
both ends that are synthesized via the controlled oxidation of cellulose fibers, has opened
new opportunities for engineering nanoadsorbents[52] with significantly higher removal
capacities than other bio-based materials.
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Here, we aim at nanoengineering cellulose to yield anionic hairy cellulose nanocrystals, also
known as electrosterically stabilized nanocrystalline cellulose (ENCC), for removing one of
the most common chemotherapy drugs, DOX as a model cationic drug with significant side
effects,[53-56] in physiological conditions. We will thoroughly investigate the mechanism
of drug removal via altering ionic strength, pH, and protein content, and quantify the drug
removal efficacy. The ENCC is compared with CNC to shed light on the fundamental
advantages of hairy nanocelluloses over conventional ones. In addition, /7 vitro cytotoxicity
and hemocompatibility of ENCC will be investigated.

2. Materials and methods

2.1

Materials

Doxorubicin hydrochloride (DOX) powder was purchased from Oakwood Chemical (USA),
cellulose nanocrystal (CNC, freeze-dried solid, including 0.85 wt% sulfur on dry CNC
sodium form) was provided by the University of Maine Process Development Center (USA),
human serum (sterile filtered male AB plasma), hydrochloric acid (HCI, 37%), bovine
serum albumin (BSA, lyophilized powder, 66 kDa), sodium hydroxide (NaOH, ACS reagent,
>97%), sodium (meta)periodate (NalO4, 299.99%), sodium chlorite (NaClO,, 80%), sodium
chloride (NaCl, ACS reagent, 299%), ethylene glycol (CoHgO2, 99%), polyethylene glycol
(PEG, Mw = 400 Da), calcium chloride (CaCl,, 99.99%), poly-L-lysine (PLL) solution
(0.01%, sterile-filtered), Triton X-100, Drabkin’s solution, Alfa Aesar™ paraformaldehyde
(4% in PBS), and pure human hemoglobin (lyophilized powder) were supplied by Sigma-
Aldrich (USA). Milli-Q water (18.2 MQ cm at 25 °C) was provided by the Millipore
Corporation (USA). Disposable Malvern PANalytical Inc. (DTS1070) folded capillary cells,
hydrogen peroxide (H,O5, 30%), and anhydrous ethanol (Co,H50H, 95.27%) were purchased
from Fisher Scientific (Canada and USA). Bleached softwood (black spruce) kraft pulp
sheets (Q-90) were provided by FPInnovations (Canada). The dialysis membrane (12-14
kDa molecular weight cutoff) was purchased from Spectrum Lab Inc (USA). NIH/3T3
fibroblast cells and human umbilical vein cells (HUVECSs) were purchased from the
American Type Culture Collection (ATCC, USA). Heat inactivated fetal bovine serum
(FBS), Dulbecco’s phosphate-buffered saline (DPBS, 1X), Dulbecco’s modified Eagle
medium (DMEM, including 4.5 g of glucose per liter), trypsin-ethylenediaminetetraacetic
acid (trypsin-EDTA, 0.5 %, 1X), penicillin/streptomycin (P/S, 100X), and trypan blue
solution (0.4 %) were procured from Gibco (USA). PrestoBlue™ cell viability reagent,
Live/Dead™ viability/cytotoxicity kit, and Alexa Fluor™ 488 Phalloidin were produced

by Invitrogen and provided by ThermoFisher Scientific (USA), and 4’,6-diamidino-2-
phenyslindole (DAPI) was purchased from ThermoFisher Scientific. Endothelial cell growth
medium-2 (EGM-2) Bulletkit was purchased from Lonza. Tissue culture flasks (75 cm?)
were purchased from Corning (USA), and tissue culture-treated polystyrene 96-well plates
were obtained from Falcon (USA).

2.2. ENCC synthesis:

ENCC is an anionic hairy cellulose nanocrystal that bears a large amount of dicarboxylates
groups on its hairs. We prepared ENCC via the chlorite-mediated oxidation of dialdehyde
modified cellulose (DAMC) fibers based on our previous protocols.[50,57] These fibers
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were prepared by soaking 4 g (25 mmol glucose units) of small (~ 2 cm?) softwood pulp
pieces in water overnight, which were disintegrated mechanically using a blender. The pulp
slurry was oxidized via a reaction with an aqueous periodate (5.33 g) solution including

~ 266 g water (absorbed water by pulp + added water) in the dark to prevent periodate
deactivation. The reaction was stopped after 4 days using 3 mL of ethylene glycol, and the
intact DAMC fibers were rinsed with water five times and vacuum filtrated. To synthesize
ENCC, 1 g of DAMC fibers was reacted with 1.41 g of sodium chlorite in an aqueous
solution containing 1.41 g of hydrogen peroxide and 2.93 g of sodium chloride (total water
volume ~ 266 mL). The pH was maintained at ~ 5 via intermittent NaOH (0.5 M) addition
for 24 h. After the reaction completion, 0.16 g of ethanol per 1 g of mixture was added,
and ENCC was separated via centrifugation (3000xg for 10 min). ENCC was then dialyzed
against DI water for at least one day to remove the impurities and salts.

