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FFeOOH nanostructures with diverse well-defined
morphologies such as urchin-like, bowknot-like and bamboo
leaves-like structures have been controllable synthesized from
a facile gelatin-assisted hydrothermal approach. The as-
obtained f-FeOOH nanostructures presented promising pH-
controlled anti-cancer drug delivery behaviors and low-

cytotoxicity and high cellular biocompatibility features.

Over the past few decades, there has been considerable interest in
developing biocompatible nanomaterials as effective drug
delivery vehicles.' Various nanomaterials have been used in drug
delivery research fields as they can effectively deliver drugs to
target sites and thus increasing the therapeutic benefit while
minimizing the side effects> To efficiently increase the
nanomaterials therapeutic ability, the smart nanostructures with
environmental responses including temperature, magnetic field,
enzymatic activities as well as pH value have been designed and
explored for potential biomedical applications.>> Among these
stimulus, pH-response has been widely employed to design novel
smart nanomaterials for drug delivery and disease therapy.® Due
to the various pH gradients in human tissues and cells such as
stomach lumen (pH 1-3), ileum (pH 6.6-7.5), tumors (pH
5.7-7.8) and intracellular cancer cells (pH<6), it is very
promising by adopting pH-responsive nanostructures as drug
carrier for cancer therapy.”™

(FeOOH (Akaganeite), with a hollandite-type structure, in
which the iron atoms are strongly bonded to the framework that
constitutes the tunnels, is an important semiconductor with the
band gap of ~2.12 eV. S-FeOOH materials have stirred up great
research interest in their nanoscale counterparts and applied in the
area of magnetic storage devices, catalysis, sensors, and high-
sensitivity bimolecular magnetic resonance imaging (MRI) for
medical diagnosis and therapeutics.'®'> Moreover, S-FeOOH
nanostructures with low toxicity have been recently explored for
related biomedical applications.'*™"

Up to now, several research groups have explored the
controlled synthesis of (FeOOH nanostructures via wet-
chemistry approaches as well as their material properties. For
example, Bakoyannakis et al. prepared fFeOOH nanoparticles
by hydrolysis of ferric chloride hydrates (FeCl;-6H,0) in the
ammonium carbonate ((NH4),CO;) medium,'® by employing the
same strategy, but hydrolysis of ferric chloride (FeCls) in the
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ammonium hydroxide (NH;-H,O) and ethylene diamine
tetraacetic acid (EDTA) solutions, Mohapatra et al. attained .
FeOOH nanorods and studied the related material absorptic

behaviors,'” and Zeng et al. synthesized -FeOOH nanospindles
by co-hydrolysis of ferric chloride (FeCls) and ferrous chlorid=
(FeCl,) precursors in the presence of cetyltrimethyl ammonium
bromide (CTAB) and investigated their magnetic resonance
imaging applications.'® Jia et al. obtained the £-FeOOH nanorods
through hydrothermal reaction of FeCl;-6H,O and urea in the
presence of ethylene glycol (EG) surfactant and studied their ion-
exchange properties.”” Xie et al. fabricated oriented -FeOOH
nanowires arrays by thermolysis of ferroin ([Fe(phen)s;]*") and
probed into their electrochemical properties.® Kim et al.
fabricated f-FeOOH nanoparticles through the precipitation of
ferric ions in a two-phase liquid system in the existence of
sodium oleate and investigated their arsenic removal
applications.?' However, to our best knowledge, a systematical
controlled synthesis of high quality (pure phase, monodisperse
and well-defined morphology) (FeOOH nanostructures ar

exploration of their corresponding materials' applications have
not been demonstrated, which inspires the continuous and

systematic exploration.
S .

— iy T ——-

schematic
nanostructures, and pH-responsive anti-cancer drug delivery application
(Scale bar: 500 nm).

Scheme 1 The illustration of formation SFeOOH

In this report, for the first time, we established a facile ar '
effective approach for one pot synthesis of high quality fFeOOI’
nanostructures with diverse morphologies, namely FeOOH1 with
urchin-like structure, FeOOH2 with bowknot-like structure, and
FeOOH3 with bamboo leaves-like structure, in which by
employing ferric chloride hydrates (FeCl;-6H,O) and urea as
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precursors and gelatin as surfactant. Due to their low toxicity and
good stability properties, as a proof of concept, these different
morphological f-FeOOH nanostructures showed promising pH-

