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Abstract 

This thesis describes the preparation and characterization of core-shell noble metal-

magnetite hybrid hollow nanocomposites utilizing hierarchical architecture. The 

hollow magnetite (hFe3O4) nanoparticles were prepared by hydrothermal method, 

forming the cavity via Oswald ripening. Further surface modifications involved both 

inorganic and organic coatings, conferring the intracellular drug delivery ability and 

the catalytic enhancement. 

In the first part, a series of hierarchical core-shell nanostructures flower-like 

hFe3O4@AlOOH was synthesized through solvothermal method and sol-gel process. 

The formation of cavity accessible hFe3O4@γ-AlOOH was achieved using silica-

templated solvothermal treatment where the Kirkendall effect was observed. The 

morphologies of the as-prepared nanocomposites were characterized by scanning 

electron microscope (SEM), transmission electron microscope (TEM), dynamic light 

scattering (DLS), thermogravimetric analysis (TGA) and Fourier-transform infrared 

spectroscopy (FTIR). Then, the nano-encapsulation of platinum drug using hollow 

magnetite and its derivatives, has been developed with improved loading efficiency 

via co-solvent system. A dimethylformamide/water co-solvent system was found to 

be the most efficient system to encapsulate water-insoluble cisplatin. The platinum 

content was further quantitatively and qualitatively analyzed by inductively coupled 

plasma mass spectrometry (ICP-MS) and FTIR spectroscopy. The enhancement of 

loading efficiency could be driven by emulsification due to the diffusion of 

hydrophobic cisplatin into the hollow cavity of iron oxide nanoparticles. By 

incorporating water, the loading efficiency of hFe3O4 and hFe3O4@γ-AlOOH 

increased from 1-2% to 27% and from 6% to 54%, respectively. The grafting of 

cisplatin on AlOOH nanoflakes might account for the high loading efficiency of 
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flower-like hFe3O4@AlOOH.  

As a complement to naked hFe3O4, a cell-penetrating poly(disulfide)s (CPD)-

decorated hollow iron oxide nanoparticle was synthesized by immobilizing both 

cysteine and MPTMS as an initiator, followed by in situ polymerization to form 

hFe3O4-Cys-CPD-CONH2 and hFe3O4-MPS-CPD-CONH2. The morphologies were 

characterized by TEM/energy-dispersive X-ray spectroscopy (TEM/EDX) and the 

compositions of the as-prepared iron oxide nanocomposites were characterized by 

TGA, FTIR and X-ray photoelectron spectroscopy (XPS) and ICP-MS. The CPD 

coating not only serve as a protective layer, but also prevent the encapsulated cisplatin 

from a premature release. The hFe3O4-MPS-CPD-CONH2 exhibit promising features 

for the intracellular delivery of cisplatin, demonstrating a glutathione (GSH)-

responsive drug release. Comparing with other hFe3O4 nanoparticles, an enhancement 

of cellular uptake of hFe3O4-MPS-CPD-CONH2 could be observed by optical 

microscope, showing rapid accumulation of the hFe3O4-MPS-CPD-CONH2 

nanocomposites in the primary human renal proximal tubular epithelial cells 

(HRPTEpiCs) cell in 2 h. At 24 h, hFe3O4 (F), hFe3O4-MPS (FS) and hFe3O4-MPS-

CPD-CONH2 (FSC) together with cisplatin treatment did not cause any significant 

cytotoxicity to the cells when the particle concentration is less than 10 µg/mL. 

Interestingly, FSCC showed a certain extent of toxicity with increasing Fe and Pt 

concentration along with the treated time. It may suggest that the hFe3O4-MPS-CPD-

CONH2 nanoparticle, as a cisplatin carrier, could enhance the drug efficiency by 

increasing cellular uptake of the nanoparticles in HRPTEpiCs together with the 

boosted cytotoxicity. Based on these data, cisplatin- hFe3O4-MPS-CPD-CONH2 

(FSCC) treatments with the concentration less than 20 µg/mL and duration no more 

than 24 h could maintain around 70% of the cell viability of the HRPTEpiCs. The 
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hypothesis, at which CPD serves as an efficient carrier for intracellular cisplatin 

delivery, could be confirmed by both microscopic images and the cell viability test. 

In the second part, a series of Au/Fe3O4 hybrid nanocomposites was prepared 

to investigate their catalytic efficiencies using 4-nitrophenol reduction as a model 

system. The flower-like hFe3O4@γ-AlOOH@SiO2-NH2@Au was prepared by using 

protonated ammonium on hFe3O4@γ-AlOOH@SiO2-NH2 to entangle gold 

nanoparticles (AuNPs) via electrostatic attraction. In comparison to numerous of 

catalytic studies, the turnover frequency (TOF) of hFe3O4@γ-AlOOH@SiO2-

NH2@Au shows a superior conversion rate up to 7.57 min
-1

 (4-nitrophenol per Au per 

min) for the 4-nitrophenol using sodium borohydride as a reductant. A rapid 

conversion of 4-nitrohpenol was observed using flower like composites that converted 

the 4-nitrophenol within 2 min. Our result suggests that silica residue hinders the 

reduction rate of the 4-nitrophenol. A significant deviation from pseudo first order 

was observed for densely AuNPs-functionalized nanoflower system, hFe3O4@γ-

AlOOH@SiO2-NH2@Au2X, which is different from most of the 4-nitrophenol 

reductions reported in literature. The hFe3O4@γ-AlOOH@SiO2-NH2@Au also 

demonstrates catalytic activity when heated up to 800 °C before reduction. The 

recyclability was examined using magnetically recycled hFe3O4@γ-AlOOH@SiO2-

NH2@Au, which showed insignificant decrease in the catalytic efficiency. To prove 

the concept, platinum nanoparticles (PtNPs) immobilized hFe3O4@γ-AlOOH@SiO2-

NH2@Pt and hFe3O4@γ-AlOOH@SiO2-NH2@Pt/Au were also prepared via 

electrostatic attraction to verify the feasibility of endowing modular functionality via 

post modification. 
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Chapter 1 - Introduction 

1.1 Magnetite iron oxide nanoparticles 

Magnetite (Fe3O4) nanoparticles, as an important type of superparamagnetic iron 

oxide nanoparticles (SPIONs), have received tremendous attention because of their 

drug delivery and magnetic resonance imaging abilities.
1,2

 The intrinsic magnetic 

properties not only allow the magnetic nanoparticles (MNPs) to serve as a T2-weighed 

contrasting agent, but also a hyperthermia platform manipulated by alternative 

magnetic field.
3
 As illustrated in Figure 1-1, the magnetic domains are aligned upon 

external magnetic field, leading to a net magnetization. The magnetization of the 

Fe3O4 nanoparticle is randomized by thermal energy when the size of the individual 

magnetic domain is smaller than 20 nm. As shown in Figure 1-2, the magnetic 

hysteresis (M-H) curve indicates the superparamagnetism of Fe3O4 with the magnetic 

saturation (Ms) up to 50 emu/g.
1
 A localized accumulation of MNPs can be achieved 

by using an external field at the therapeutic site for organ-targeted drug delivery. 

Among the numerous morphologies, hollow Fe3O4 (hFe3O4) nanoparticles have 

emerged as the most promising candidate for theranostic purpose owing to its facile 

preparation, cargo protection and convertible surface.
4
 

 

Figure 1-1. Magnetism of a superparamagnetic nanoparticle in the presence of 

external magnetic field. 
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Figure 1-2. A M-H curve of a Fe3O4 composite at 5 K and 300 K. Adapted with 

permission from ref 1b. Copyright 2011 American Chemical Society.
 

 

1.2 Preparation of hollow magnetite 

Three major approaches are available for the preparation of Fe3O4, including (1) co-

precipitation, the most commonly used method to prepare Fe3O4 from an aqueous 1:2 

Fe
2+

/Fe
3+

 solution with a base at room or elevated temperature; (2) thermo-

decomposition, extensively used for synthesis of ultrasmall SPIONs using iron 

precursor under high temperature (>200 °C); and (3) solvothermal synthesis, 

frequently used for preparing nanocrystals from iron salt, reducing agent and 

surfactant in aqueous or organic solvent system in sealed vessel at high temperature 

and pressure.
4
 However, after the synthesis, different post-treatments are needed for 

the first two approaches. For example, the first method requires additional procedures 

to remove the core template either with strong base or heating. The second one needs 

to perform an oxidation of the core and ligand exchange before further surface 

modification, since the freshly prepared Fe3O4 nanoparticles were capped by 
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hydrophobic surfactants that cannot be directly grafted.
5
 For the solvothermal method, 

the hollow sphere can be synthesized in one-pot manner through the Oswald ripening 

and the Kirkendall effect. The Kirkendall effect can be simplified as a non-

equilibrium flux of metal ion between the core and shell of the particle (Figure 1-3).
6-

8
 

 

Figure 1-3. Schematic illustration of Kirkendall effect, Jcore and Jshell are the diffuse 

fluxes of metal core and metal shell, respectively. 