2.3. Conductometric titration:

To measure the carboxylate content of nanocelluloses, we used an established protocol.[58]
A dispersion of never-dried ENCC containing 20 mg of solid in 140 mL of Milli-Q water
was prepared to which 2 mL of a 20 mM NacCl solution was added, followed by adjusting
the pH to 3 using a solution of 0.1 M HCI. The ENCC dispersion was titrated using the
Methrom 907 Titrando instrument to add a 10 mM NaOH solution at a rate of 0.1 mL/min
until reaching pH ~ 11. The carboxylate group density of ENCC was calculated based on
the NaOH volume required to neutralize the weak acid, i.e., the middle region in the titration
curve.

2.4. Atomic force microscopy (AFM) imaging:

2.5.

To image CNC and ENCC, we adopted the sample preparation and imaging parameters
from literature.[59] In brief, a PLL solution (0.1% wi/v) was placed on a freshly cleaved
mica disc for 5 min, rinsed with Milli-Q water, and the disc was mounted on a magnetic
stainless steel disc. This is a necessary treatment to ensure the deposition of negatively
charged nanocelluloses on a positively charged polymer. To deposit the nanocelluloses, a
droplet of dispersion (concentration = 0.1 mg mL™1) was incubated on the PLL-treated
mica for 5 min, followed by the removal of excess liquid via gentle Milli-Q water rinse
and air-drying overnight. The samples were imaged under the tapping mode using an AFM
(Bruker Dimension Icon) equipped with a silicon nitride probe (Scanasyst-Air). For image
processing, the NanoScope Analysis software (version 2.0) was used, and the nanocellulose
dimensions were measured using Gwyddion (version 2.56).[60]

Hydrodynamic size and C-potential measurements:

A Zetasizer Nano ZS from Malvern Panalytical Ltd was used to conduct dynamic light
scattering (DLS) and electrokinetic measurements in folded capillary cells (DTS1070).
Samples were prepared with an ENCC concentration of 0.1 mg mL™1in 1 mg mL™1 of

NaCl solution. A final DOX concentration of 0.03 mg mL~1 was used to have an ~ 1:10
molar ratio of DOX to the carboxylate of ENCC. For C-potential measurements on DOX, the
concentration was lowered to 0.003 mg mL~1. At least three measurements were taken for
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each DLS experiment, with 11 runs per measurement. For the C-potential tests, the number
of measurements was at least three, with up to 100 runs per measurement.

2.6. DOX capture:

DOX capturing experiments were carried out in varying media. Each sample had a total
volume of 500 pL, except the removal tests in human serum for which 250 UL was

used. The concentration of ENCC was fixed at 195 ug mL™1 for all samples. The media
included DPBS, Milli-Q water with adjusted pH ~ 4 using HCI, Milli-Q water with
adjusted monovalent ion concentration (171 mM) using an NaCl solution, Milli-Q water
with adjusted divalent ion concentration (0.9 or 90 mM) using a CaCl; solution, DPBS
including BSA (35 mg mL™1), and human serum. Samples were prepared by adding the
nanocellulose dispersion to a DOX solution at DOX : COO™ of nanocellulose ratios between
~0.46 — 2.07 mol mol™1, covering ratios well below and above the stoichiometric (1:1 mol
mol~1) value. The concentration of DOX in the supernatant of each sample was measured
after centrifuging the samples for 2 min at 2000 rpm and 20 °C using 2 L aliquots tested
by a the NanoDrop One microvolume spectrophotometer (ThermoFisher Scientific, USA)
at 480 nm. Standard curves were obtained for the freshly prepared DOX stock solutions

in the same media as the removal tests, which were used to quantify the free drug in

the supernatant after adding the nanocelluloses. For the time dependent measurements,

the samples were centrifuged at pre-defined time points, aliquots were withdrawn and
analyzed under the same conditions as equilibrium experiments. For control experiments,
nanocellulose dispersions were replaced with an equivalent volume of MilliQ water.

2.7. Invitro cytotoxicity tests:

The cytotoxicity of ENCC against HUVECSs was assessed by incubating the nanoparticles
with two-dimensionally (2D) cultured cells. HUVECs were cultured in EGM-2 Bulletkit
cell culture medium at 37 °C and 5% CO,, followed by trypsinization using 0.5 % trypsin-
EDTA and seeding into 96-well plates at a density of 2.5x103 cells per well. After cell
adhesion ~ 2 h post seeding, the culture media were replaced with 50 uL of complete
media containing varying ENCC concentrations. ENCC-containing media and ENCC-free
media (control) were refreshed every other day. Cell viability was assessed after 1 day of
exposure to ENCC via incubating the cells in a solution of DPBS including 0.05% v/v
calcein AM (green staining of live cells) and 0.2% v/v ethidium homodimer (red staining
of dead cells) (Live/Dead viability kit, Invitrogen) for 10 min. Following the incubation,
the cells were washed twice with DPBS and maintained in 50 uL of DPBS to be examined
under a Zeiss fluorescence microscope (Axio Observer 5, Zeiss, Germany). To examine
the morphology, cells were fixed at day 3 with 4% v/v paraformaldehyde for 15 min

