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ABSTRACT: Aerogels from polyethylenimine-grafted cellulose
nanofibrils (CNFs-PEI) were developed for the first time as a
novel drug delivery system. The morphology and structure of the
CNFs before and after chemical modification were characterized
by scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), and X-ray photoelectron spec-
troscopy (XPS). Water-soluble sodium salicylate (NaSA) was
used as a model drug for the investigation of drug loading and
release performance. The CNFs-PEI aerogels exhibited a high
drug loading capability (287.39 mg/g), and the drug adsorption
process could be well described by Langmuir isotherm and
pseudo-second-order kinetics models. Drug release experiments
demonstrated a sustained and controlled release behavior of the
aerogels highly dependent on pH and temperature. This process followed quite well the pseudo-second-order release kinetics.
Owing to the unique pH- and temperature-responsiveness together with their excellent biodegradability and biocompatibility, the
CNFs-PEI aerogels were very promising as a new generation of controlled drug delivery carriers, offering simple and safe
alternatives to the conventional systems from synthetic polymers.
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■ INTRODUCTION

Conventional drug formulations have many adverse effects,
including gastrointestinal or renal side effects.1−3 In addition,
most nonsteroidal anti-inflammatory drugs have short plasma
elimination half-life (2−4 h) and must be administered in
multiple daily doses to maintain therapeutic blood levels.4

There has been a significant interest in the development of drug
delivery systems, as they can provide a relatively steady release
rate, reduce toxicity, optimize the drug therapeutics, and
improve patient compliance and convenience.4,5 The rate of
drug delivery, the intensity, and the duration of drug action
have been the subject of much multidisciplinary research.6,7

These factors tend to be influenced by external conditions such
as pH and temperature8,9

A number of polymers have been developed to achieve
controlled release of drugs.5 However, most of them, such as
PE, PP, and PDMS, are synthetic and nonbiodegradable.5,10,11

Currently, the use of natural polysaccharides or their derivatives
is attractive and regarded as key formulation ingredients for the
engineering of modified drug delivery systems because of their
stability, availability, renewability, and low toxicity.12 Cellulose
is the most abundant natural polysaccharide in the world,13

possessing nontoxic, renewable, biodegradable, and biocompat-

ible characteristics.14,15 In addition to the above-mentioned
advantages of cellulose, nanocellulose, particularly cellulose
nanofibrils (CNFs), exhibit many other unique characteristics,
such as very large specific surface area,16 high strength and
stiffness,17 ease for chemical modification,18,19 and the ability to
form highly porous mesh.20 As a result, CNFs have gotten wide
attention in various research areas and also been studied as
excipient in formulation of the pharmaceutical dosage
forms.21−23

Common drug delivery systems include ion exchange resins,
films,24,25 microspheres, gels, and so on.26,27 There is growing
interest in aerogels as a special class of highly porous materials
with biomedical and pharmaceutical applications because of
their open pore structure and high surface area.12 However,
efforts in this regard have been mainly focused on silica or
carbon aerogels.28,29 The polysaccharide-based aerogels have
been developing very fast in drug delivery research in the past
several years, giving rise to enhanced drug bioavailability and
drug loading capacity.27,30 In particular, CNFs hydrogels can be
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easily transformed into aerogels via freeze-drying.21,27 The
unique structure of CNFs aerogels provides them a broad range
of applications such as templates,31 adsorbents,32 and drug
delivery.12,27 However, for pristine cellulose, the drug loading
capability is very low. Thus, chemical modification of cellulose
becomes an important step to improve its practical usefulness
in drug delivery.33,34 It is also important to note that surface
modification of materials can dramatically influence their
release profile and bioavailability of the entrapped drug.12

Amide groups are commonly selected for conjugating drugs to
polymers because they can bind a variety of negatively charged
drug molecules.35 In early work, polyethylenimine (PEI), which
bears a large number of primary and secondary amine groups
on the molecules, has demonstrated excellent performance in
drug delivery.36−38

The objective of this study was to develop a new class of drug
delivery systems based on CNFs. To this end, the PEI-grafted
CNFs (CNFs-PEI) were synthesized and subsequently
converted into aerogels through freeze-drying. The morphology
and structure of the materials were characterized by SEM,
FTIR, and XPS. Sodium salicylate (NaSA), a widely used
medicine for curing diseases such as wound healing,39

diabetes,40 arthritis,41 and cancer treatment,42,43 was adopted
as a model drug for investigating the drug loading and release
performance of the CNFs-PEI aerogel.