b

of numerous solid nanoneedles with lengths of average ~500 nm,
and the nanoneedles connected to each other to form three
dimensional (3D) hierarchical structures (Fig. la and 1b). The
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controlled anti-cancer drug delivery behaviors (Scheme 1). isolated dots form rings in the selected area electron diffraction
5 (SAED) pattern (inset of Fig. la), demonstrating that the
. nanoneedles in the urchin-like FeOOH1 microspheres were
composed of highly crystalline nanocrystals.
40  Under the condition of 100 mmol of FeCl;-6H,0O in 9 mL of
gelatin were used for reaction at 80 °C for 23 h resulted in
bowknot-like fFeOOH nanostructures referred to as FeOOH2
with average ~700 nm in length and ~100 nm in width at the knot
position (Fig. S1b{ and Fig. lc and 1d). While under the
condition of 300 mmol of FeCl;-6H,0 and 100 mmol of urea in 9
mL of gelatin were used for reaction at 80 °C for 45 h led to the
formation of bamboo leaves like (FeOOH nanostructures
referred to as FeOOH3 with length of average ~500 nm in length
and average ~50 nm in width (Fig. Slct and Fig. 1le and 1f). The
distribution histogram of FeOOH2 and FeOOH3
nanostructures were also listed in Fig. S2at and Fig. S2bft,
respectively. Importantly, as seen from Fig. S1bf and Slct, the
as-harvested FeOOH2 and FeOOH3 were of high yields in
morphologies. Digital photos demonstrated in inset of Fig. 1b, 1d
ss and 1f showed the as-obtained fFeOOH nanostructures are all
readily dispersed and highly stable in polar solvents (e.g. ethanol)
for more than 1 month and the SAED patterns shown in insets of
Fig. 1c and 1d also opened out the good crystallinity of FeOOH2
and FeOOH3 samples.
e Fig. 2a shows the X-ray diffraction patterns of the as-
synthesized f~FeOOH products with different morphologies, and
all the diffraction peaks can be indexed to a pure tetragonal phase
(space group: I4/m with lattice constants « = 10.535 A, b =
10.535 A, ¢ = 3.030 A, JCPDS: 34-1266). No diffraction peaks
from any other chemical species such as a-FeOOH and y-FeOOH
were detectable. In addition, the broadening of the diffraction
peaks suggested the nanocrystalline nature of the samples.
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Fig. 1 TEM and HAADF-STEM images of (a, b) FeOOHI, (c, d)

10 FeOOH2, and (e, f) FeEOOH3 samples. Insets of Fig. la, 1c, and le are a
the SAED patterns for three representative S-FeOOH samples (the
highlighted black area). Insets of Fig. 1b, 1d, and 1f are the photographs

Tetragonal b

@11
(301

10 310,
(200

}
DR

of colloid fFeOOH samples dispersed in ethanol, which have been 3 oo )
placed in an ambient environment for more than 1 month. i i
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The morphologies of the as-obtained S-FeOOH nanostructures = =

FeOOH3
were observed by transmission electron microscopy (TEM) and

high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM). Based on the TEM and HAADF-
STEM characterizations, three different morphologies of S

FeOOH nanostructures were obtained in the present one pot c w7 d ot
synthesis,  importantly, the  as-synthesized [(FeOOH
nanostructures are monodispersibility without further size and
shape sorting process. For example, under the conditions of 100
mmol of FeCl;-6H,0 and 100 mmol of urea in 9 mL of gelatin
were used for reaction at 80 °C for 21 h, the urchin-like S
FeOOH nanostructures, referred to as FeOOH1, were obtained
(Fig. Slaf and Fig. 1a and 1b). Fig. Slat exhibited a typical low
magnified TEM image of the as-obtained FeOOH1 product
composed of many urchin-like microspheres. The detailed
morphology of an individual urchin-like structure was shown in
the Fig. la. It uncovered that the entire structure was comprised