and washed three times with DPBS. A solution of 0.3% v/v Triton X-100 in DPBS was
used to permeabilize the fixed cells while a solution of BSA (1% w/v) in DPBS was

used for 30 min at room temperature to block non-specific binding. The cells were then
maintained at 4 °C until the final staining procedure was completed. The cytoskeleton
was stained with a 1:40 dilution of Alexa Fluor 488 in a BSA solution (1% w/v) and
incubated for 40 min at room temperature. Subsequently, the nuclei were counterstained
with a 1:1000 dilution of DAPI in DPBS and incubated for 15 min at room temperature in
dark. Images were acquired using a Zeiss fluorescence microscope at the excitation/emission
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wavelengths of ~ 494/515 nm (calcein), ~ 528/617 nm (ethidium homodimer-1), ~ 495/518
nm (Alexa Fluor™ 488 Phalloidin), and ~ 358/461 nm (DAPI). The metabolic activity of
HUVECs was measured after 3 days of exposure to ENCC. Cells were incubated with 10%
PrestoBlue™ cell viability reagent for 90 min in the culture media at 37 °C and 5% CO,.
Subsequently, the supernatant was collected from each sample and transferred to 96-wells
plates. The fluorescence (excitation/emission wavelengths of ~ 530/590 nm) of supernatant
was determined using the BioTek Synergy 2 microplate reader (USA). Measurements were
performed in triplicate and the background signal (PrestoBlue™-containing cell-free media)
was subtracted from the fluorescence values.

2.8. Hemolysis assessment:

The hemolytic activity of ENCC was measured via exposing human whole blood, withdrawn
from 3 healthy volunteer donors by another lab, to varying concentrations of ENCC and
measuring the concentration of released hemoglobin in plasma according to the American
Society for Testing and Materials (ASTM) E2524-08 (2013) standard analysis of hemolytic
activity of nanoparticles.[61] A colorimetric technique was used to measure the oxidation
of methemoglobin by cyanide (Drabkin’s reagent) at an absorbance of ~ 540 nm. A
calibration curve was obtained using 0.025-1 mg/L of pure human hemoglobin to quantify
the concentration of released hemoglobin in heparinized human whole blood exposed to
ENCC. The blood samples were diluted in DPBS to have 10 + 2 mg of hemoglobin

per mL. ENCC was added to a microcentrifuge tube, followed by the addition of DPBS
(800 pL) and the diluted blood (100 pL). After gently mixing the samples, they were
incubated for 3 h £ 15 min at 37 °C and centrifuged for 15 min at 14000 rpm and ambient
temperature. A portion of supernatant (~ 100 pL) was pipetted into a 96-well plate and
mixed with 100 uL of the Drabkin’s reagent. The reaction was continued for 15 min at
room temperature in dark. A microplate reader (540 nm, BioTek UV/vis Synnergy 2, USA)
was then used to measure the relative absorbance of each well against the reagent blank

to correct the background (blood-free samples) absorbance. The hemolysis percentage was
measured based on the hemoglobin concentration in the samples divided by the total blood
hemoglobin (~ 10 mg mL™1). Positive and negative controls were Triton X-100 (1 % v/v)
and PEG (4.4 % v/v), respectively.

2.9. Biodetoxification tests:

To determine the biodetoxification effect of ENCC, 5x103 NIH/3T3 cells or HUVECs were
seeded in 96-well plates with 200 pL of DMEM supplemented with FBS (10% v/v) and 1%
v/v of Pen-Strep or EGM bullet kit HUVEC media, respectively. The cells were allowed to
attach to the bottom of wells for 1 h, the media were aspirated, and the cells were rinsed
with 200 uL of DPBS, followed by the addition of 200 L of corresponding media including
DOX (final concentration = 400 pg mL~1), which was previously detoxified by adding
ENCC (final concentration = 1 mg mL™1), centrifuged at 1000 rpm for 3 min, and separated
from the precipitate. The control experiments were conducted in corresponding DOX-free
cell culture media or DOX-containing media without ENCC treatment. Each group consisted
of 5 wells. After 8 h, the media was aspirated, the cells were rinsed twice with 200 pL

of DPBS, followed by the addition of 100 pL of PrestoBlue™ reagent to each well. The
cells were incubated for 1 h, and then the PrestoBlue™ absorbance was recorded using
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the microplate reader. Immediately afterwards, the cells were again rinsed twice with 200
uL of DPBS, followed by the addition of 150 L of the Live/Dead reagents. The cells

were incubated for 90 min and imaged using the fluorescence microscope. The fluorescence
images were analyzed using the ImageJ Software.[62]

2.10. Statistical analysis:

The data of at least three measurements are presented as mean values * standard deviation.
We performed the two-way ANOVA (analysis of variance) and identified the statistically
significant data when p < 0.05. Statistically significant values are presented as *p < 0.05,
**p < 0.01, ***p < 0.001 and **** p < 0.0001.

3. Results and discussion

3.1.