■ MATERIALS AND METHODS
Materials. Never-dried moso bamboo pulp (Figure 1a) was

supplied by Yongfeng Paper Co., Ltd. (Sichuan, China). Its cellulose
content was higher than 93% as reported by the supplier. A branched
polyethylenimine (PEI, average Mw of 25000) was purchased from

Figure 1. Schematic illustration of (a) the preparation process of the CNFs-PEI aerogels and (b) the reaction mechanism of the grafting process.
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Sigma−Aldrich. Sodium salicylate and other chemicals were of
analytical grade and supplied by Chengdu Kelong Chemicals Co.,
Ltd. (Sichuan, China).
Preparation of CNFs. The bamboo pulp was dispersed in distilled

water at a solid concentration of 1 wt %. A horn-type ultrasonic
generator (JY99-IIDN, Scientz, China) was used to treat the
suspension (500 mL) at an output power of 1200 W for 30 min.
The suspension was then diluted to the concentration of 0.5 wt % with
distilled water. Finally, a high shear homogenizer (T18, IKA,
Germany) was used to isolate CNFs at a rotation speed of 20000
rpm for 1 h. The obtained CNFs could be well dispersed in water, as
shown in Figure 1a.
Preparation of CNFs-PEI Aerogel. A schematic depiction of the

grafting process of PEI on CNFs is presented in Figure 1b. First,
amino groups were introduced onto the surface of CNFs. For a typical
reaction, 1 g of CNFs was dispersed in 100 mL of methanol under
nitrogen atmosphere and 1.5 g of methyl methacrylate was slowly
added with cerium ammonium nitrate (6 mM) as an initiator. This free
radical reaction was conducted at room temperature for 3 h under
magnetic stirring. The products were washed three times with
methanol and incubated with 1.5 g of ethylenediamine in a methanol
solution. The transesterification reaction lasted for 24 h at 60 °C under
magnetic stirring. The as prepared amino-modified CNFs (CNFs-
NH2) were purified through repeated methanol washing. The CNFs-
PEI was synthesized as follows: 2 g of CNFs-NH2 was immersed in
100 mL of PEI solution in methanol (2 wt % PEI) for 24 h under
magnetic stirring at room temperature. After that, it was transferred
into 200 mL of 1 wt % glutaraldehyde solution and stirred for 30 min.
To ensure thorough removal of methanol and glutaraldehyde, the
resulting product was washed repeatedly with distilled water and finally
separated through centrifugation. The obtained CNFs-PEI was
redispersed in water at a solid concentration of about 1 wt %. The
suspensions were rapidly frozen in liquid nitrogen (−196 °C) and
placed in a freeze-drying chamber (FD-1A-50, Biocool, China). The
freeze-drying process was maintained at −30 °C for 72 h. The final
product was a three-dimensional aerogel in light-yellow color (Figure
1a).
Material Characterization. The morphologies of cellulose fibers

and CNFs-PEI were observed using scanning electron microscopy
(SEM, Inspect F 50, FEI, USA). Cross-sectional features of the aerogel
before and after drug release were also examined. The specific surface
area of the aerogels was determined by nitrogen adsorption using
Quantachrome NovaWin instrument (USA) and Brunauer−Emmett−
Teller (BET) analysis method.44 The chemical structure of samples
was characterized by FTIR and XPS, respectively. FTIR analysis was
performed using a Nicolet 560 FTIR spectrometer (Nicolet, USA). All
spectra were scanned from 4000 to 500 cm−1 at a resolution of 2 cm−1.
XPS spectra were recorded on a Kratos XASAM 800 spectrometer
(Kratos analysis, UK) with an Al Kα X-ray source (1486.6 eV) and an
X-ray beam of around 1 mm.
Drug Loading Studies. The CNFs-PEI aerogels as well as the