JCPDS:34-1266
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Fig. 2 (a) XRD patterns of as-prepared S-FeOOH nanostructures with
different morphologies. XPS survey spectra (b) Fe 2p (c) and O 1s (d) of
as-obtained f-FeOOH nanostructures.
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X-ray photoelectron spectroscopy (XPS) analysis was adopted
to further characterize the as-obtained f~FeOOH nanostructures.
From Fig. 2b, peaks assignable to core levels of Fe 2p, O 1s, Cls,
N 1s, and Cl 2p were identified. The observable peaks ascribed to
the core levels of N 1s and C 1s revealed the presence of gelatin
ligands on the surfaces of nanostructures, the peak of CI 2p
suggested the presence of Cl atoms, which would be located in
the hollandite channels of the £-FeOOH (Fig. S31).% Fig. 2¢ and
2d show the XPS spectra taken from the Fe 2p and O 1s regions
of the #FeOOH nanostructures. As seen from Fig. 2c, the double
peaks at 711.0 eV and 724.7 eV are attributed to the core levels
of Fe 2p;,, and Fe 2p,,, respectively (a shakeup satellite at 718.9
eV can also be observed), indicating the presence of Fe (III) in £
FeOOH.” The XPS spectra of O Is region with two-peak
contribution illustrates that at least two kinds of oxygen species
are present in the f-FeOOH sample (Fig. 2d). The peak at about
530.0 is due to crystal lattice oxygen of f~-FeOOH, while the peak
at about 531.6 eV is due to chemisorbed oxygen on the f-FeOOH
surfaces.?* the above results suggested that the oxidation states of
iron ions are mainly trivalent for the f-FeOOH nanostructures,
which is also in accord with the result of XRD characterization.

In this work, the controlled synthesis of high quality /~-FeOOH
nanostructures have been carefully conducted. Experimentally,
we found that the quality of f#-FeOOH nanostructures are mainly
affected by reaction conditions, such as solvent composition,
reaction temperature and time, the optimal synthetic parameters
are screened so as to achieve the appropriate balance between the
nucleation and growth stages of the crystals to obtain high quality
products. Herein, taking FeOOH1 as an example, if the amount
of gelatin (1.0 g) and urea (100 mmol) were fixed, reaction at
80 °C for 21 h, when the content of FeCl;-6H,0O was reduced
from 100 mmol to 10 mmol, only aggregated FeOOH1
nanoneedles with poor dispersibility were harvested (Fig. S4at).
Under the same reaction condition, except increasing FeCl;-6H,0O
content to 1 mol resulted in some unshapely urchin-like FeOOH1
with low yields (Fig. S4bt). Besides the precursor concentrations,
it was found that the volume of surfactants-gelatin was essential
for the preparation of high-quality FeOOH1 nanostructures. For
instance, at a fixed experimental condition, by changing the
gelatin from 0 g to 5 g, the unsystematic morphologies of
FeOOH1 were obtained (Fig. S5at and S5bt). Notably, when
using other type of gelatin (G2500-500G), a great amount of
polydisperse nanoparticles were obtained (Fig. SSct). In addition,
we also found that both the reaction temperature and time
remarkably affected the quality of the products. For example, at a
fixed experimental condition, i.e. 100 mmol of FeCl;-6H,0, 100
mmol of urea 1.0 g of gelatin, reaction time kept for 21 h, when
the reaction temperature was increased to 120 °C, the
nanoneedles but with average ~500 nm length and ~50 nm
diameter were assembled into 3D urchin-like nanostructures (Fig.
S6at), however, along with decrease of temperature to 40 °C, the
non-uniform FeOOH1 products with poor disperbility were
obtained (Fig. S6bf). On the other hand, at the fixed reaction
temperature (i.e. 80 °C), the reaction of 100 mmol of FeCl;-6H,0,
100 mmol of urea and 1.0 g of gelatin, at a short reaction (t = 10 h)
the as-obtained products were ill separated and coexisted with a
great amount of irregular nanoparticles (Fig. S7af). When
prolonging the reaction time to 50 h, the 3D urchin-like FeOOH1

nanostructures further grown into aggregated 3D networks with

« board size distribution were obtained (Fig. S7bt). By conducting

the same condition-based experiments, the controlled synthesis o.
high quality FeOOH2 and FeOOH3 nanostructures were also
achieved (Fig. 1c and le).

To further characterize the as-obtained products, Fourics

os transform infrared (FTIR) spectroscopy of the f-FeOOH were

recorded as shown in Fig. 3a. The characteristic bands located at
1630, 1380, and 890 cm ™' were assigned to the Fe-O vibrational
mode in /3—FeOOH.25 Therefore, the FTIR characterization also
indicated that the as-obtained iron oxyhydroxides nanostructures

70 were predominantly fFeOOH, which was consistent with the

XRD results. Nitrogen adsorption and desorption isotherm
measurements were conducted to investigate the structure of the
as-obtained #-FeOOH products. The specific surface areas were
calculated based on the Brunauer-Emmett—Teller (BET)

7s method.”® As shown in Fig. 3b-d, the BET surface area of 4

FeOOH nanostructures could be estimated to be 27.9 m%g fi

FeOOH]1, 70.8 m*/g for FeOOH2, and 42.8 m*/g for FeOOH3.
respectively. The high BET surface area endowed the as-obtaineu
FeOOH nanostructures a promising candidate for application in

so drug delivery (Fig. S8 and Table 1).
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Fig. 3 (a) FTIR spectra of as-obtained f-FeOOH nanostructures. (b-d)
Nitrogen adsorption-desorption isotherm for SFeOOH nanostructures

with different morphologies.

