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Temperature-Sensitive, Fluorescent Poly(N-Isopropyl-
acrylamide)-Grafted Cellulose Nanocrystals for Drug
Release
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Cellulose nanocrystals (CNCs) grafted with fluorescent and thermo-
responsive poly (N-isopropylacryalamide) (PNIPAM) brushes were
prepared for encapsulation and the release of 5-fluorouracil (5-FU). The
successful grafting was evidenced by Fourier transform infrared (FTIR)
spectroscopy and solid-state 13C nuclear magnetic resonance ('*C NMR).
Differential scanning calorimetry measurements suggested that the lower
critical solution temperature of PNIPAM-grafted CNCs is close 32 °C.
During polymerization, tuned fluorescence signatures were obtained by
varying the dye dosages. At room temperature, the release amount of the
loaded 5-FU was about 42% at a pH of 2.1, while this value approached
60% at a pH of 7.4. Both the cumulative release amount and the release
rate were greatly increased when the temperature was raised to 37 °C.
The novel PNIPAM-grafted CNCs with both fluorescence and stimuli-
sensitive properties possess potential for application in intelligent drug
delivery systems.
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INTRODUCTION

Drug-loaded nano-carriers have attracted great interest in the area of delivery and
targeting of therapeutic medicine. Nano-sized particles overcome biological barriers to
arrive at the target organs and avoid rapid clearance by phagocytes, which greatly prolong
their duration in the bloodstream (Langer and Tirrell 2004; Alexis et al. 2008; Liu et al.
2008; Slowing et al. 2008; Wang et al. 2009). Various nanoparticle-based technologies
have been investigated and applied in clinical use, such as liposomal formulations for
cancer therapy, colloidal gold for in vitro diagnostics, magnetic nanoparticles for in vivo
imaging, and polymeric micelles and nanogels for drug delivery (Das et al. 2005; \Wagner
et al. 2006; Oh et al. 2008; Han et al. 2012; Su et al. 2013). Among these nanomaterials,
cellulose nanocrystals (CNCs) have important application prospects. CNCs are typically
produced after acid hydrolysis of crystalline cellulose, and they are rod-like particles 100
nm to 300 nm in length and 5 nm to 15 nm in width (Habibi et al. 2010). They possess the
advantages of high abundance, low cost, renewability, biodegradability, and reactive
surface groups for chemical modification.

Wu et al. (2016). “CNC for drug release,” BioResources 11(3), 7026-7035. 7026



PEER-REVIEWED ARTICLE bi oresources.com

Recently, stimuli-responsive nanoparticles have been extensively investigated and
applied with the drug delivery system (Rejinold et al. 2011a; Zhang et al. 2012; Rejinold
et al. 2014). Most of the smart polymers are environmentally responsive, including poly-
(methacrylic acid), poly-(4-vinylpyridine) (Kan et al. 2013), poly-(N-isopropyl-acrylamide)
(Zoppe et al. 2010), poly-(N,N-dimethylaminoethyl methacrylate) (Yi et al. 2009), poly-
(2-hydroxyethyl methacrylate), and poly-(ethylene glycol) methacrylates (Porsch et al.
2011). Of these smart materials, temperature-responsive poly-(N-isopropyl acrylamide)
PNIPAM has been widely studied and applied (Binkert et al. 1991; O’Shea et al. 2011). It
exhibits lower critical solution temperatures (LCST) in the range of 32 °C to 33 °C,
depending on the detailed microstructure of the macromolecules. Thermo-responsive
CNCs were previously synthesized with PNIPAM brushes via the surface grafting method
(Wu et al. 2015). With the immobilization of the CNC core, the grafted PNIPAM brushes
behave like a sensitive nanogel (Su et al. 2013; Rejinold et al. 2014; Zhang et al. 2014).
Unlike bulk hydrogel or a microgel with poor mechanical strength (Ghugare et al. 2009;
Hebeish et al. 2014), the rigid CNC core provides the stability and mechanical strength.
Moreover, since cellular uptake and the biodistribution of nanoparticulate delivery systems
can be studied using fluorescence techniques, multifunctional nanocarriers combining
imaging function with drug delivery are emerging as the next generation of nanomedicines
to improve the outcome of drug therapy (Bryl and Langner 2005). When fluorescent and
thermo-responsive CNCs were used as the carriers for drug delivery, the fluorescence made
it possible to observe the distribution of the drug-loaded CNCs and monitor the drug release
dynamic process in the tissues and organs. 5-Fluorocuracil (5-FU) is a widely used
anticancer drug. Its acylamino group and limited solubility in water make it possible to
effectively load 5-FU in the surface-grafted thermo-responsive CNCs via hydrogen
bonding (Zhang et al. 2012). The aim of this study was to investigate the thermo-
responsiveness, fluorescent properties, and drug release behaviors of the polymer-grafted
CNCs under different conditions.