neat CNFs aerogels were loaded with NaSA through static adsorption.
The stock solution was prepared by dissolving the NaSA in twice
distilled water. Working solutions of the desired concentrations were
obtained by successive dilutions. A series of batch adsorption
experiments were conducted to investigate the effects of pH and
reaction time and to estimate the maximum adsorption capacity. The
pH dependent adsorption behaviors were studied in the pH range
from 1 to 6 adjusted by 0.1 mol/L HCl or NaOH solutions. The
aerogels were added into NaSA aqueous solutions for drug adsorption
at ambient temperature for 24 h. The drug loading of aerogels could be
determined from the initial and final drug concentrations of the
solutions. The effect of initial drug concentration (NaSA concentration
from 5 to 3000 mg/L) on the adsorption performance was studied at
pH = 3 for 24 h. Meanwhile, the effect of contact time was examined
up to 24 h at pH = 3.
Drug Release Studies. The effect of pH on the drug release

behavior was evaluated. Drug-loaded aerogels were suspended in
simulated gastric fluid (SGF, 0.2% NaCl, pH = 2) and simulated
intestinal fluid (SIF, 0.05 mol/L, NaH2PO4, pH = 7.4) without

protease, maintaining at 37 °C under a paddle rotation speed of 50
rpm. To study the temperature dependent drug release behavior, the
experiments were performed at different temperatures (20, 37, and 50
°C). Samples (5 mL) were withdrawn at specific intervals, and the
incubation solution was replenished with 5 mL of SIF or SGF after
each sampling. The NaSA concentration were measured from the
maximum absorbance at 295 nm using a UV−vis spectrophotometer
(UV-1600, MAPADA, China).27 The cumulative percentage of drug
release was calculated and the mean of three determinations was used
in data analysis.

■ RESULTS AND DISCUSSION
Characterization of The Materials. The morphologies of

the materials were observed by SEM. Parts a and b of Figure 2

show the SEM images of pristine bamboo pulp fibers and the
as-prepared CNFs, respectively. It was clear that the cellulose
fibers had been almost completely disintegrated into CNFs
after the combined physical treatments. The diameters of the
pristine bamboo pulp fibers were about 10 μm, whereas most of
the CNFs had diameters in the range of 20−40 nm. Figure 2c
showed the morphology of CNFs-PEI. These modified CNFs
exhibited obviously thicker fiber diameters (50−150 nm) as
compared with the precursor CNFs. The appearance of thicker
fibrils is consistent with the successful grafting of PEI. The
cross-sectional feature of CNFs-PEI aerogel is shown in Figure
2d. The aerogel possessed a highly porous structure consisting
of a network of interconnected nanofibrils and nanofibril
bundles, part of which had formed sheet-like structure. This is
normal for freeze-dried aerogels. The growth of ice crystals will
push CNFs into sheets during the freezing process.31,45 Because
of the nano dimension of CNFs and the unique porous
structure, the CNFs-PEI aerogel had a much higher BET
surface area (79 m2/g) than that of pristine bamboo pulp fibers
(0.8 m2/g), which accounted for enhanced adsorption
properties.46 It was noteworthy that the porous morphology
of the CNFs-PEI aerogel was not affected after drug release, as
shown in Figure S1 in the Supporting Information.
FTIR spectra (Figure 3) were collected to elucidate the

chemical structure changes after surface modification of CNFs.
Compared with the CNFs sample, the most relevant difference

Figure 2. SEM images of the bamboo pulp fibers before (a) and after
(b) the combined physical treatments, (c) the as-prepared CNFs-PEI,
and (d) the cross-section of the aerogel.
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in the FTIR spectra of CNFs-NH2 and CNFs-PEI is the
appearance of bands at 1740, 1650, 1560, and 1450 cm−1. The
absorption peak at 1740 cm−1 could be ascribed to the CO
stretching of the ester groups.47 It revealed that methyl
methacrylate had been grafted to CNFs. In the meantime, it
also suggested the reaction between esters and ethylenediamine
was incomplete for this solid−liquid reaction.47 The absorption
at 1650, 1560, and 1450 cm−1 were the characteristic peaks of
amide bond and amino group.48−50 The relative intensities of
these peaks in CNFs-PEI significantly increased as compared
with that of CNFs-NH2, indicative of the successful grafting of
PEI onto CNFs.
XPS is a powerful analytical technique to study the surface