Engineering hairy cellulose nanocrystals

Fig. 1a shows the schematic of ENCC production from cellulose fibers via a two-step
periodate-chlorite oxidation. The first reaction results in the production of intact DAMC
fibers, which are then chemically disintegrated via chlorite-mediated oxidation of aldehyde
groups to carboxylate, yielding a mixture of ENCC, dicarboxylated cellulose (DCC),

and unfibrillated cellulose (microfibers). ENCC is separated from the system via ethanol-
mediated precipitation. AFM images of conventional CNC and ENCC are shown in Figs.

1b and 1c, respectively, attesting to a similar crystalline body. The length and diameter
(height) of CNC are 153.9+43.7 nm and 6.2+2.1 nm, respectively, which are comparable
with ENCC length, 104.5£29.7 nm, and diameter, 3.5£1.3 nm. The conductometric titration
of ENCC, presented in Fig. 1d, attests to about 5.98 mmol of carboxylate groups per gram
of ENCC. This is about 600% higher than the conventional 2,2,6,6-tetramethylpiperidine
1-oxyl, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxidized CNC.[63] We did
not register any weak acid in the titration of CNC. During the conductometric titration, we
recorded the solution pH as NaOH was added. The dispersion pH versus NaOH volume is
presented in Fig. 1e with insets showing the first and second derivates of pH with respect to
NaOH volume. According to this figure, two pKj, values are registered for ENCC, associated
with the adjacent carboxylate groups on the C2 and C3 of glucose rings, i.e., dicarboxylate
groups. ENCC is an anionic hairy cellulose nanocrystal, which benefits from electrostatic
and steric colloidal stability due to the highly negatively charged carboxylate groups and
excluded volume of hairs, respectively, thus called electrosterically stabilized.

3.2. Chemotherapy drug capture in DPBS

To study the interactions between the nanoadsorbent ENCC and chemotherapy drug DOX,
ENCC was added to DOX solutions in DPBS with varying initial DOX concentrations
(Cp). The concentration of DOX was tuned in a way that the molar ratio of DOX to

the negatively charged groups (COO~ ~ 5.98 mmol g~1) of ENCC varied from ~ 0.46 to

~ 2.07. Fig. 2a shows the removal percentage of DOX, R (%) =100 x (Cy — Cp)/Cy,
versus the initial DOX concentration (Cp) when the nanoadsorbent concentration is ~ 195
pg mL~1 (COO~ concentration ~ 1.166 mM). The equilibrium DOX concentration (C,)
was measured via sampling the supernatant after centrifuging ENCC-DOX samples. When
the drug concentration was < 800 pg mL~1 (~1.4 mM), more than 90% of the drug was
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removed by the ENCC. Increasing the drug concentration beyond 800 pg mL ™1 saturated
the nanoadsorbent, decreasing the removal percentage to ~ 70% at a DOX concentration of
1400 pg mL~L. The inset of Fig. 2a schematically shows the non-saturated and saturated
states of ENCC. When the carboxylate groups of ENCC were not fully saturated by the
positively-charged drug, most of the drug molecules were captured. Increasing the drug
concentration eventually saturated the charged functional groups of ENCC, decreasing

the drug removal percentage. As a control, the drug capture capability of conventional,
non-hairy CNC was evaluated. CNC is commonly prepared by the strong acid (sulfuric
acid)-mediated hydrolysis of cellulose fibers.[64] As can be seen in Fig. 2a, the removal
percentage of CNC is below 20%, and it is unable to effectively capture DOX as a result of
the low density of charged groups (~ 0.3 mmol of sulfate half ester groups, according to the
provider).

The DOX removal capacity of ENCC or CNC, g, defined as the amount of removed drug
per unit mass of the nanoadsorbent is presented versus the drug equilibrium concentration
in Fig. 2b. By increasing the DOX concentration, initially, most of the drug was captured
independent of its concentration, resulting in a low equilibrium drug concentration. As the
drug concentration increased, ENCC was saturated, and the equilibrium drug concentration
significantly increased. The plateau in Fig. 2b shows the maximum removal capacity of
ENCC, i.e., >5200 pg (~ 9 pmol) drug per 1 mg of ENCC, which has ~ 5.98 umol of
carboxylate. The DOX removal capacity of ENCC is higher than the stochiometric value,
possibly because DOX molecules in solution tend to aggregate.[65] Fitting g.- C, data to the
Langmuir isotherm[66] according to the following equation (Eqgn. 1):[67]

Eqn.1

yields an equilibrium constant K= ta4s / Tags ~ 0.0066 and a maximum removal capacity g,
~ 5899 ug mg1, with the coefficient of determination /2 ~ 0.878. Note that t,gs and Tqes are
the adsorption and desorption characteristic times, respectively. The drug removal capacity
of CNC, shown in Figure 2b remains below ~ 1000 pg mg™1, which is significantly lower
than ENCC.

Note that the increase in the removal capacity of CNC at high DOX concentration is
possibly due to the aggregation of DOX,[65] and not the CNC effect, as reflected in the
near-zero removal capacity at DOX concentrations below 500 mg mL~1. Such a striking
difference attests to the superiority that the anionic hairs impart to ENCC, enabling it to
perform as a potential nanosponge for biodetoxification applications.