EXPERIMENTAL

Materials

N-isopropylacryalamide (NIPAM, 97%) and phosphate buffer, with a pH of 2.1 and
7.4, were obtained from VWR (USA). Copper(Il) bromide (CuBr2, 99%), 4-bromo-1,8-
naphthalic anhydride (95%), 2-bromoisobutyryl bromide (BiB, 98%), L-ascorbic acid
(AsAc, 99%), N,N,N'N" N'"-pentamethyldiethylenetriamine (PMDETA, 99%), 2-
dimethylaminopyridine (DMAP, 99%), 5-FU, allylamine (99%), acetone (99.8%),
tetrahydrofuran (THF, 99.9%), ethanol (99.5%), and methanol (CH3OH, 99.8%) were all
purchased from Sigma-Aldrich (USA). All chemicals were used as they were received
without purification. The reagents 4-ethoxy-9-allyl-1, 8-naphthalimide (EANI), and 4-
methylamino-9-allyl-1,8-naphthalimide (MANI) were synthesized as described (Grabchev
and Konstantinova 1997; Grabtchev et al. 1997).

Synthesis of CNCs Grafted with Copolymer Brushes (CNCs-GF)
The procedure to prepare CNCs and initiator-immobilized CNCs (CNCs-Br) was
described previously (Wu et al. 2015). The typical synthesis procedure of CNCs-GF uses
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activators generated by an electron transfer for atom transfer radical polymerization
(AGET-ATRP). In this procedure, 0.15 g of initiator-immobilized CNCs (CNCs-Br), 3.39
g of NIPAM (30.0 mmol), 67 mg of CuBr2 (0.3 mmol), 125 pL. of PMDETA (0.3 mmol),
EANI, and MANI in 11.25 mL of a CH3OH/H20 mixture (volume ratio of 1:1) was added
to a Schlenk tube under magnetic stirring, and the mixture was bubbled with nitrogen for
20 min. Another Schlenk tube containing 26 mg of AsAc (0.15 mmol) in 3.75 mL of a
CH3OH/H20 mixture (volume ratio of 1:1) was bubbled with nitrogen for 15 min.
Afterwards, the degassed AsAc solution was transferred to the first Schlenk tube. The tube
was sealed with a rubber septum and kept at ambient temperature for 8 h. The
polymerization was quenched by exposure to air. The reaction mixture was centrifuged for
20 min at 12,000 rpm at 4 °C. Successive washing with acetone, DI water, and methanol
purified the isolated precipitates. The samples named CNCs-GF1, CNCs-GF2, CNCs-GF3,
CNCs-GF4, CNCs-GF5, and CNCs-GF6 were generated with the EANI/MANI ratios of
10:0, 6:4, 5:5, 4:6, 2:8, and 0:10, respectively. The total amount of EANI and MANI was
fixed at 0.4 mmol.

Preparation of 5-FU-Loaded CNCs-GF

The drug loading was conducted using CNCs-GF3 as the carrier and 5-FU as the
model drug. Briefly, 5 mg of 5-FU was dissolved in 20 mL of CNCs-GF3 solution (0.25
wt.%). After incubation in a 25 °C water bath for 12 h and subsequently in a 37 °C water
bath for 12 h, the solution was centrifuged at 10,000 rpm for 10 min at 4 °C. The collected
precipitates were purified by centrifugation and washed with DI water to remove the non-
encapsulated drug. The precipitates were freeze-dried and kept in a vacuum desiccator. The
concentration of 5-FU in the washing solution was analyzed by UV absorbance at the
wavelength of 266 nm, with respect to the standard calibration curve. The drug-loaded
content () of CNCs-GF3 was calculated as follows,

n= % X 100% (1)
where mo is the drug dosage, m is the weight of CNCs-GF3, Cp is the concentration of 5-

FU in the washing solution, and V' is the total volume of washing solution.

Drug Release Experiment

Fifty mg above the amount of 5-FU-loaded CNCs-GF3 (5-FU@CNCs-GF3) were
dispersed in 20 mL of the phosphate buffer solution and transferred to a dialysis membrane
bag (MWCO 3.5 kDa). The membrane was then immersed in 200 mL of the phosphate
buffer solution at a designated temperature of 25 or 37 °C, and pH of 2.1 or 7.4. A2 mL
aliquot of release medium was periodically taken out from the system for analysis, and then
2 mL of fresh buffer solution was added back into the release system. The concentration of
5-FU in each aliquot was measured by a UV spectrophotometer, and the amount of the
released drug was obtained by a comparison with the standard calibration curve. The
cumulative drug release (R) was calculated according to Eq. (2). All of the drug-release
studies were performed in triplicate and the average value of the three determinations was
shown in the data analysis,

200 Cp+2.0 3 Cpoq
mo— CDV

R= x 100% )
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where Cn and Cn-1 are the concentration of 5-FU at n and n-1 times of drawing out of the
buffer solution, respectively.