chemical composition of materials.51 With this tool, the
chemical composition changes of CNFs during surface
modification could be revealed. As shown in Figure 4, the
XPS spectrum of CNFs did not display any signals in the N1s
region, indicating there was no nitrogen element presented in
the CNFs.49,52 However, for the CNFs-NH2 spectrum, there
was also no N1s signal. This is possibly due to the very low
content of amino groups on CNFs-NH2, which outranged the
detecting limits of the instrument. In contrast, a strong peak at
399.3 eV appeared in the CNFs-PEI spectrum. The nitrogen
content of CNFs-PEI was estimated to be as high as 4.24%,
further confirming the successful grafting of PEI to the CNFs’
surface. The presence of these abundant amino groups were

desirable for an enhanced drug loading performance of CNFs-
PEI aerogels.12

Drug Loading Studies. Influence of Solution pH. pH is
one of the most important factors that can affect the adsorption
behavior remarkably.36 In this study, a pH range of 1−6 was
selected to investigate the drug loading capacities under these
conditions and the results were presented in Figure 5. As

expected, the CNFs-PEI showed distinctly higher drug loading
capacity than CNFs throughout the pH range. For CNFs-PEI,
when pH increased from 1 to 3, the drug loading increased
rapidly and reached the maximum at pH 3. In this condition,
the drug loading of CNFs-PEI was as high as 78.00 mg/g, more
than 20 times that of CNFs. However, when pH was over 3, the
drug loading decreased sharply with the increase of solution
pH. This phenomenon could be ascribed to the different
interactions between the surface charges of the adsorbents and
the SA− at different pH. The −NH2 groups on the surface of
CNFs-PEI varied in form at different pH levels.36 Under acidic
conditions, amino groups could be protonated to form
positively charged sites, e.g., −NH3

+ groups.36 The electrostatic
attraction between −NH3

+ and SA− gave rise to the increase of
drug loading. The bell-shaped curve for CNFs-PEI in Figure 5
could be predicted based on pKa values with Henderson−
Hasselbalch equations53,54

= +
−

K
SA
SA

pH p log
[ ]
[ ]a1 (1)

Figure 3. FTIR spectra for bamboo CNFs, the as-prepared CNFs-
NH2, and the as-prepared CNFs-PEI.

Figure 4. XPS N1s core-level spectra of bamboo CNFs, the as-prepared CNFs-NH2, and the as-prepared CNFs-PEI.

Figure 5. Effect of pH on drug loading of CNFs-PEI aerogels.
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When pH increased, the concentration of H+ in the fluid
decreased. It became more difficult for −NH2 to be protonated
and thus the NH3

+ concentration decreased, leading to a lower
drug loading. The pKa1 for SA was about 3.55 At pH 3, the
amino groups on the CNFs-PEI (pKa2 = 8.8 for PEI)56 could be
extensively protonated to bear positive charges. Meanwhile, a
half of SA was presented in its ionic form of SA− in solution,
leading to the maximum drug loading at pH 3. However, when
pH further decreased (pH < pKa1), the SA− concentration
would be reduced rapidly. Most of them would be transformed
into salicylic acid, which could not be electrostatically attracted
by the −NH3

+ groups.57 As a result, the drug loading capacities
also decreased.
Adsorption Isotherms. Adsorption isotherms describe how

adsorbates interact with adsorbents and are important in
optimizing the use of the latter. Similarly, adsorption isotherms
have great significance to elucidate the relationship between the
drug carriers and drugs. The equilibrium adsorption capacity
was obtained using eq 3. The equilibrium adsorption data were
fitted with the Langmuir model (eq 4)58 and the Freundlich
model (eq 5),36 respectively:

=
− ×

q
C C V

m
( )

e
o e

(3)

=
+

q
q K C

K XC1e
m L e

L e (4)