 

 In 2010, Cheng et al. reported the preparation of monodisperse porous Fe3O4 

utilizing the Oswald ripening.
9
 The formation of hollow nanospheres can be divided 

into two stages as shown in Figure 1-4. At first, the monodisperse amorphous solids 

comprising the primary particles were formed and stabilized by polyacrylamide. Then, 

the transformation from solid spheres to hollow spheres undergoes by a precipitation 

of nanocrystals on the primary particle surface. Therefore, the amorphous primary 

particles dissolve gradually and diffuse outward along with the elevated temperature, 

which thereby leads to the formation of nanoshell. These nanospheres formed by 

hydrothermal method exhibited a uniform morphology, which was mainly attributed 

to Oswald ripening. This strategy provides an excellent platform for preparing 

uniform hollow iron oxide for fabricating hydrophobic drug carrier. The 

bioavailability problem of many hydrophobic drugs can be partially solved via nano-

encapsulation.
10

 A vast number of studies has been reported with an integration of 

hydrophobic platinum drug and iron oxide nanoparticles, which is emerging as a 
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promising solution for the poor solubility of the cisplatin.
9,11-13

 

 

Figure 1-4. Formation mechanism of the porous hollow iron oxide nanoparticle 

through one-pot hydrothermal reaction. 

 

1.3 Controlled drug delivery system 

A vast variety of nanocarrier has been developed with different motifs (Figure 1-5).
14

 

As an example, polyamidoamine (PAMAM) dendrimers are hyperbranched organic 

polymers consisting an ethylenediamine core and repetitive branching amidoamine 

with well-defined uniformity. This unique class of globular-shaped nanomaterial 

allows the reversible binding of guest molecules. However, surface modification of 

PAMAM is needed to reduce the intrinsic cytotoxicity towards normal cell. This 

obstacle complicates the translation of PAMAM dendrimer into clinical 

application.
15d

 The same problem also occurs for multiwall carbon nanotubes (CNTs) 

which exerts DNA damage. The periphery of CNTs is first oxidized into carboxylic 

and hydroxyl group which subsequently conjugate with drug cargos. Likewise, 

nanorods, nanospheres and polymers are more feasible to capture bioactive cargos 

with covalent grafting. For the drug molecules conjugated via amide and ester 

coupling with the nanocarrier, hydrolysis is the most common path to release whose 

covalently linked drugs. The ester hydrolysis of carboxylic linker in a drug delivery 

system can be assisted by esterases and hydrolyases in acidic endosomes and 

lysosomes. An amide linkage is typically more stable than an ester bond, however, 

has higher selective where amide hydrolysis is likely to occur in an enzymatic manner. 

Other mechanisms, for instance, disulfide exchange, hypoxia, photodynamic release 
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and thermolysis require specific type of linkage and are not universal.
14

  

 
Figure 1-5. Classes of nanocarriers developed for controlled drug delivery. 

Despite high loading efficiency, micelle and liposome are more fragile to 

external interferences, requiring precise control in achieving monodisperse 

morphology. The preparation of uniform size of micelle and liposome remains a 

challenging task. In contrast, the morphology and porosity of nanocage can be 

controlled by tuning the amount of precursor, stabilizer, temperature and reaction time 

in a facile manner. And more importantly, the release of the nanocage is determined 

by the order and size of the nanopores dictated by the diffusion of loaded cargos in 

and out the core. The release rate of the loaded drug proportional to the diffusion rate 

of the cargos makes the nanocage more versatile in encapsulating different types of 

substrate, especially hydrophobic drug molecules.
14,16

 Therefore, porous hollow iron 

oxide was chosen as the core for nano-encapsulation of anti-cancer drugs.  
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1.4 Nano-encapsulation of hydrophobic cisplatin 

Cisplatin (cis-diamminedichloroplatinum(II), CDDP), a frontline antineoplastic 

platinum drug, has served as panacea against a broad-spectrum of cancers including 

head, neck, bladder, ovarian and melanoma over decades.
17-19

 The drug mediates 

through covalent intercalation of intrastrand DNA guanine at N
7
-position, inhibiting 

replication and transcription of rapidly growing cancer cells. However, its efficacy is 

strongly inhibited due to its poor water solubility, nonselective tissue distribution and 

the GSH-induced drug resistance.
17-19 

Two approaches are introduced to enhance the 

bioavailability of cisplatin caused by its poor solubility, and the most commonly used 

one is to prepare a complexation of platinum center involving carbonyl or amine 

groups.
20-24

 Several cisplatin derivatives such as carboplatin, oxaliplatin and 

nedaplatin presented in Figure 1-5 greatly increased water solubility.
25 

 
Figure 1-6. Cisplatin and its derivatives with their water solubility listed below.

25 

 

The other approach typically involves the interactions between the hollow 

particle core and the formulated solvent system.
24-29

 Since cisplatin can be non-

covalently encapsulated inside the hollow cavity or attached on the periphery of the 

hollow, the solvent system for cisplatin loading plays an important role to increase the 

loading efficiency. The solubilities of cisplatin and its derivatives in various solvents 

are summarized in Table 1-1.
25

Although DMSO presents outstanding solvation 

ability, its utilization is strongly discouraged, since it may weaken the desired 

biological effect of platinum drugs towards tumor cells by reacting with the platinum 
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complex.
25

  

Even though the bioavailability of cisplatin can be significantly improved by 

encapsulation in the hollow particle core, the loading efficiency of platinum drug is 

still quite low. Therefore, finding an efficient platinum drug carrier is highly 

warranted. In 2011, a novel platform employing a solid iron oxide sFe3O4@SiO2@γ-

AlOOH flower-like nanocomposite was reported for protein immobilization by our 

research group.
35

 However, the presence of silica coating and the absence of hollow 

cavity render the inaccessible solid iron oxide (sFe3O4) core. Despite the fact, the 

aluminum oxide hydroxide (AlOOH) is abounded with hydroxyl groups, suggesting 

great potential as a complement of the drug carrier. Meanwhile, hollow cavity may 

render an alternative mechanism, at which the drugs could be non-covalently 

enveloped inside the core. Therefore, the hollow iron oxide nanoparticles with 

convertible AlOOH nanoflakes on the surface (hFe3O4@γ-AlOOH) were synthesized 

(Figure 1-7) as the drug carrier to encapsulate cisplatin due to their size uniformity, 

excellent water dispersity, large void space and superparamagnetic property. 

 

Figure 1-7. Illustration of the encapsulation and coordination of cisplatin. 

 

Table 1-1. Solubilities (mg/mL) of platinum drugs in various solvents.
25 

Drug Water  EtOH  Acetone  DMF  DMSO  

cisplatin 2.5 <1.0 *Soluble 16 25.0 

carboplatin 10.0 <1.0 Insoluble **N.R. <1.0 

oxaliplatin 7.9 Insoluble Insoluble *Soluble. 19.9 

nedaplatin 18.0 Insoluble **N.R. **N.R. >9.8 
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*Reported without number **Not Reported.  

 

1.5 Intracellular delivery of cisplatin 

Herein, the proposed structure and the delivery pathway of the encapsulated drug are 

hypothesized in Figure 1-8. The physiological extracellular chloride concentration is 

100 mM while the intracellular chloride concentration varies from 3-20 mM.
18

 This 

concentration gradient could facilitate the release of cisplatin from the nanoparticles. 

Once the encapsulated cisplatin is delivered to cytoplasm, it could be hydrolyzed and 

released from nanoparticles at the intracellular chloride concentration. At the same 

time, the hydration of the platinum complex could also prohibit the excretion of 

activated platinum drug towards the extracellular matrix. In this study, the cisplatin-

loaded hFe3O4 without AlOOH will serve as a control to compare the release behavior 

with cisplatin-loaded hFe3O4@γ-AlOOH. 

 

Figure 1-8. Hypothesized release mechanism and transportation of activated cisplatin. 
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1.6 Cell penetrating peptides (CPDs) 

Cell-penetrating poly(disulfide)s (CPDs), a novel type of polymer, has recently 

emerged as an effective intracellular delivery material. The concept of CPDs was 

branched from the cell-penetrating peptides (CPPs) family, which is well-known for 

its cellular uptake and controlled delivery capabilities.
30-34,39

 The protein transduction 

domain of CPP, as part of the TAT protein, is crucial for the penetration of HIV virus 

into cells. As shown in Figure 2-15, CPP is composed of positively charged 

sidechains such as ammonium and guanidinium ions to facilitate endocytosis.  