Fig. 2c shows the images of DOX solutions after adding ENCC (right) compared with the
ENCC-free DOX solutions (left). Regardless of the DOX/ENCC ratio within the molar ratio
of DOX : COO™ of ENCC ~ 0.47-2.07, ENCC effectively precipitates the drug, decreasing
the drug concentration in the supernatant. When the ratio of DOX concentration to the
COO~ of ENCC is less than 1 mol mol™1, the supernatant is almost clear, turning red at
higher drug concentrations due to the free, uncaptured drug. The kinetics of drug capture
was studied by measuring the DOX concentration in the supernatant over time. Fig. 2d
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shows the DOX removal percentage versus time. In less than 3 min, the drug removal
equilibrates, which shows an extremely fast (almost instantaneous) drug capture. In fact, the
first few minutes post nanoadsorbent-drug contact were associated with manually processing
the sample and measuring the drug concentration. In the absence of such operator-related
time limit, the interaction between ENCC and DOX is immediate (within seconds) as
visually seen in Fig. 2c.

The adsorption of DOX to ENCC was examined by studying the colloidal properties of drug
aggregates upon ENCC addition. Fig. 2e shows the hydrodynamic size and C-potential of
DOX aggregates. Before ENCC addition, the drug aggregates have a hydrodynamic size of
~ 66 nm and C-potential ~ +24 mV, which are consistent with literature.[65] When ENCC
was added, the size significantly increased to >350 nm due to the DOX-mediated ENCC
aggregation. The ratio of DOX to the COO™ of ENCC was maintained low (~ 0.1) ina

way that ENCC remained excess, i.e., it was not saturated, and no precipitation was formed.
The C-potential of ENCC-DOX complexes dropped to ~ =32 mV, which was due to the
negatively charged, stable DOX-ENCC aggregates.

3.3. Effects of pH and ionic strength on chemotherapy drug capture

To shed light on the mechanism of ENCC-mediated drug capture, the effects of pH and ionic
strength were investigated. Fig. 3 presents the drug removal capability of ENCC at a low

pH as well as in the presence of mono- or divalent cations. Fig. 3a shows the drug removal
percentage at pH ~ 4. The removal immediately starts to decrease as the concentration of
drug increases. At this pH, some of the carboxylate groups of ENCC are protonated and
therefore cannot interact with the positively charged drug. The adjacent carboxylates of
ENCC located on the C2 and C3 of opened glucose ring have pK; ~ 4.8-5.6 and 8, which is
also reported in our previous work.[67] According to Egn. 2,

pH = pK, + log([COO™]/[COOH]) = 4 )

almost all of the COOH groups with pK, = 8 are protonated, and only ~25% of the
carboxylate groups with pK;, ~ 4.8 are deprotonated. Therefore, at pH ~ 4, only 12.5 %

of the acidic groups (~0.75 mmol COO™ per gram of ENCC) are deprotonated. Fig. 3b
presents the removal capacity of ENCC at pH ~ 4. At this pH, the removal capacity of
ENCC is reduced to < 2400 pg mg™2, less than half of the removal capacity at pH = 7.4,
which is higher than the stoichiometric ratio. The Langmuir fit yields K~ 0.0080 and g,

~ 2365 pg mg~1, with #2 ~ 0.907. This K'is higher than the K in DPBS, indicating that

the adsorption occurs slower (larger tags/tdes). Besides the aggregation of DOX, the excess
DOX may partially shift the equilibrium of carboxylic acid according to the Le Chatelier’s
principle, increasing the removal capacity beyond the stoichiometric ratio. Such an effect has
previously been reported for the interaction between copper ions with ENCC.[52]

The concentration of sodium (Na*) in blood is ~ 135-145 mM. [31,68] The effect of
monovalent ions, such as Na* on the drug removal was investigated in Fig. 3c and 3d. At

a Na* concentration above the physiological level (171 mM), the DOX removal percentage
(Fig. 3c) and capture capacity (Fig. 3d) were similar to the Na*-free medium (Figs. 2a

and 2b). The presence of monovalent ions in the media does not block the ENCC charge
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and only shrinks the electrical double layer around the protruding dicarboxylate-modified
cellulose chains. Therefore, sodium and likely other monovalent ions in the blood do not
hinder the drug capture capacity of ENCC. The Langmuir fit yields K~ 0.0036 and g, ~
5225 ug mg~1, with A2 ~ 0.986. Fig. 3e and 3f present the drug removal percentage and
capacity of ENCC in the presence of 0.9 or 90 mM of a divalent cation, in this case calcium
(Ca%*). The removal percentage immediately decreased when the divalent ion was added to
the medium due to the calcium-mediated charge neutralization of ENCC.[69] At 0.9 mM
of Ca2*, the Langmuir fit yielded K~ 0.0075 and g, ~ 3440 pg mg™1, with /2 ~ 0.981,

and when the calcium ions reached 90 mM, the removal capacity was < 1000 pg mg™L. In
contrast to Na*, Ca?* competes with the positively charged drug molecules in binding to the
COO™ of ENCC, decreasing the drug capture capacity of ENCC.