=q K C n
e F e

1/
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where Co and Ce (mg/L) are the initial and equilibrium
concentrations of NaSA in solution, V (L) is the volume of
drug solution, m (g) is the dry mass of adsorbents, qe (mg/g) is
the equilibrium adsorption capacity, qm (mg/g) is the maximum
adsorption capacity, KL and KF are constants for Langmuir and
Freundlich isotherms, respectively, and n is a Freundlich
constant relating to adsorption intensity of the adsorbents.59

The acquired data and the fitting curves are shown in Figure
6, and those important parameters obtained from fitting were
presented in Table 1. Compared with the Freundlich isotherm,
the Langmuir isotherm could better describe the adsorption
behaviors with a correlation coefficient R2 > 0.95, indicating a
monolayer adsorption of NaSA onto the CNFs-PEI surface.58,60

The maximum adsorption capacity of NaSA calculated from the
Langmuir isotherm was 287.39 mg/g for CNFs-PEI aerogel,
representing an effective drug carrier.

Kinetics Studies. The adsorption kinetics was studied to
manifest the adsorption rate of NaSA onto the CNFs-PEI
aerogel as well as the rate controlled equilibrium time. The
experimental data was analyzed using the pseudo-second-order
equation (eq 6) as follows61

= +
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟q k q q

t
1 1 1

r 2 e
2

e (6)

where qe is the adsorption capacity (mg/g) at equilibrium, qt
(mg/g) is the adsorption capacity at time t, and k2 (g/mg·h) is
the rate constant of pseudo-second-order adsorption.
The adsorption behavior of CNFs-PEI on NaSA as a

function of contacting time is shown in Figure 7a. At the initial
stage, the adsorption of NaSA was very fast and then gradually
reached the equilibrium in 2 h. The experimental data and the
linear fitting are shown in Figure 7b. The correlation coefficient
and some other important parameters obtained from the fitting
are presented in Table 2. The plots appeared in good linearity
with a high correlation coefficient (R2 = 0.9990), and the
theoretical qe value (279.33 mg/g) was very close to the
experimental data (278.54 mg/g). These results indicated the
pseudo-second-order kinetics model described quite well the
experiment data.

Drug Release Studies. Effect of pH on Drug Release. The
time dependence of NaSA release from the drug-loaded carriers
in two different solutions, SGF (pH = 2) and SIF (pH = 7.4),
was investigated. The obtained data was plotted in Figure 8.
Compared with CNFs, the drug release rate of CNFs-PEI
significantly slowed down. For CNFs aerogel, the drug release
generally reached the equilibrium in 20 min. On the contrast,
approximately 10 h was needed for CNFs-PEI to reach the
equilibrium, suggesting the surface grafting with PEI was very
effective to render CNFs aerogel sustained drug release
performance. Because the CNFs-PEI aerogels prolonged drug
release time effectively (improved from 20 min to 10 h with
several tens times), and which were superior to many other
drug deliveries,27,30,62 which demonstrate the high potential of
CNFs-PEI aerogels for pharmaceutical applications. The NaSA
release rate from drug carriers could be analyzed using pseudo-
second-order equation (eq 7):63

= +
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t 2 e
2
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where Qe (%) is the cumulative release at equilibrium, Qt (%) is
the cumulative release at time t, and k2 (h−1) is the rate
constant of pseudo-second-order equation.
The graphical representations and the corresponding

parameters calculated from the kinetics model are shown in
Figure 8b and Table 3, respectively. The NaSA release from all
the drug carriers followed the pseudo-second-order kineticsFigure 6. Two adsorption isotherms for CNFs-PEI aerogels.

Table 1. Isotherm Constants for the Adsorption of NaSA
onto the CNFs-PEI Aerogel

Langmuir model Freundlich model

sample
qm

(mg/g)
KL

(L/mg) R2 n
KF

(L/mg) R2

CNFs-PEI 287.39 0.011 0.9895 0.299 31.471 0.8991
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model with high correlation coefficients (R2 = 0.9979−0.9999).
In addition, the drug release from CNFs-PEI was highly pH-
dependent. When in SGF (pH = 2), the cumulative drug
release of CNFs-PEI was only 64.31%. However, when in SIF
(pH = 7.4), it reached 92.59% with a much faster release rate.
These results demonstrate a remarkable pH responsiveness of
the CNF-PEI aerogel.64,65 For clinical practices, the CNFs-PEI
aerogels could slow down the initial burst release of NaSA in
stomach and bring more drugs to the intestinal tract for a
targeted drug delivery. This would not only reduce the side
effects on stomach but also improve the absorption efficiency of
drugs.66 In addition to the above two different pH for the
evaluation of drug release in SGF and SIF, pH 5 and 9 were
also tested and the results were presented in Figure S2 and
Table S1 in the Supporting Information.
Effect of Temperature on Drug Release. The drug release