 

Figure 1-9. The structure of the protein transduction domain of TAT protein.
30

 

 

The disulfide transaction between the CPDs nanocomposites and the lipid bilayers 

is presented in Figure 1-10. The guanidinium, unlike ammonium on lysine, plays an 

irreplaceable role because of its high pKa value (guanidinium: >12; ammonium: 7). 

Therefore, it always carries a positive charge on its sidechain at physiological pH. 

During the disulfide exchange process, the guanidinium is first stabilized via 

guanidinium-phosphate interaction. Subsequently, the disulfide of CPDs skeleton 

exchanges with the sulfur functional groups on the lipid bilayer. The synergy of the 

guanidinium-phosphate electrostatic interactions and the disulfide linkages reinforces 

the cellular uptake of the CPDs through an endocytosis-free pathway. Once the 

nanocomposites completely diffuse into the intracellular environment, the CPDs could 

be degraded by intracellular GSH via thiol-disulfide exchange. Therefore, the CPDs-

based nanocomposites can be a promising biological vector with glutathione 
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responsive behavior for cell-penetration; likewise, they could provide a versatile 

conjugating platform for dyes and proteins as well as genes delivery.
34-39,54

 

  
Figure 1-10. Thiol-initiated cellular uptake of the CPDs. The positively charged 

guanidiniums dominantly interact with the negatively charged lipid bilayer via 

electrostatic attraction. The GSH serves as a disulfide cleaver in an intracellular 

concentration of 5-10 mM.
54

 

 

1.7 Reactivation of cisplatin 

Besides preventing the drug from premature release, the polydisulfide layers can also 

reactivate cisplatin. Recently, Ling et al. have adopted polydisulfide amides to 

recover the deactivated cisplatin.
40

 In principle, glutathionation of cisplatin can be 

avoided by the depletion of GSH through disulfide exchange. The concept is to 

simultaneously digest the protecting layers once the CPDs-decorated particle is 

absorbed by the cell. Therefore, by applying the polydisulfide coating on the 

nanocomposite, the cisplatin-loaded particle can overcome its major drawback and the 

cisplatin complex can be further delivered to the nucleus without being rapidly 

detoxified by GSH. 
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Figure 1-11. Detoxification of intracellular cisplatin (CDDP) by GSH through the 

GS-X pump extraction pathway and the apoptosis process triggered by Pt-thiolate 

species. 

 

1.8 Noncovalent CPDs immobilization 

In another report done by Derovery et al., they applied CPDs on the biotin-avidin 

binding pair to deliver quantum dots into the cytosol. The biotin-avidin binding has 

been extensively studied due to its strong noncovalent interactions with different 

stimuli-responsive antibodies. The biotin-avidin binding pair contains a low 

dissociation constant less than 10
−15

 M, allowing the CPDs to immobilize on the 

particles of interest.
36,37

 However, the biotin-avidin binding pair fails to provide 

additional modification sites on the particle surface. Thus, an alternative strategy is 

introduced to overcome the limitation by selecting an initiator and terminator to 

initiate the linkages. For example, the positively charged guanidine of the CPDs is 

attracted to the negatively charged species on the protein via noncovalent 

conjugation.
41

 This approach weakens the cell penetrating ability since the 

guanidiniums are actively participated in the membrane protein interaction; hence, the 
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drug carrier can diffuse into the cell membrane through an endocytosis-independent 

pathway. Moreover, a fluorescent -SH initiator can be perceived as a trackable tag 

shows a promising potential regardless of environment or the form of the 

nanocomposites.  

1.9 Aim of project 

It has been demonstrated that flower-like nanostructure shows significant potential on 

drug encapsulation of anticancer with low bioavailability. However, the advantages of 

using anisotropic core-shell nanoflower as drug carrier are scarcely emphasized. Thus, 

the aims of this study are (1) to prepare hollow nanoflower with accessible core 

(preparation route is shown in Scheme 2-1), (2) to develop proper solvent system for 

efficient platinum drug loading, and (3) to evaluate the loading efficiency and release 

profile of cisplatin from the iron oxide nanocomposites.  
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Chapter 2 - Hollow iron oxide and derivative as the 

drug carrier 

2.1 Inorganic drug carrier 

2.1.1 Preparation of the inorganic drug carrier 

In this study, nano-precipitation was used to achieve efficient loading for hydrophobic 

drug (e.g. cisplatin).
10,47

 It relies on the evaporation of the volatile organic solvents 

and the consequent concentration of the drug inside the cavity of the carrier along 

with the decreasing solvent volume. Nonetheless, cisplatin is scarcely soluble in the 

volatile organic solvents such as dichloromethane and chloroform. Therefore, the 

formulation of the solvent system is crucial to maximizing the loading efficiency of 

cisplatin using the hollow iron oxide nanoparticles.  

 
Scheme 2-1. Schematic diagram for the preparation of hollow iron oxide and the 

derivatives as drug carrier. 
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2.1.2 Templated growth of hollow nano/micro flower composite 

To template the boehmite nanoflakes formation with accessible hollow iron oxide 

core, a sacrificial layer of silica shell was prepared using different tetraethyl 

orthosilicate (TEOS) concentrations. The thicknesses of the silica layers coated on 

iron oxide are plotted in Figure 2-1, and their representative transmission electron 

microscope (TEM) images are shown in Figure 2-2. At 1.0% of the TEOS 

concentration, the thickness of silica is proportional to the reaction time. Nevertheless, 

when the TEOS concentration was increased to 2.0%, the growth of silica shell 

deviates from the linear trend. This indicates that the concentrations of TEOS exhibit 

a positive relationship with the growth of the silica coating.  

 

Figure 2-1. The thickness of silica shell formed using different TEOS ratio in three 

hours estimated from TEM images (n = 50). 
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Figure 2-2. Representative TEM images of hFe3O4@SiO2 synthesized using different 

TEOS ratios at various reaction times. Scale bar: 50 nm. 

 

To explore the optimal synthetic condition for hFe3O4@γ-AlOOH, iron oxide 

nanoparticles with different thicknesses of silica were used as precursor. The size 

distributions of nanoflowers with different precursors were determined via dynamic 

light scattering (DLS) and TEM. It was found that the size of different nanoflowers 

varies from 470 to 570 nm. As shown in Figure 2-3, the representative TEM images 

reveal that the formation of nanoflakes can be easily identified either with or without 

apparent silica shell. Unlike hFe3O4@SiO2-7nm and hFe3O4@SiO2-11nm 

(hFe3O4@SiO2-x nm, where x = thickness of silica coating), the silica residue on the 

iron oxide cores can be easily observed for nanoflower prepared from hFe3O4@SiO2-

16nm and hFe3O4@SiO2-20nm (e-h). Thus, the hFe3O4@SiO2-7nm was preceded to 
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drug loading and release study, since the silica layer was thin enough to function only 

as a removable template. 

 
Figure 2-3. TEM images of hFe3O4@SiO2@γ-AlOOH with SiO2 thickness of (a,b) 7 

nm, (c,d) 11 nm, (e,f) 16 nm and (h,g) 20 nm. Scale bar: green = 200 nm, red = 50 nm. 

 

 
Figure 2-4. TEM images of hFe3O4@SiO2@γ-AlOOH at (a)(i,ii) 0.75 M, (b)(i,ii) 

1.25 M, (c)(i,ii) 1.75 M and (d)(i,ii) 2.25M of urea concentration. Right column: size 

distribution, Z-average and zeta potential for each of the flower-like particle.  
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As shown in Figure 2-4, the size distribution of the particles narrows with 

increasing urea concentration. The increasing urea concentration led to an isotropic 

growth of AlOOH nanoflakes which was illustrated by the histogram Figure 2-4d(iii). 

The Si–O
–
 generated from Si–OH dissolution templates the growth of AlOOH. After 

repeating dissolution and precipitation processes, a flower-like nanocomposite with 

more isotropically grown particle was obtained as shown in Figure 2-4d. The optimal 

urea concentration was found to be 2.25 M, while applying higher urea concentration 

(2.75 M) leads to no nanoflake formation. 

2.1.3 Silica etching process 

As previously demonstrated, a sacrificial silica shell was cavitated after templating the 

growth of AlOOH flakes, allowing the hollow core accessibility. To reveal the 

sequence of etching, hFe3O4@SiO2-50nm was selected to prepare the nanoflower. 