Table 1. Specific surface area, pore volume, pore size and drug loadin,
efficiency of f-FeOOH nanostructures

Samples Loading Specific Pore Pore size

(nm)

efficiency surface area volume

2 3

) (m /g) (cm /g)
FeOOH1 3.12 27.9 0.03 4.12
FeOOH2 4.63 70.8 0.12 6.85
FeOOH3 2.72 42.8 0.03 2.96

This journal is © The Royal Society of Chemistry [year]
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As a proof of concept, after optimizing the experimental
conditions (temperature, time and precursors concentration) the
synthesized /-FeOOH nanostructures with urchin-like, bowknot-
like and bamboo leaves-like structures were used as the drug
delivery carriers and 5-Fluorouracil (5-Fu) (an anti-cancer drug)
was loaded in their respective structures. The ultraviolet (UV)-vis
absorption method was employed to determine the drug loading
and releasing behaviors. The changes of UV-vis spectra of
samples before and after drugs loading were shown in Fig. 4a.
The characteristic peak identified at 266 nm was attributed to
absorption of 5-Fu drug. After drug loading, the SFeOOH
nanostructures presented a typical characteristic peak located at
266 nm, suggesting the successful 5-Fu loading in samples. The
further study showed that FeOOH1, FeOOH2, FeOOH3 hold a
drug loading efficiency of 3.12 %, 4.63 % and 2.72 %,
respectively (Table 1). This drug loading capacity for our
materials was comparable with the rare earth-based and iron
oxide nanoparticles.”” **

a

——FeOOH1 PBS FeOOH3 pH=4
FeOOH2 PBS
——FeQ0H3 PBS

~——5-FUPBS

FeOOH1 pH=4

FeOOH2 pH=4

40
FeOOH2 pH=7.4

Intensity (a.u.)
Cumulative Release(%)

204 FeOOH3 pH=7.4

FeOOH1 pH=7.4

Z%D 2;5 Z!Elﬂ 325 350 3}5 400 6 ; 2 3 5
‘Wavelength (nm) Release Time(h)

Fig. 4 Anti-cancer drug (5-Fu) loading and release evaluation. (a) UV-vis
spectra of drug-loaded (5-Fu) f-FeOOH solution. (b) pH-responsive drug

release behaviours at different pH medium.

To evaluate the smart responsive ability of as-obtained f-
FeOOH nanostructures as a drug release carrier, we investigated
the drug release in different pH media (pH 4.0 and pH 7.4). Fig.
4b revealed the drug release behavior of samples soaked in buffer
solution (Phosphate Buffered Saline, PBS) with a pH 4.0 and pH
7.4. All samples can release the anti-cancer drug in a controlled
way either in acidic or physiological pH condition. Furthermore,
our S-FeOOH nanostructures exhibited typical pH-responsive
release behaviors. In acidic atmosphere, fast drug release could be
observed for all samples. This result can be attributed to the
alkaline characteristic of AFeOOH which may undergo
degradation in acidic environment. In physiological condition
(pH 7.4), all fFeOOH nanostructures demonstrated the slow
drug release ability. The drug release behavior was usually
influenced by the nanoparticles structure, drug loading content
and releasing medium. In our study, FeOOH2 nanostructure has
the biggest specific surface area (70.8 m%/g) which is significantly
high compared to FeOOH1 and FeOOH3. Thus, the high drug
loading content was observed for FeOOH2 (4.6 %). Notably,
there was no significant difference in drug loading capacity
between FeOOH1 and FeOOH3 since they have the similar pore
volume (0.03 m3/g). The different drug release behavior for
different nanostructures may be explained as follows: In PBS
with pH 7.4, 5-Fu (drug) has a low positive potential (0.5 mV)
and #FeOOH possessed high negative potentials (—29 mV for