behaviors of CNFs-PEI aerogel were also examined at different
temperatures in SIF (pH = 7.4). As shown in Figure 9a, the
temperature of fluid could strongly affect the drug release.
When the temperature rose up from 20 to 50 °C, the

cumulative drug release increased from 52.66% to 78.49%
(Table 4). The release rate also increased obviously. These
results suggested that the desorption of NaSA was an
endothermic process, and higher temperatures favored the
drug release. Moreover, the molecule diffusion rate would
increase at a higher temperature, which might lead to a faster
drug release rate.67 The NaSA release data at different
temperatures were further analyzed using the pseudo-second-
order kinetics model. The kinetics studies could help
understand the drug release process in a particular environment
and guide the dosage of drug carriers for oral administration.68

The graphical representations and the corresponding parame-
ters calculated from the kinetics model are shown in Figure 9b
and Table 4, respectively. At all temperatures, the pseudo-
second-order model provided a good fit to the kinetics data
with high correlation coefficients (R2 = 0.9782−0.9990).
Because some disease states manifest themselves by a change
in temperature,69 the CNFs-PEI aerogels with a sensitive

Figure 7. (a) Adsorption curves for CNFs-PEI aerogel and (b) linear fitting of NaSA adsorption data using the pseudo-second-order equation.

Table 2. Adsorption Kinetics Constants for the Adsorption
of NaSA onto the CNFs-PEI Aerogel

pseudo-second-order kinetics model

sample qe,exp (mg/g) k2 (g/mg·h) qe,cal (mg/g) R2

CNFs-PEI 278.54 0.011 279.33 0.9990

Figure 8. (a) NaSA cumulative release curves with time and (b) pseudo-second-order fitting on NaSA release data from CNFs and CNFs-PEI
aerogels at various pH.

Table 3. NaSA Release Kinetics from the Drug-Loaded
CNFs and CNFs-PEI Aerogels at Different pH Values

pseudo-second-order kinetic model

sample pH value Qe,exp (%) k2 (h
−1) Qe,cal (%) R2

CNFs 7.4 91.07 0.938 91.24 0.9999
CNFs-PEI 2 59.53 0.007 64.31 0.9989
CNFs-PEI 7.4 86.32 0.008 92.59 0.9978
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temperature-responsive drug release behavior may open up
opportunities to construct a novel drug delivery system in
conjunction with localized hyperthermia. This strategy could
achieve temporal drug delivery control: drug expresses its
activity for a time period defined by local temperature change.70

■ CONCLUSION
In the present study, PEI modified CNFs aerogels were
successfully developed as an alternative biopolymer-based drug
delivery system to substitute the conventional synthetic ones.
The aerogels were highly porous, bearing abundant of
functional groups. The NaSA loading capability of CNFs-PEI
aerogels was extraordinary. The maximum NaSA loading could
be as high as 287.39 mg/g at pH 3, significantly higher than
that of CNFs aerogels. The drug adsorption process followed
Langmuir isotherm and pseudo-second-order kinetics model.
Drug release studies indicated that the CNFs-PEI aerogels
exhibited remarkable sustained drug release behaviors. More
interestingly, both pH and temperature were discovered to
affect the drug release profoundly, demonstrating strong
controlled release behaviors of this drug carrier. It was
envisaged that the simple fabricating process, the high drug
loading capability, and the controlled drug release performance,
together with the intrinsic nature of biodegradability and
biocompatibility of cellulose, would make the CNFs-PEI
aerogels a promising candidate for future pharmaceutical
industries.
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