The pores were highlighted by red arrows on the representative TEM image (Figure 

2-5b), suggesting that the etching of silica proceeds through cavitation of the silica 

shell. Based on these findings, a possible mechanism is proposed and illustrated in 

Figure 2-6, which can be explained by the Kirkendall effect. The interior silica is first 

etched as a result of faster efflux of silicate from the core, leading to a faster rate of 

etching of interior silica (Figure 2-6). 

 

Figure 2-5. TEM images of (a,b) hFe3O4@SiO2@γ-AlOOH prepared using (c) 

hFe3O4@SiO2-50nm. Scale bar: green: 200 nm; red: 50 nm. 
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Figure 2-6. Illustration of hydroxylation and etching of SiO2 at different stages 

(growth of AlOOH is omitted for simplicity): (I) before hydroxide ions interact with 

silica, (II) infiltration of hydroxide ions, (III&IV) etching of densely packed porous 

silica from the interior of loosely packed silica shell, and (V) complete etching of 

loosely packed silica shell. 

 

2.1.4 Solvent dependence on platinum drug loading 

To investigate the solvent dependence, a series of trials was performed and listed in 

Table 2-1 using hFe3O4 and hFe3O4@γ-AlOOH as drug carriers. The hFe3O4 

nanoparticles have previously demonstrated their ability to encapsulated hydrophobic 

drug inside the core of cavity. In this study, platinum contents were characterized and 

quantified via Inductively coupled plasma mass spectrometry (ICP-MS), Fourier-

transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and 

thermogravimetric analysis (TGA). 

 
Figure 2-7. TEM images of (a) hFe3O4 and (b) hFe3O4@γ-AlOOH for drug loading; 

Scanning electron microscope (SEM) images of (c) hFe3O4 and (d) hFe3O4@γ-
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AlOOH  

Table 2-1. Loading conditions for platinum drugs using hFe3O4 and hFe3O4@γ-

AlOOH. 

Entry Drug Solvent 
Duration 

(h) 

Particle 

concentration 

(mg/mL) 

Cisplatin 

initial 

concentration 

(mg/mL) 

1 cisplatin DMF 24 10.0 16.0 

2 carboplatin DMF/H2O (v/v, 1:3) 24 10.0 7.5 

3 oxaliplatin DMF/H2O (v/v, 1:6) 24 10.0 11.0 

4 nedaplatin H2O 24 10.0 1.0 

5 cisplatin DMSO 24 10.0 20.0 

6 cisplatin acetone 24 10.0 2.4 

7 cisplatin H2O 24 10.0 1.0 

8 cisplatin acetone/H2O (v/v, 1:1) 24 10.0 1.3 

9 cisplatin DMF/H2O (v/v, 1:1) 24 10.0 9.0 

10 cisplatin DMF 48 10.0 16.0 

11 cisplatin DMF 72 10.0 16.0 

12 cisplatin DMF 24 15.0 16.0 

13 cisplatin DMF 24 20.0 16.0 

14 cisplatin 
DMF (hFe3O4@AlOOH 

as the drug carrier) 
24 16.0 10.0 

Conditions: platinum drug concentration: saturated. Washing condition: 1 mL of 

acetone/ethanol (v/v, 3:2) solution, incubated in 25 °C and oscillated at 300 rpm. 

 

2.1.5 Thermogravimetric analysis (TGA) 

The TGA decomposition curves of hFe3O4 and hFe3O4@AlOOH are shown in Figure 

2-8. The 4% weight loss in hFe3O4 indicates that the discrepancy caused by 

systematic error is comparably insignificant in TGA. As suggested by Zhu et al., the 

system error was due to the incomplete degradation of platinum, since approximately 

75% of the platinum content remain within the range of TGA analysis.
7
 Another 

uncertainty could be originated from the coordination of the platinum center. In order 

to solve the aforementioned problem, ICP-MS was performed as a reliable method for 

quantifying the platinum and iron content. 
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Figure 2-8. TGA analysis using hFe3O4. 

 

2.1.6 Inductively coupled plasma mass spectrometry (ICP-MS) 

ICP-MS is one of the most promising techniques to accurately quantify a variety 

scope of metal content. It excludes the coordinating-ligand influence that TGA is 

unable to distinguish.
24,42

 The iron and platinum detection at sub-ppb to ppb level 

present an excellent linearity (Figure 2-9 and Figure 2-10). The loading efficiencies, 

in terms of Pt/Fe ratio, are summarized in Table 2-2. The two entries, Entry 10 and 

11, by using DMF as solvent, imply that an equilibrium time of 24 h is sufficient since 

there was no significant difference in loading efficiency at prolonged loading time. 

For one-solvent system, acetone exhibits the highest loading efficiency up to 

13.1% ± 0.2% (Entry 6). Interestingly, when DMF (Entry 1) and DMSO (Entry 5) 

were used alone, the loading efficiency is less than using H2O as solvent (Entry 7). 

Yet, opposite outcomes were discovered in co-solvent system. DMF/H2O co-solvent 

system leads to the highest loading efficiency up to 26.54% (Entry 9). The presence 

of water thermodynamically might enhance the diffusion of cisplatin from an aqueous 

medium to the iron oxide core and alleviates the interactions between the hydrophobic 

drug and water. Nevertheless, the presence of water in acetone/H2O co-solvent system 

shows no significant improvement to the loading efficiency. It might due to the 
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limited solubility of cisplatin in acetone/water co-solvent system. 

On the other hand, the low loading efficiency might be attributed to the 

solubility between the polar solvents and the drugs, resulting a great loss of cisplatin 

during the washing process. This effect can be further explained by lacking a driving 

force during the diffusion of hydrophobic cisplatin into iron oxide core, as seen in 

Entry 2 to 4 (water soluble drugs). Thus, a precipitation mechanism is proposed in 

Figure 2-11. At first, diffusion of the cisplatin is driven by the high surface energy of 

the agglomerated hydrophobic drugs as a result of unfavorable interaction between 

water molecules and the hydrophobic drug. Therefore, the cisplatin encapsulated 

inside the cavity experiences less thermodynamic instability. Once the precipitation 

occurs, the interior drugs molecules become invulnerable to travel outward in the 

absence of polar solvents. 

At last, the loading efficiency of cisplatin in hFe3O4@AlOOH was 6.63% 

(Entry 14), which is significantly higher than that of hFe3O4. Since the involvement 

of DMF/water co-solvent system and AlOOH exhibited the highest loading efficiency, 

an expanded scope of the experiments was designed to investigate the optimal loading 

conditions. 

 
Figure 2-9. Calibration curve for platinum concentration as 

195
Pt. 
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Figure 2-10. A calibration curve for iron concentration as 

56
Fe. 
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Table 2-2. The loading ratios of Pt to Fe for hFe3O4 and hFe3O4@AlOOH in different 

loading conditions. 

Entry Drug Solvent 
Duration 

(h) 

Cisplatin 

initial 

concentration 

(mg/mL) 

Pt/Fe  

(w/w%) 

1 cisplatin DMF 24 16.0 0.98 ± 0.01 

2 carboplatin DMF/H2O (v/v, 1:3) 24 7.5 0.24 ± 0.02 

3 oxaliplatin DMF/H2O (v/v, 1:6) 24 11.0 1.35 ± 0.10 

4 nedaplatin H2O 24 14.6 4.88 ± 0.46 

5 cisplatin DMSO 24 20.0 1.57 ± 0.03 

6 cisplatin acetone 24 2.4 13.10 ± 0.21 

7 cisplatin H2O 24 1.0 1.72 ± 0.26 

8 cisplatin acetone/H2O (v/v, 1:1) 24 1.3 3.42 ± 0.12 

9 cisplatin DMF/H2O (v/v, 1:1) 24 9.0 26.9 ± 0.51 

10 cisplatin DMF 48 16.0 0.80 ± 0.48 

11 cisplatin DMF 72 16.0 1.13 ± 0.42 

12 cisplatin 
DMF (particle 

concentration15 mg/mL) 
24 

16.0 
0.97 ± 0.29 

13 cisplatin 
DMF (particle 

concentration 20 mg/mL) 
24 

16.0 
0.78 ± 0.20 

14 cisplatin DMF (hFe3O4@AlOOH) 24 16.0 5.64 ± 1.34 

Ratios of elemental Pt and Fe expressed as mean ± SD with 3 trials.  

 

 

 

Figure 2-11. Illustration of the postulated mechanism for the enhanced loading 

efficiency. 