so FeOOH1, —15 mV for FeOOH2, —24 mV for FeOOH3). Thus,
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compared with FeOOH1 and FeOOH3, FeOOH2 showed the
low potential difference and then exhibited the fast drug release
behaviors. On the other hand, at pH 4.0, due to the degradation of
(FeOOH, the specific surface area may play a leading role in
controlling drug release instead of electrostatic interactions.
FeOOH2 had the high specific surface area and then showed
slow release. The drug release behavior was usually influenced
by the nanomaterials structures, drug loading as well as releasing
medium. In our study, FeOOH2 nanostructure has the highest
specific surface area (70.8 m%g) compared to FeOOH1 (27.9
m*/g) and FeOOH3 (42.8 m*/g). Therefore, the high drug loading
was observed for FeOOH2 (4.63 %). Based on the high specific
surface area and pore volume, the bowknot-like morphology
(FeOOH2) showed a suitable pH-responsive drug release
behavior, which may be a suitable nanostructure for drug delivery
application. Taking account of the acidic environment in tumor
cell, our pH-responsive system may act as a promising candidate
for smart drug delivery and cancer therapy.
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Fig. 5 Cell cytotoxicity assessment of S-FeOOH nanostructures with
different morphologies. Cell viability of L929 cells treated with /-FeOOH
nanostructures with different concentrations (25-800 pg/mL) was
analysed after 1 and 3 days of incubation. **P<0.01 represents significant
difference relative to the cell viability after culture for 1 day.

Cell cytotoxicity evaluation is very necessary before their
further application in biomedicine. Therefore, we explored the
effect of f-FeOOH nanostructures on fibroblasts (L929) viability
shown in Fig. 5. In the culture periods of 1 and 3 days, L929 cells
showed a significant proliferation after incubation with different
concentrations of nanostructures (Fig. 5 and Fig. S9t). In the
range from 25-200 pg/mL, the cell viability of L929 treated with
FeOOH2 and FeOOH3 was comparable to the tissue culture
plate (TCP) control, indicating their good cellular
biocompatibility.

The anticancer ability of 5-Fu loaded -FeOOH nanostructures
was evaluated with human liver hepatocellular carcinoma cell
line (HepG2 cells). Pure 5-Fu with different concentrations holds
a significant killing ability against HepG2 cells (Fig. S101). After
incubation with AFeOOH nanostructures with different
concentrations (25-800 pg/mL) for 1 and 3 days, at least 75 %
cells survived compared to TCP control, suggesting their low
cytotoxicity. However, the cell viability of HepG2 cells decreased
significantly when treated with 5-Fu loaded SBFeOOH
nanostructures and only 35 % HepG2 cells survived with high
concentrations of S-FeOOH nanostructures after 3 days
incubation (800 pg/mL). These results indicated that S~-FeOOH

4 | Journal Name, [year], [vol], 00-00
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nanostructures can be used in smart drug delivery and cancer
therapy. In order to be used in anticancer applications,
investigation on cellular uptake of fFeOOH nanostructures is
required. The fluorescent images of HepG2 cells after treated
s with Nile red-loaded nanoparticles are shown in Fig. S117. The
images showed that the AFeOOH nanostructures could
efficiently adhere to the cell surface and enter the cells, but they
did not enter the cell nucleus. The test for L929 cell line showed
the similar results (Fig. S121). Due to the highly acidic
10 environment, our pH-responsive S-FeOOH nanostructures may
have promising application for drug delivery and cancer therapy.
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Fig. 6 Anticancer ability evaluation of 5-Fu loaded fA-FeOOH

15 nanostructures. (a-b) Cell viability of HepG2 cells treated with f-FeOOH
nanostructures and 5-Fu loaded S-FeOOH nanostructures with different
concentrations after 1 (a) and 3 days (b) of incubation. *P<0.05 represents
significant difference relative to the cell viability after culture with pure
nanostructures.
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Conclusions

In summary, we have successfully developed a simple gelatin-
assisted hydrothermal method to synthesize high quality A
FeOOH nanostructures with diverse well-defined morphologies,
i.e. urchin-like, bowknot-like and bamboo leaves-like structures.
As a proof of concept, the as-obtained f-FeOOH nanostructures
showed promising pH-controlled anti-cancer drug delivery
behaviours. The cell cytotoxicity evaluation also demonstrated
the low-cytotoxicity feature and high cellular biocompatibility.
The drug-loaded fFeOOH nanostructures could efficiently kill
the HepG2 cancer cells. The excellent drug delivery properties
and low-cytotoxicity features of the as-synthesized fFeOOH
nanostructures demonstrated that they may have great promise for
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various biomedical applications such as smart drug delivery and
35 cancer therapy.
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