Methods

Fourier transform infrared (FTIR) spectra were recorded on a FTIR-650
spectrometer (Gangdong Sci. & Tec., Tianjin, China). The transmission electron
microscopy (TEM) images were obtained on a JEOL 100CX Il transmission electron
microscope (Japan) under the acceleration voltage of 80 kV. The solid-state *C nuclear
magnetic resonance (NMR) spectral data were recorded with a Bruker Avance/DMX 400
MHz NMR spectrometer (Swiss) at 25 °C. Differential scanning calorimetry (DSC)
measurements were run to measure the phase transition temperatures using 10 mg samples
in 20 pL of water in sealed aluminum pans on a TA instruments Q1000 DSC (USA)
calibrated with indium. The samples were scanned from 10 °C to 60 °C, at 5 °C/min, under
a nitrogen flow of 20 cm®/min, and referenced against an empty pan. The fluorescence
measurements were conducted on a Shimadzu RF-5301PC (Japan) equipped with a xenon
lamp. The widths of the excitation and emission slit were 5.0 mm.
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Fig. 1. The fluorescence emission spectroscopy of CNCs-GF (0.02 wt.% in H20) under 375-nm
excitation. CNCs-GF6 was solely excited at 425 nm; the top photograph of CNCs-GF
suspensions (0.05 wt.%) was taken under 365-nm UV illumination.

RESULTS AND DISCUSSION

Fluorescent Properties of CNCs-GF

The chemical structures of CNCs and modified CNCs were identified by FTIR (Fig.
S1), and solid-state '*C NMR (Fig. S2). A series of CNCs-GF populations with different
fluorescence signatures was obtained by changing the dosages of dyes during the
polymerization (Fig. 1). The CNCs labeled with only one dye showed typical single-peak
emissions, which were almost the same as those of pure dye solutions, such as CNCs-GF1
(EANI only) and CNCs-GF6 (MANI only). However, the CNCs-GF labeled with both
EANI and MANI had two emission peaks at 444 nm and 522 nm. Fluorescence resonance
energy transfer (FRET) occurs between EANI and MANI groups when they are
simultaneously encapsulated into polystyrene microspheres (Wu et al. 2008). Based on the
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similar fluorescent features of the CNCs-GF series, FRET may have contributed to the dual
emission signals from CNCs-GF2 to CNCs-GF5. As shown in the inset picture in Fig. 1
(365-nm UV illumination), the CNCs-GF suspensions displayed different colors
corresponding to their emission spectrum. More CNCs-GF populations with tunable and
distinguishable fluorescent signals can be obtained by varying the fluorescent intensity and
the intensity ratio of two peaks.

Thermo-Responsiveness of CNCs-GF

The polymer PNIPAM is a well-known temperature-sensitive polymer with a lower
critical solution temperature (LCST) at 32 °C, which is slightly lower than the average
body temperature. PNIPAM undergoes a coil-to-globule transition when the temperature
is higher than the LCST (Masci ef al. 2004; Ifuku and Kadla 2008). The CNCs-GF is not
soluble in water, but the suspension appears almost clear at room temperature. The
stabilized dispersion system is attributed to the hydrophilicity of the CNC backbone and
the PNIPAM side-chain. When the temperature of the suspension was increased to above
35 °C, the solution became cloudy (Fig. 2). This phase transition behavior was reversible.
Above the LCST, the grafted PNIPAM side-chain transforms to a hydrophobic globule
structure; as a result, the CNCs-GF particles coagulate and precipitate from the solution.
The thermal transition property of CNCs-GF was investigated using DSC (Fig. 2). The
phase transition peak values for the heating and cooling process were 31.2 °C and 33.1 °C,
respectively, which are close to those of the PNIPAM homopolymer.
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Fig. 2. DSC analysis of CNCs-GF in water (33.3 wt.%). The inset is the visual appearance of the
phase transition of CNCs-GF in water

Morphology and Particle Size of CNCs-GF

Figure 3 shows TEM images of CNCs, CNCs-GF3, and 5-FU@CNCs-GF3. The
original CNCs were rod-like particles with dimensions of 5 nm to 15 nm in width and 100
nm to 200 nm in length, which are comparable to the reported sizes of CNCs (Roman and
Winter 2004). After the surface grafting, the length of CNCs-GF3 generally remained the
same, but the width was increased to 30 nm to 50 nm. The coarse morphology indicates
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the presence of the grafted polymer brushes on the surface of the CNCs. The 5-FU@CNCs-
GF3 had a similar morphology and particle size (Fig. 3C).