3.4. Effect of plasma proteins on chemotherapy drug capture

An important constituent of blood is plasma proteins. We evaluated the drug capture
capacity of ENCC in the presence of physiologically relevant concentrations of BSA (35
mg mL~1)[70] as a model system for serum albumin. The drug removal percentage and
capacity in the presence of BSA are shown in Figs. 4a and 4b, respectively. The removal
percentage remained >90% up to a drug concentration <1000 pug mL=2, which is higher than
the removal percentage in the absence of BSA (Fig. 1a). Compared to the BSA-free system
(Fig. 1b), the removal capacity (Fig. 4b) was also enhanced in the presence of BSA and
reached >7500 g mg~t of ENCC. The underlying mechanism for BSA-mediated enhanced
drug removal can be explained via the attractive interactions between the positively charged
drug and negatively charged BSA:[71] the drug is adsorbed by BSA, which is then picked
up by ENCC. Accordingly, ENCC picks up the drug-BSA complex, which may include
more drugs than the stoichiometric capacity of ENCC in a BSA-free system. This may help
overcome the Ca2*-mediated reduction of DOX capture capacity of ENCC.

We investigated the drug capture capacity of ENCC in a physiologically relevant medium,
i.e., human serum. Fig. 4c and 4d show the drug removal percentage and capacity of ENCC
in human serum, respectively. The drug removal percentage remained at ~ 60% when the
initial drug concentration was increased beyond 500 ug mL=1. As more drug was added to
the media, more drug was removed, possibly as a result of drug-protein complex formation,
followed by the ENCC-mediated capture. Interestingly, at low drug concentrations (< 500
ug mL1), the removal percentage was noticeably low, which may be due to the stable,
negatively charged drug-protein complexes, remaining in the solution. The drug removal
capacity of ENCC in human serum shown in Fig. 4d increased by increasing the drug
concentration, which may be attributed to the effect of serum proteins. Increasing the drug
concentration, facilitates the drug-protein complex formation, decorating the proteins with
more positively charged DOX molecules, which are then adsorbed to ENCC. Human serum
is typically comprised of proteins (e.g. albumin, globulins, and fibrinogen), hormones and
enzymes, lipids and carbohydrates.[68,72] Accordingly, while the divalent ions may have
negative effects on the drug capture capacity of ENCC, the presence of a range of proteins in
the serum enhance the drug removal.
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The kinetics of drug capture in human serum is shown in Fig. 4e, suggesting that the
capture took place almost immediately, similar to the non-physiological medium (Fig. 2d).
To increase the removal percentage of drug, the amount of ENCC was increased. Fig. 4f
shows the effect of ENCC content on the drug removal percentage in human serum. The
drug removal percentage can readily be increased from ~ 50% to >90% by increasing

the ENCC concentration from 195 to 780 pg mL~L. Accordingly, ENCC can successfully
remove the majority of chemotherapy drug from the serum.

3.5. Cytotoxicity assessment of hairy cellulose nanocrystals

The cytotoxicity of ENCC against human umbilical vein endothelial cells (HUVECs) was
examined /n vitro. Fig. 5 presents the live/dead and F-actin/DAPI staining and metabolic
activity of HUVECs post exposure to varying concentrations of ENCC compared with the
ENCC-free control samples. As can be seen in Fig. 5a, the incubation of up to 500 ug of
ENCC per mL of cell culture medium yielded similar cell viability as the ENCC-free system
after 24 h, none of which resulted in significant cell death. Staining the cytoskeleton and
nuclei of cells with F-actin and DAPI, respectively, showed that the ENCC did not have any
adverse effects on the cell cytoskeleton and nuclei, e.g., cells spread successfully, and the
nuclei remained intact. Fig. 5b shows that after 3 days of exposure to up to 500 ug of ENCC
per mL of cell culture medium, the normalized fluorescent intensity, a representation of cell
metabolic activity according to the PrestoBlue™ cell viability reagent, remained comparable
to that of ENCC-free cells, which underwent no significant loss. Accordingly, ENCC does
not impose any toxicity risk to HUVECs, enabling it to effectively interact with the drug.

3.6. Hemolytic effects of hairy cellulose nanocrystals

3.7.

The interaction between ENCC and red blood cells (RBCs) was studied via a standard
hemolysis assay (see Materials and Methods). Figs. 6a shows the optical images of blood
exposed to ENCC, which was compared to the negative control (NC, PEG) and positive
control (PC, Triton X-100). PEG does not induce significant hemolysis, whereas Triton
X-100 results in severe RBC damage and hemoglobin leakage, which can be seen in the
stable red color of supernatant post-centrifugation. After centrifuging the blood exposed to
up to 7 mg mL~1 of ENCC, the supernatant looks as clear as the negative control, showing
no noticeable RBC damage. Fig. 6b presents the hemolysis percentage for varying ENCC
concentrations, which are compared with the NC and PC. The PC almost fully destroys
the RBCs, releasing the hemoglobin, resulting in >95% hemolysis. The ENCC-mediated
hemolysis remained less than 4% up to 7 mg mL~! of ENCC, which is below the maximum
percentage allowed, i.e., 5%. This concentration translates into capturing > 42 mg of DOX
by using only 1 mL of a 0.7% ENCC dispersion without any adverse effects on the cell
viability and RBC integrity.