 

2.1.7 Optimal loading conditions of cisplatin in hFe3O4@AlOOH 

The expanded scope on solvent dependence is summarized in Table 2-3. Entries 9-1 

to 9-4 determine the optimal cisplatin percentage in various particle concentrations. 
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The greatest cisplatin recovery suggests that the optimal ratio of cisplatin to particles 

concentration was about 1:1. Two additional entries (9-5 and 9-6) were performed in 

order to confirm the optimal ratio of DMF/H2O. Since the best performing Pt/Fe 

loading efficiency was found to be 27%, Entry 9-2 was picked as a standard protocol. 

Table 2-3. Summary of hFe3O4 as platinum drug carrier. 

Entry Drug Solvent 
Duration 

(h) 

Cisplatin initial 

concentration 

(mg/mL) 

Pt/Fe 

(w/w%) 

1 cisplatin DMF 24 16.0 0.98 ± 0.01 

2 carboplatin DMF/ H2O (v/v, 1:3) 24 7.5 0.24 ± 0.02 

3 oxaliplatin DMF/ H2O (v/v, 1:6) 24 11.0 1.35 ± 0.10 

4 nedaplatin H2O 24 14.6 4.88 ± 0.46 

5 cisplatin DMSO 24 20.0 1.57 ± 0.03 

6 cisplatin Acetone 24 2.4 13.10 ± 0.21 

7 cisplatin H2O 24 1.0 1.72 ± 0.26 

8 cisplatin 
Acetone/ H2O (v/v, 

1:1) 
24 1.3 3.42 ± 0.12 

9-1 cisplatin DMF/ H2O (v/v, 1:1) 
*
 24 9.0 27.1 ± 1.38 

9-2 cisplatin DMF/ H2O (v/v, 1:1) 24 9.0 26.9 ± 0.51 

9-3 cisplatin 
DMF/ H2O (v/v, 1:1) 

**
 

24 9.0 19.8 ± 0.42 

9-4 cisplatin 
DMF/ H2O (v/v, 1:1) 

***
 

24 9.0 10.50 ± 0.38 

9-5 cisplatin DMF/ H2O (v/v, 1:3) 24 5.0 2.23 ± 0.09 

9-6 cisplatin DMF/ H2O (v/v, 3:1) 24 13.0 2.16 ± 0.08 

10 cisplatin DMF 48 16.0 0.80 ± 0.48 

11 cisplatin DMF 72 16.0 1.13 ± 0.42 

12 cisplatin DMF ** 24 16.0 0.97 ± 0.29 

13 cisplatin DMF ** 24 16.0 0.78 ± 0.20 

14-1 cisplatin 
DMF 

(hFe3O4@AlOOH) 
24 16.0 5.64 ± 1.34 

14-2 cisplatin 
DMF / H2O (v/v, 1:1) 

(hFe3O4@AlOOH) 
24 9.0 54.5 ± 1.21 

Loading conditions: particle concentrations 10 mg/mL at 25 °C and 300 rpm, expect 

*5 mg/mL, **15mg/mL and ***20 mg/mL. 

 

2.1.8 Infrared spectroscopy 

As shown in Figure 2-12, the functional groups of cisplatin and iron oxide 

nanocomposites were characterized by FTIR. Cisplatin-loaded hFe3O4 shows two 

intact peaks for v(N–H) stretching at 3280 cm
-1

 and δ(N–H) bending at 1300 cm
-1

. 

This suggests that there was no alternation toward the coordinated amino ligands. On 
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the other hand, cisplatin-loaded hFe3O4@AlOOH has a δ(N–H) bending peak absent 

from the IR spectrum compared with cisplatin-loaded hFe3O4. The vanished N–H 

bending at 1300 cm
-1

 might result from the coordination of cisplatin on the hydroxyl 

rich AlOOH surface that limited the bending vibration for N–H on the periphery. 

Furthermore, the shifting of O–H stretching peak from 3420 cm
-1

 to 3310 cm
-1

 of 

hFe3O4@AlOOH implies that the bonding strength has diminished. This may 

contribute to the cisplatin immobilization on hydroxyl AlOOH surface, resulting a 

decrease in platinum electron density. Thus, it indicates that cisplatin could occupy 

the cavity inside, and also experiences certain interaction through grafting mechanism 

on the hFe3O4@AlOOH core. 

 

Figure 2-12. An overlay of FT-IR full (left) and selected region (right) for (a) 

Cisplatin (b) hFe3O4 (c) Cisplatin-loaded hFe3O4 (d) hFe3O4@AlOOH (e) cisplatin-

loaded hFe3O4@AlOOH. 

 

2.1.9 Release of cisplatin 

Phosphate buffer (PBS) with different chloride ion concentrations at selected pH was 

applied as solvent for the releasing assay (Table 2-4). The released platinum contents 

were quantified via 
195

Pt and then plotted into profiles in Figure 2-13 and Figure 2-

14. 
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Table 2-4. Proposed conditions for the release of cisplatin-loaded nanocomposites. 

Entry Solvent 

9A pH 7.4 PBS ([Cl
-
]~140 mM) 

9B pH 7.4 PBS ([Cl
-
]~4 mM) 

9C pH 4.6 PBS ([Cl
-
] 0 mM) 

 

In general, nearly 70% of cisplatin releases from both hFe3O4 and 

hFe3O4@AlOOH at pH 7.4 after 24 h in 140 mM [Cl
-
] (Figure 2-13 and 2-14). 

Similar behavior with superior performance was observed at pH 4.6. The results were 

in accordance to other literatures, which stated that the release of cisplatin could be 

promoted in acidic environment.
28,42-44

 However, the curves diverge when there was a 

decrease in [Cl
-
] or pH. Meanwhile, hFe3O4, unlike hFe3O4@AlOOH, has an 

approximate 60% of cisplatin released at pH 7.4 when the [Cl
-
] was diluted to 4 mM. 

This suggests that [Cl
-
] can facilitate the release of cisplatin, and the residual cisplatin 

encapsulated in the cavity may account for the long diffusion time (up to 16 h). In 

addition, the first 4-hour period is investigated to compare the carriers’ drug release 

rates. The segments illustrate that the required time to release cisplatin from 

hFe3O4@AlOOH is reduced by half in comparison to hFe3O4, suggesting that the 

cisplatin attached to hFe3O4@AlOOH demonstrates greater sensitivity towards 

physiological condition.  

The half-life measured from hFe3O4@AlOOH at pH 7.4 and 4 mM [Cl
-
] was 8 

hours, which was longer than its acidic and chloride ion rich conditions. Therefore, 

hFe3O4@AlOOH becomes more amenable and provides an additional opportunity to 

modify the surface with covalently linked drugs, dyes or fluorescent tags. As a side 

note, a hollow iron oxide carrier without modifications can cause unexpected leakage 

due to its large and irregular pore size, which raises a serious concern for platinum 
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drug delivery. Therefore, the development of an efficient drug carrier without 

premature release is important for the in vitro and in vivo studies. 

 
Figure 2-13. Plot of cumulative release of hFe3O4-cisplatin under different conditions. 

Mean and SD were calculated from 3 trials. 

 

 
Figure 2-14. Plot of cumulative release of hFe3O4@AlOOH-cisplatin (NF) under 

different conditions. Mean and SD were calculated from 3 trials. 

 

2.1.10 Summary 

A series of hierarchical core-shell nanostructures flower-like hFe3O4@AlOOH was 

synthesized through solvothermal method and sol-gel process. The formation of 

cavity accessible hFe3O4@γ-AlOOH was achieved by a silica-templated solvothermal 

treatment at which the Kirkendall effect was observed during the silica etching 
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process. The intrinsic properties of the as-prepared nanocomposites were 

characterized by SEM, TEM, DLS, TGA and FTIR.  

Then, the nano-encapsulation of platinum drug using hollow magnetite and its 

derivatives has been achieved by improving the loading efficiency using co-solvent 

system. A DMF/water co-solvent system was found to be the most efficient system to 

encapsulate water-insoluble cisplatin. The platinum content was quantitatively and 

qualitatively analyzed by ICP-MS and FTIR spectroscopy. The loading efficiency, in 

terms of Pt/Fe ratio, was found up to nearly 27% for DMF/water co-solvent system. 

The enhancement of loading efficiency could be explained by emulsification as driven 

by diffusing hydrophobic cisplatin into the hollow cavity of iron oxide nanoparticles. 

A 20-fold improvement of cisplatin encapsulation efficiency is observed in 

comparison to water-only solvent. By incorporating water, the loading efficiency 

increased from 1% to 27% for hFe3O4, and from 6% to 54% for hFe3O4@γ-AlOOH. 