Fig. 3. TEM images of CNCs (A), CNCs-GF (B), and 5-FU@CNCs-GF3 (C)
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Fig. 4. FTIR spectra of CNCs-GF3 (a), 5-FU@CNCs-GF3 (b), and 5-FU (c)

5-FU Loading in CNCs-GF

The entrapment of 5-FU in CNCs-GF3 and the interactions between them were
investigated by FTIR. Figure 4 shows the FTIR spectra of drug 5-FU, surface-grafted
CNCs-GF3, and drug-loaded 5-FU@CNCs-GF3. Characteristic absorption bands of 5-FU
were clearly apparent at 1665 cm, 1400 cm™, 1250 cm, and 816 cm™ (Fig. 4c).
Nanoparticles with amino or hydroxyl groups on their chains increase the drug-loading
capacity, due to the hydrogen bonding for 5-FU containing electronegative atoms (Zhang
et al. 2012). Compared with the spectrum of CNCs-GF3 (Fig. 4a), the absorption band 5-
FU@CNCs-GF3 (Fig. 4b) at 3360 cm™ became much stronger, supporting the existence of
hydrogen bonding between CNCs-GF3 and 5-FU (Rejinold et al. 2011b).

After drug loading, the characteristic absorption bands at 1250 cm™ and 816 cm’!
of 5-FU were not observed for 5-FU@CNCs-GF3. The disappearance of absorption bands
can also be attributed to hydrogen bonding and van der Waals interaction between 5-FU
and CNCs-GF3. Obviously, the existence of interaction between drug and carrier is
beneficial to drug loading. The final 5-FU-loading content was about 2 wt.%, as calculated

by Eq. (1).
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Release of 5-Fu from CNCs-GF

The cumulative release of 5-FU@CNCs-GF3 during 10 h under different
conditions is shown in Figure 5. 5-FU@CNCs-GF3 showed faster release rates during the
initial time but slower rates at the later stage. The acceleration of the drug release at the
earlier stage was attributed to the big difference of concentration around CNCs-GF3. Rapid
drug release would help reach the drug concentration required for the clinical treatment in
a short time. At the later stage, the moderate drug release, which was slowed down by the
hydrogen bonding interaction between 5-FU and CNCs-GF3, is beneficial to keep the drug
concentration stable during clinical treatment.
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Fig. 5. 5-FU release kinetics of CNCs-GF3 at different conditions during 10 h

The carrier materials remarkably affected the release of 5-FU. Under the same
external conditions, the cumulative release amount of 5-FU@CNCs-GF3 was dramatically
decreased compared with that of free 5-FU. The temperature and pH also were important
to the cumulative release amount. At a pH of 7.4, the cumulative amount released of 5-FU
from CNCs-GF3 increased from 50% to 80%, when temperature was changed from 25 °C
to 37 °C. As the temperature increased, the grafted PNIPAM brushes become hydrophobic
above the LCST and formed a shrinking state of polymer chains, which promoted the
release of 5-FU.

Meanwhile, the increase in temperature weakened the hydrogen bonding between
5-FU and CNCs-GF3, hence accelerating the drug release rate. In contrast, hydrogen
bonding was capable of holding drugs in the carrier below the LCST. A certain amount of
5-FU still remained in CNCs-GF3, which may be due to the highly hydrated PNIPAM
chains stabilizing the drug that was loaded.

The above results demonstrated that PNIPAM-grafted CNCs had a good
temperature-controlled drug release behavior. Figure 5 also reveals that the medium pH
affected the release kinetics of 5-FU@CNCs-GF3. At a pH of 2.1, the cumulative releases
of 5-FU were 42% at 25 °C and 62% at 37 °C, both of which were remarkably reduced
compared with those in pH 7.4. Given that the pH value influenced the solubility of 5-FU,
the less cumulative drug release was attributed to the lower solubility of 5-FU in an acidic
medium.
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CONCLUSIONS

1. CNCs grafted with fluorescent and thermo-responsive PNIPAM brushes were prepared,
and the chemical structure was confirmed by FTIR and solid-state '*C NMR.

2. DSC showed that the LCST of PNIPAM-grafted CNCs was close to 32 °C. The
fluorescent signals of the PNIPAM-grafted CNCs could be tuned by varying the dye
concentrations.

3. The 5-FU was successfully encapsulated into the PNIPAM-grafted CNCs via the
hydrogen bonding. Increasing the temperature or the pH of the solutions accelerated
the release of 5-FU from the PNIPAM-grafted CNCs. The environmentally sensitive
properties of PNIPAM-grafted CNCs make them feasible for controlling drug release
by alternating the external conditions.
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