Hairy cellulose nanocrystal-enabled biodetoxification

The biodetoxification effect of ENCC was evaluated /n vitro using two cell lines. HUVECs
and NIH/3T3 cells were cultured to attach to the well plates (2D), followed by adding
DOX-containing media pre- and post ENCC treatment and culturing for 8 h. Fig. 7
presents the Live/Dead staining, quantification of cell viability, and the metabolic activity
of cells post exposure to DOX with and without ENCC-mediated detoxification. When
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the cells were exposed to 400 pg of DOX per mL of cell culture media, their viability

was compromised due to the DOX-mediated DNA damage.[73] This is reflected in the red
staining of HUVECs and NIH/3T3 fibroblasts in Fig. 7a. When the drug containing media
was treated with ENCC, followed by removing the precipitated drug via centrifugation,

the majority of cells maintained their viability and the Live staining (green color) showed

a similar result as the non-toxified (DOX-free) control. The image analysis enabled us to
quantify the cell viability via counting the live and total cell numbers. Figs. 7b and 7c
present the cell viability percentage of HUVECs and NIH/3T3 fibroblasts normalized with
the viability of control samples, respectively. Adding the drug to the media decreases the
cell viability to ~ 35% and <10% for HUVECs and NIH/3T3 cells, respectively, whereas
the ENCC-mediated detoxification of media maintains more than 80% of both cells viable.
The difference between HUVEC and NIH/3T3 fibroblast viability after DOX treatment can
be explained by the higher resistance of HUVECs to DOX compared to 3T3 fibroblast cells.
HUVECs can develop a resistance to DOX due to increased P-glycoprotein expression.[74]
Furthermore, DOX concentrations above 2.5x107> M inhibit fibroblast proliferation and
DOX concentrations above 5x107> M induce fibroblast cellular toxicity.[75] As we used
DOX solutions with a concentration of 400 pg mL=1 (7x10~4 M), the dose caused high cell
toxicity in NIH/3T3 cells, resulting in the lower cell viability compared to HUVECSs, which
were protected due to their increased resistance. The metabolic activities of HUVECs and
NIH/3T3 cells, presented in Figs. 7d and 7e, respectively, showed that the drug decreased
the metabolic activity of these cells by more than 2000%, whereas treating the media with
ENCC resulted in no significant decrease in the metabolic activity of HUVECs or only 30%
decrease in the metabolic activity of fibroblasts. Together, these results show that the ENCC
can protect the cells from drug-associated damages.

4. Conclusions

Preventing the systemic circulation of localized drugs, e.g., in localized cancer
chemotherapy, can help reduce the drug side effects while allowing frequent, high-dosage
treatments. Blood as the main carrier of drugs is particularly challenging to treat due

to the existence of a broad range of biomolecules and cells. Developing materials

that can specifically capture clinically-relevant concentrations of chemotherapy drugs at
physiological conditions without imposing adverse effects on cells is of particular challenge.
We have nanoengineered cellulose fibers to produce biocompatible anionic hairy cellulose
nanocrystals, known as electrosterically stabilized nanocrystalline cellulose (ENCC), that
remove more than 6000 pg of DOX, one of the most common chemotherapy drugs, per one
mg of nanoparticles. This is more than 3200% improvement compared to some of the most
recent nanoadsorbents, such as DNA-based materials. The ENCC immediately separates the
drug from the physiological media, enabling the fast, high-efficiency, and biocompatible
biodetoxification of blood /n vitrolex vivo. This technology can set the stage for next
generation low-cost drug capture devices.
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Highlights
. Nanoengineered cellulose provides a super-capacity drug nanoadsorbent.
. Dicarboxylated hairy cellulose nanocrystals capture > 6000 mg of DOX per

gram.
. The drug capture capacity is 3 orders of magnitude higher than DNA.
. Hairy nanocelluloses provide a remarkable platform for biodetoxification.

. Hairy nanocelluloses may enable next generation drug capture devices.
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Fig. 1. ENCC synthesis and characterization.
(a) ENCC synthesis involving two-step oxidation using periodate to initially open the

glucose ring from C2-C3 bond, converting them to dialdehyde groups, followed by chlorite-
mediated oxidation to carboxylate groups. AFM images of (b) CNC and (c) ENCC. Titration
of ENCC (20 mg) based on (d) conductivity and (e) pH versus added base (NaOH, 10 mM)
volume. The inset in panel (e) shows the first and second derivatives of pH versus NaOH
volume.
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Fig. 2. Drug capture in agueous media.
(a) DOX removal R=(Cyp— Cp)/Cypby ENCC or CNC in DPBS versus initial DOX

concentration Cg, obtained from measuring the equilibrium DOX concentration C, using