The flower-like hFe3O4@AlOOH exhibited the highest loading efficiency which 

might be enhanced by the entanglement of cisplatin on AlOOH. The noncovalent 

encapsulation of cisplatin was confirmed by the intact sets of vibrational peaks of 

amino group attached to the cisplatin in FT-IR spectra. Despite the active release of 

cisplatin, the nanoflower composites exhibit an efficient loading of hydrophobic 

molecules, suggesting the possibility to graft drug molecules by conjugating the 

nanoflakes.  
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2.2 Surface modification as a strategy towards controlled drug 

release  

2.2.1 General considerations 

In the previous section, the hFe3O4-AlOOH drug carrier has demonstrated an efficient 

loading of cisplatin with the loading efficiency up to 54.5% Pt/Fe ratio. Although a 

significant boost of cisplatin release was observed at low pH, more improvement is 

still needed for developing a controlled drug delivery system. The premature release 

may have occurred due to the large diameter of the dominant pore of hFe3O4 ranged 

from 29 nm to 54 nm.
10

 The pore size is significantly larger than the size of cisplatin 

(smaller than 1 nm). This implies a serious concern that the diffusion rate of the drug 

can be hard to control. In literature, typical methods involving immobilization of a 

protective polymer, such as poly(ε-caprolactone) (PCL), poly(d,l-lactide) (PLA), 

poly(ethylene glycol) (PEG), poly(lactic-co-glycolic acid) (PLGA), and etc. were 

introduced to tackle with the premature release of drugs. For example, the PLGA can 

hydrolyze in the environment with pH value less than 7 which allows the interior drug 

to freely transport in and out of the cell. The general idea of modifying a drug carrier 

surface is to avoid premature release of the encapsulated drug during blood circulation. 

The advantages of employing such polymer include increasing the biodegradability, 

biocompatibility, and prolonged release of drug. In addition, the tailored therapy with 

controlled uniformity is benefitted by ease of versatile functionalizations.
51-53 

Yet, 

these types of polymers still suffer from low selectivity in intracellular delivery. 

Therefore, the development of an efficient drug carrier with slightly water-resisted 

capping system is highly demanded. 
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2.2.2 Preparation of CPDs-capped iron oxide nanocomposites 

Up until now, there is no report for the hierarchical hollow iron oxide with in situ 

polymerization of CPDs. Therefore, employing an immobilized biological compatible 

initiator with thiol functional groups to trigger the polymerization can be 

unprecedented, and the successful in situ polymerization can expand the applications 

with CPDs-coated materials. Herein, an L-cysteine-grafted hollow iron oxide 

(hFe3O4-Cys) with covalently linked –SH as an initiator and iodoacetamide as a 

terminator is introduced in the established polymerization protocol as illustrated in 

Scheme 2-2. 

To study the biological interactions of the disulfides, the development of an 

efficient intercellular drug carrier may provide a mechanical insight regarding the 

disulfide interaction with the membrane proteins and lipid bilayer. However, since 

most of the achievements were based on the nanoparticle size less than 100 nm, it is 

hard to emphasize the advantages of cellular uptake enhancement via endocytosis-free 

pathway.
36-40

 hFe3O4 in this study has a size above 200 nm, which is very likely to be 

taken by the cell through endocytosis. Therefore, it can provide additional 

assessments for the intracellular delivery. 
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Scheme 2-2. The preparation of CPDs-capped hollow iron oxide through in situ 

polymerization. 
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2.2.2 Preparation of monomer 

The monomer was prepared according to literature with minor modifications. 1-H-

aminodinopyrazole was added equivalent to 80% of the thioctic acid to minimize the 

unreacted starting material in methanol. The gelated monomer requires an hour to 

dissolve completely, which indicates the as-obtained product has high purity (>80%). 

The successful preparation of the pure monomer is supported by nuclear magnetic 

resonance (NMR) with both 
1
H NMR,

 13
C NMR spectroscopies and high-resolution 

matrix assisted laser desorption/ionization-time of flight (MADLI-TOF) mass 

spectrometry. Then, the monomer was dissolved in methanol (MeOH, 1 M) and store 

at 4 °C. 

 

Figure 2-15. 
1
H NMR spectrum of the monomer dissolved in methanol-d4. 
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2.2.4 Morphology and intrinsic properties 

The morphology of the surface functionalized hFe3O4 was acquired from TEM, and 

the particle size distribution was determined and plotted in a histogram as shown in 

Figure 2-16. The TEM images of hFe3O4-NH2 (a-c) and hFe3O4-Cys (d-f) reveal no 

observable coating before polymerization comparing to hFe3O4-CPD (g-i). In addition, 

the presence of a thin layer on hFe3O4-Cys-CPD-CONH2 (j) precisely demonstrates 

the successful polymerization of CPD. Despite the agreeing measurements, additional 

assessments are still demanded for both qualitative and quantitative analysis. The 

average diameter of fifty individual hFe3O4 is 204 ± 5 nm as measured by ImageJ.  

 

Figure 2-16. TEM images of (a-c) hFe3O4-NH2, (d-f) hFe3O4-Cys, (g-i) hFe3O4-Cys-

CPD-CONH2 and (j) observable CPD layers on hFe3O4-Cys-CPD-CONH2. Histogram 

at the top: particle size distribution of hFe3O4. 

  



34 
 

2.2.5 Dynamic light scattering and zeta potential 

The hydrodynamic size was determined by DLS with nanocomposites suspended in 

10 mM PBS buffer. The size distribution was plotted as shown in Figure 2-17 (a-c) 

with no significant change in Zavg (Figure 2-17 e). 

 

Figure 2-17. Size distribution histogram of (a) hFe3O4-NH2, (b) hFe3O4-Cys, and (c) 

hFe3O4-Cys-CPD-CONH2. (d) Zeta potential of iron oxide nanocomposites with 

different functionality. (e) Hydrodynamic size of the as-prepared nanoparticles. 

 

The value of zeta potential increases with the sequence of modifications. The 

zeta potential of hFe3O4 abounds with hydroxyl and carboxyl groups was -6.95 mV. 

However, the number rose to +8.32 mV upon the introduction of amine, which 
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ascribes to the increase amount of protonated amine and decrease amount of hydroxyl 

groups. On the other hand, there is no observable change in zeta potential upon 

cysteine modification. The value increased from +9.11 to +16.93 mV during in situ 

polymerization. 

2.2.6 Composition analysis 

The organic compositions of hFe3O4 and its derivatives were analyzed by TGA. The 

decomposition profile of the nanocomposites was characterized and graphed as shown 

in Figure 2-18. In general, the implementation of APTES and cysteine on the iron 

oxide surface shows no significant in weight loss. Moreover, the organic fraction 

significantly increases as illustrated by the additional 19% weight loss with the 

biphasic decomposition after polymerization. Moreover, the irregular weight loss 

slope of hFe3O4-CPD from 240 °C to 500 °C may be contributed to the oxidation of 

disulfide linkage. After the temperature rose to 500 °C, the decomposition slope is 

flattened, which indicates the complete depletion of poly(disulfide)s. The TGA 

decomposition curves support EDX and FTIR results as shown in Figure 2-19 and 

Figure 2-20, respectively. 

 
Figure 2-18. TGA curves of hFe3O4, hFe3O4-NH2, hFe3O4-Cys and hFe3O4-Cys-CPD. 



36 
 

 
Figure 2-19. EDX spectra of (top) hFe3O4-Cys-CPD and (bottom) observable CPD 

layers on hFe3O4-Cys-CPD. Referring to Figure 2-16 (h) and Figure 2-16 (j), 

respectively. 

 

The functional groups of hollow iron oxide nanocomposites were determined by 

FTIR as shown in Figure 2-20. The sharp C=O peak at 1650 cm
-1

 (as highlighted by 

black-doted box) suggests successful EDC/NHS coupling between peripheral amine 

from APTES and the carboxylic group from cysteine. Another evidence for the 

successful polymerization is the intensified stretching of -CH2- at 2900 cm
-1

. The 

FTIR spectrum of cisplatin-loaded hFe3O4-CPD implies that the cisplatin was either 

encapsulated or loosely adhered on the particle surface. 
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Figure 2-20. FTIR spectra of the iron oxide nanocomposites and cisplatin. 