a microvolume UV-vis spectrophotometer. (b) DOX capture capacity of ENCC (black
symbols) or CNC (blue symbols) defined as g, = (Cp— Cg) VImence versus equilibrium
DOX concentration C,and the corresponding Langmuir fit (curve). Sample volume V'~
500 pL. The DOX removal capacity of ENCC in DPBS is >5200 ug mg~2, and CNC is
unable to effectively capture DOX due to the lack of high-density anionic groups. The
background error is corrected. (c) Optical images of DOX solutions with concentrations
ranging from ~ 300 pug mL~2 to ~1400 pg mL~2 before and after the addition of ENCC with
a final concentration ~ 195 pg mL~1. This wide range of concentrations corresponds to a
broad ratio of DOX to the carboxylate content of ENCC (~ 0.46-2.07). (d) Time-dependent
DOX capture using ENCC, showing an extremely fast drug removal taking place almost
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immediately after ENCC-DOX contact. Here, DOX concentration [DOX] ~ 311, 622, and
1244 pg mL™1, and ENCC concentration [ENCC] ~ 195 ug mL1, and the ratio of DOX

to the COO~ of ENCC ~ 0.47, 0.92, 1.82 mol mol~2. (e) Colloidal properties of DOX
significantly change upon adsorption onto ENCC. Hydrodynamic size of DOX aggregates ~
66 nm increases to ~ 350 nm, an indication of ENCC-mediated aggregation. The C-potential
of colloidal DOX changes from ~ +24 mV to ~ -32 mV as a result of adsorption to the
negatively-charged ENCC. Note that [DOX]/[COO™] ~ 0.1, therefore ENCC (concentration
~ 100 pg mL™1) is not saturated, forming stable colloidal aggregates.
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Fig. 3. Effects of pH and ionic strength on ENCC-mediated DOX capture.
(a) DOX removal percentage versus initial DOX concentration, and (b) DOX capture

capacity of ENCC versus equilibrium DOX concentration at pH ~ 4. Decreasing pH to

4 resulted in the protonation of carboxylic acid groups, which decreased the available

DOX binding sites on ENCC, decreasing the removal percentage and capture capacity. The
capture capacity at pH ~ 4 is less than half of that at pH ~ 7.4 (Fig. 2b). The effect of
monovalent ion, Na*, on the (c) removal percentage and (d) capture capacity of ENCC,
showing no significant impact because the equilibrium of carboxylate groups is not affected
by monovalent ions. Effect of divalent ion, Ca2*, on the (e) removal percentage and (f)
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capture capacity of ENCC. The presence of 0.9 and 90 mM of Ca?* decreased the DOX
capture capacity of ENCC by a factor of 35% and 600%, respectively. This proves that
the main drug capture mechanism is DOX-ENCC electrostatic attraction, disturbed by
the divalent ion-mediated bridging of ENCC. In panels b, d, and f, the curve shows the
Langmuir fit.
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Fig. 4. ENCC-mediated DOX capture in physiological media.
Effect of BSA on the DOX (a) removal percentage and (b) capture capacity of ENCC,

showing that the serum albumin not only does not impair the drug capture capability of
ENCC, but also enhances the removal capacity as a result of DOX-protein binding. The
DOX (c) removal percentage and (d) capture capacity of ENCC in human serum. The DOX
capture capacity of ENCC in human serum is remarkably high, possibly as a synergistic
effect of drug-protein complex formation. (e) The drug capture time scale in human serum
is extremely short, allowing for almost immediate removal of the chemotherapy drug.
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(f) Increasing the ENCC concentration increases the DOX removal capacity, allowing for
almost complete elimination of the drug.
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Fig. 5. ENCC cytotoxicity.
(a) Effect of ENCC concentration on the HUVECSs, shown with live (green)/dead (red)

and F-actin (green)/DAPI (blue) staining after 24 h and 72 h post nanoparticle exposure,
respectively. Magnified F-actin/DAPI images are shown in the insets. Almost all the cells
are viable and have undergone spreading and elongation with no significant damage to their
nuclei. The scale bars are 200 um. (b) Metabolic activity of HUVECs after 72 h exposure
to various concentrations of ENCC normalized with the metabolic activity in the absence
of ENCC, obtained using the PrestoBlue™ assay. The unchanged metabolic activity of
HUVECs show that ENCC is not toxic against endothelial cells.
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Fig. 6. Assessment of the hemolytic properties of ENCC.
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(a) Optical images of blood exposed to varying concentrations of ENCC compared with

the negative control (NC, PEG) and positive control (PC, Triton X-100). The disruption of
RBC is seen as stable red color in the supernatant post-centrifugation. Up to 7 mg mL™1

of ENCC does not have any significant effect on the color of supernatant attesting to the
integrity of RBCs. (b) Quantification of hemolysis percentage via measuring the absorbance
of supernatant. While the positive control vigorously disrupts the RBCs resulting in >95%
hemolysis, up to 7 mg mL~1 of ENCC vyields less than 4% hemolysis, which is below the

accepted threshold (5%).
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Fig. 7. In vitro biodetoxification effect of ENCC.
(a) Live/Dead staining of HUVECs and NIH/3T3 fibroblasts after 8 h culturing in cell

culture media (control), ENCC (1 mg mL™1)-treated DOX (400 ug mL1)-containing

media, and untreated DOX (400 pg mL~1)-containing media. The scale bars are 200 pm.
Normalized viability of (b) HUVECs and (c) NIH/3T3 fibroblasts calculated from analyzing
the fluorescence images in panel (a). Metabolic activity of (d) HUVECs and (e) NIH/3T3
cultured in similar conditions as (a), measured using the PrestoBlue™ cell viability reagent.
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