 

2.2.7 X-ray photoelectron spectroscopy 

XPS was performed as a semi-quantitative method to determine the peripheral 

functionality of the modified hollow iron oxide. As shown in Figure 2-21, the O1s 

peaks of hFe3O4-NH2 differ from hFe3O4-Cys-CPD in terms of binding energy. After 

grafting with cysteine, the percentage of C=O species was increased by 24% as 

calculated by the CasaXPS software. According to Figure 2-23, a major peak at 399.7 

eV was observed in hFe3O4-Cys-CPD sample, resulting from the sp
2
-hybridized 

guanidinium species dominated. Moreover, the amide-N and free amine contribute to 

the majority of the nitrogen species of hFe3O4-NH2 and hFe3O4-Cys. The presence of 

disulfide bond, as shown in Figure 2-22, accounts for 38% of the sulfur species. This 

indicates that some of the cysteine are blocked by the formation of neighboring 

oligomeric matrix. 
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Figure 2-21. XPS spectrum for O(1s) of hFe3O4-NH2, hFe3O4-Cys and hFe3O4-Cys-

CPD. 

 
Figure 2-22. XPS spectrum for S(2p) of hFe3O4-Cys and hFe3O4-Cys-CPD 
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Figure 2-23. XPS spectrum for N(1s) of hFe3O4-NH2, hFe3O4-Cys and hFe3O4-Cys-

CPD 

 

2.2.8 Direct thiol immobilization through hydrolysis of MPTMS 

Although the preliminary employment of EDC/NHS successfully couples the cysteine 

with its subsequent polymerization, the uniformity of the coating still requires 

improvement. To solve this problem, MPTMS was employed to serve as the thiol 

initiator. The characterizations of hFe3O4-MPS, hFe3O4-MPS-CPD-CONH2 and 

hFe3O4-MPS-CPD-COOH were also investigated by TEM/EDX, XPS, TGA and 

FTIR. 

 As shown in Figure 2-24, the immobilization of MPTMS cannot be directly 

observed on the iron oxide primary grains. Yet, the subsequent in situ polymerization 

was successfully proceeded with a polymer thickness around 2-3 nm. To verify the 

efficiency of polymerization, the organic composition was analyzed by TGA. The 

decomposition curves clearly elucidate the increased weight loss after polymerization 

(Figure 2-25). In addition, the GSH-treated hFe3O4-MPS-CPD-CONH2 was also 

analyzed by TGA to verify if the weight loss was caused by the CPDs coating. The 

weight loss of hFe3O4-MPS-CPD-CONH2 reduces from 32% to 8% after GSH 
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treatment. 

 

Figure 2-24. TEM and HRTEM images for the hollow iron oxide hFe3O4-MPTMS 

and hFe3O4-MPS-CPD-CONH2. 

 

Figure 2-25. TGA decomposition curves for hFe3O4, hFe3O4-MPS and hFe3O4-MPS-

CPD-CONH2 before/after GSH treatment 

 

 The XPS spectra for the O1s of hFe3O4, hFe3O4-MPS and hFe3O4-MPS-CPD-

CONH2 were displayed in Figure 2-26. The intensified peak at 532.6 eV confirms the 

presence of incorporated MPTMS. In addition, a significant peak at 531.9 eV shows 

the enrichment of O-C and N-C=O contents, which was stemmed from the thioctic 

component during polymerization. In Figure 2-27, there is no observable peak for 

hFe3O4 and hFe3O4-MPS in the N1s region. After the polymerization, there is a 
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significant peak at 400 eV, which is corresponding to the presence of amidine and 

amide peak due to the presence of thioctic component. In addition, the peak at 400 eV 

does not merely caused by the acetamide terminator. It is proved by the same set of 

N1s peak at 400 eV, when iodoacetic acid was used alternatively. 

 

Figure 2-26. XPS spectrum for O(1s) of hFe3O4, hFe3O4-MPS and hFe3O4-MPS-CPD. 

 

Figure 2-27. XPS spectra for N(1s) of hFe3O4, hFe3O4-MPS, hFe3O4-MPS-CPD-
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CONH2 and hFe3O4-MPS-CPD-COOH. 

2.2.9 Porosity and surface area 

Porosity of the nanocomposites was investigated by Brunauer–Emmett–Teller (BET) 

method. The nitrogen absorption-desorption isotherms for each of the modified 

nanocomposites were presented in Figure 2-28 (a-c). The pore diameter distribution 

was calculated from the Barrett–Joyner–Halenda (BJH) model shown in Figure 2-28 

(d). The narrowing trend of pore diameter of the iron oxide particles not only explains 

the controlled release of cisplatin but also gives evidence for successful coating of 

CPDs. The hysteresis loop ranged at 0.8 P/Po, indicates that the dominant pore size is 

reduced to 5-11 nm, representing the void space between adjacent primary grains of 

the hollow iron oxide. The poly(disulfide)s chains propagate on the surface of primary 

domain with the guanidine sidechain pointing outwards from the center of the primary 

grains. 

 
Figure 2-28. Nitrogen absorption-desorption isotherm (a) hFe3O4, (b) hFe3O4-MPS 

and (c) hFe3O4-MPS-CPD-NH2; (d) Histogram of pore diameter distribution for each 

iron oxide nanocomposites. Arrow label: The average pore diameter calculated from 
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BJH method of each nanocomposite. 

 
Figure 2-29. Possible orientation of the CPDs coating on the primary grains of the 

iron oxide nanocomposite. 

 

2.2.10 X-ray diffraction spectroscopy 

As shown in Figure 2-30, both MPTMS hydrolysis and in situ polymerization on iron 

oxide cannot alter crystallinity of magnetite. The crystallinity of the iron oxide 

composites was not changed, implying that the superparamagnetic property of the iron 

oxide nanocomposites was maintained throughout the whole preparation process. 

 
Figure 2-30. XRD spectra for hFe3O4, hFe3O4-MPS and hFe3O4-MPS-CPD-CONH2. 
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2.2.11 Magnetic properties 

The magnetic saturation of the hFe3O4 and its derivatives was determined by vibrating 

samples magnetometer (VSM), and the magnetic hysteresis (M-H) curves were 

plotted in Figure 2-31. The magnetic saturation of the naked hFe3O4 is 70 emu/g, 

which later decreased to 64 emu/g after introducing CPDs on the nanoparticle surface. 

After encapsulation of cisplatin, the magnetic saturation further decreased to 56 emu/g. 

The decreasing value of magnetic saturation can be ascribed to the diamagnetic 

organic coating as well as the cisplatin drug. 

 
Figure 2-31. M-H curve of the as-prepared CPD-decorated nanoparticles. 

 

2.2.12 Loading and release of hFe3O4-MPS-CPD-CONH2 

The as-prepared hFe3O4-MPS-CPD-CONH2 load cisplatin or oxaliplatin using the co-

solvent system. The loading efficiency was calculated from the Pt/Fe of ICP-MS data 

and then summarized in Table 2-6. The release profile was also characterized by ICP-

MS and presented in Figure 2-32(a). Only about 10% of the cisplatin released from 

the hFe3O4-MPS-CPD-CONH2 over 24 h of incubation. At t = 25 h, t = 28 h and t = 

48 h, 10 mM GSH was added to the suspension, triggering the leakage of cisplatin 

from the particle. However, the oxaliplatin-loaded hFe3O4-MPS-CPD-CONH2 does 

not follow the same trend as Figure 2-32(b) when 10 mM was added to the 

suspension, which may due to the oxaliplatin has already been released from the 
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hollow iron oxide. 

Table 2-5. Loading condition for hFe3O4-MPS-CPD-CONH2. 

Entry Drug Solvent Particle 

Drug loading 

concentration 

(mg/mL) 

Pt/Fe ratio 

15-1 cisplatin H2O 
hFe3O4-MPS-

CPD-CONH2 
1.0 1.4% 

15-2 cisplatin DMF 
hFe3O4-MPS-

CPD-CONH2 
16.0 3.1% 

15-3 cisplatin DMF/ H2O (v/v, 1:1) 
hFe3O4-MPS-

CPD-CONH2 
9.0 7.9% 

15-4 cisplatin acetone 
hFe3O4-MPS-

CPD-CONH2 
2.4 23.4% 

16-1 oxaliplatin DMF/ H2O (v/v, 1:9) 
hFe3O4-MPS-

CPD-CONH2 
7.9 4.9% 

16-2 oxaliplatin DMF/ H2O (v/v, 1:6) 
hFe3O4-MPS-

CPD-CONH2 
11.0 5.1% 

Loading condition: Incubated at 25 °C, 300 rpm for 18 h. Particle concentration: 10 

mg/mL. 

 
Figure 2-32. Release profiles for (a) cisplatin-loaded hFe3O4-MPS-CPD-CONH2 and 

(b) oxaliplatin-loaded hFe3O4-MPS-CPD-CONH2 and at predetermined time intervals 

over 24 h under pH 4.6 and pH 7.6. Black arrowed: The time point at where 10 mM 

GSH was added with the system. 

 

An explanation for the leakage of cisplatin upon the stimulation of GSH was 

proposed. At first, disulfide coating on the particle surface interacts tightly with the 
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captured cisplatin through the ligand-metal interaction. Once the GSH is added to the 

suspension, the disulfide bond is cleaved rapidly and produced free thiolates that 

chelate with platinum complex in the solution. Next, those thiolates from monomer 

and GSH would coordinate with the platinum center and solubilize the cisplatin. The 

thiolate generated from the deprotonation of thioctic ring may chelate with platinum 

center and increase the solubility of the platinum complex. 

 The evidence for GSH-responsive release of cisplatin from CPD coated 

hollow iron oxide is consolidated by comparing the release profile of cisplatin in the 

presence of 10 mM GSH. As shown in Figure 2-33, the release of cisplatin increased 

from 20% to 70% over 24 h of incubation. The result agrees with Fu’s study which 

the delivery system is depended on CPD-decorated mesoporous silica nanoparticle.
36

 

The premature release of the DOX in their experiment is prevented by capping CPDs 

on mesoporous silica. Therefore, the CPDs on iron oxide nanocomposite might also 

serve as an efficient capping matrix with narrowing pore size, a coordinating agent or 

a synergy of both. The decomposition of CPD layer was examined by FTIR (Figure 

2-34), as proved by the vanished CH2 peak of the CPDs upon GSH treatment. Upon 

addition of GSH, the peak for N-H and O-H stretching significantly shifted together 

with the N-H bending peak at 1500 cm
-1

. 
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Figure 2-33. Release profiles of cisplatin-loaded hFe3O4-CPD at predetermined time 

intervals over 24 h in pH 7.4 PBS buffer with and without 10 mM GSH. 

 

 
Figure 2-34. FTIR spectra of iron oxide nanocomposites for the particles treated with 

10 mM GSH for 30min 

 

2.2.13 Loading and release of curcumin  

In the previous study, the role of GSH remained unclear. Whether the release of 

cisplatin is initiated by disintegration of protecting CPDs layer or improving solubility 

of GSH-chelated platinum complex in PBS still needs to be answered.  

To explore the controlled release behavior, a hydrophobic fluorescent drug, 

curcumin, was loaded as a fluorescent drug to monitor the drug release profile. The 

curcumin content was monitored by the UV-Vis absorption at 430 nm. According to 

literature, curcumin has limited reactivity with GSH under room temperature without 

recombinant human glutathione S-transferase (GST).
54

 Therefore, curcumin is a 

proper fluorescent cargo to serve as a CPDs cleavage indicator. For the in vitro study, 

curcumin can be excited at 360 nm and emitted fluorescent light at 430 nm. The total 
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curcumin loading efficiency was found to be 5.2% (curcumin/hFe3O4-MPS-CPD-

CONH2, w/w%).  

As shown in Figure 2-35, hFe3O4-MPS-CPD-CONH2 release nearly double 

amount of curcumin in the presence of 10 mM GSH compared with in GSH-free PBS. 

The curcumin leakage indicates that the decomposition of CPDs is consistent with 

previous FTIR result, which most of the CPDs composition could decompose after 

treated with 10 mM GSH for 30 min. 

 
Figure 2-35. Release profile for curcumin-loaded hFe3O4-MPS-CPD-CONH2 at 

predetermined time intervals over 24 h in pH 7.4 PBS buffer with or without 10 mM 

GSH. The release of curcumin was monitored by using UV-Vis spectroscopy at 430 

nm. 

 

2.2.14 Functionalization of terminator 

Iodoacetic acid, instead of non-functional iodoacetamide, was used to quench the 

poly(disulfide)s propagation for two reasons: (1) Carboxylic group allows subsequent 
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modification through amide or ester coupling reaction, which could provide a 

platform for introducing targeting vectors. (2) Fluorescence properties widen the 

scope of monitoring degradation, tracking of the CPDs-coated particles. Therefore, 

the use of fluorescent tag widens the scope of the detection of the nanocomposites for 

pharmacokinetics and cell imaging purpose. The carboxylic group was coupled with 

ethylenediamine (EDA) under high dilution reaction condition through the 

HATU/DMAP reaction. As a qualitative assessment of the amine groups at the CPDs 

terminal, an isothiocyanate-containing dye, rhodamine B isothiocyante (RBITC), is 

used to consume all the amine groups on the surface. The guanidine groups on the 

particle surface were not reactive towards isothiocyante due to the protonated 

ammonium. To the best of our knowledge, there is no report for the reaction between 

RBITC and guanidinium under room temperature. Therefore, fluorescence spectrum 

for iron oxide can verify if EDA was covalently attached to the –COOH group at the 

CPDs terminal. The successful conjugation of the O=C-EDA amide bond was 

confirmed by the fluorescent spectra of the hFe3O4-MPS-CPD-CO-EDA and hFe3O4-

MPS-CPD-CO-EDA-RBITC (Figure 2-37). Under 365 nm UV light, the hFe3O4-

CPD-CO-EDA does not emit yellow fluorescence as shown in Figure 2-36. 

 

Figure 2-36. The images for the hFe3O4-CPD-CO-EDA (100 μg/mL, left), hFe3O4-

CPD-CO-EDA-RITC (100μg/mL, right) illuminated under 360 nm UV light. 
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Figure 2-37. (a) The overlay of emission spectra for the hFe3O4-MPS-CPD-CO-EDA 

(100μg/mL, λex: 530 nm), hFe3O4-MPS-CPD-CO-EDA-RITC (100μg/mL, λex: 530 

nm) and RBITC (25μg/mL, λex: 530 nm) (b) UV-Vis spectrum for the hFe3O4-CPD-

CO-EDA-RITC (100μg/mL); 
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2.2.15 In vitro study for the CPDs-decorated iron oxide nanocomposites 

The cytotoxicity of the iron oxide nanocomposites in normal cell was evaluated using 

primary human renal proximal tubular epithelial cells (HRPTEpiCs). The enhanced 

cellular uptake can be observed by optical microscope, showing the rapid 

accumulation of the CPDs-decorated iron oxide nanoparticles. The cell viability of the 

HRPTEpiCs with different treatments at various concentrations was examined by 

CCK-8 at 2, 4, 8 and 24 h (Figure 38-41). 

 

Figure 2-38. Optical images of HRPTEpiC cells in the control and treatment groups 

at 2h. The Fe concentration of each iron oxide nanocomposites in the representative 

images was 5 µg/mL. Scale bar: 100 µm. Bottom: viability of the cells after 2h 

treatments of hFe3O4 (F), hFe3O4-MPS (FS), hFe3O4-MPS-CPD-CONH2 (FSC), and 

cisplatin-hFe3O4-MPS-CPD-CONH2 (FSCC) at various Fe (Pt) µg/mL. 
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As shown in Figure 2-38, there is no significant difference in cell viability 

among different treatments for the first 2 h. Meanwhile, dark color can be observed in 

the iron oxide nanocomposites treated cells from under optical microscope, which 

indicated the accumulation of the nanoparticles. This accumulation can be greatly 

increased along with the treated time. Although dark color in the cells can also be 

found in F and FS treated groups, it was less obvious than that in FSC and FSCC 

treated groups.  

 

Figure 2-39. Optical images of HRPTEpiC cells in the control and treatment groups 

at 4 h. The Fe concentration of each iron oxide nanocomposites in the representative 

images was 5 µg/mL. Scale bar: 100 µm. Bottom: viability of the cells after 4h 
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treatments of hFe3O4 (F), hFe3O4-MPS (FS), hFe3O4-MPS-CPD-CONH2 (FSC) and 

cisplatin-hFe3O4-MPS-CPD-CONH2 (FSCC) at various Fe (Pt) µg/mL. 

 

 Referring to the cell viability, it began to decrease from 4 h in FSCC treated 

group with Fe concentration of 20 µg/mL, while 2.63 µg/mL of cisplatin of did not 

show any toxicity. After 8 h of treatments, the CPDs-decorated nanoparticles 

distributed evenly in the cells, while the cell viability of the hFe3O4-MPS-CPD-

CONH2 with high iron concentration (20 µg/mL) treated cells was lower than that of 

cisplatin-treated cells (Figure 2-40).  

 
Figure 2-40. Optical images of HRPTEpiC cells in the control and treatment groups 

at 8 h. The Fe concentration of each iron oxide nanocomposites in the representative 

images was 5 µg/mL. Scale bar: 100 µm. Bottom: viability of the cells after 8h 
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treatments of hFe3O4 (F), hFe3O4-MPS (FS), hFe3O4-MPS-CPD-CONH2 (FSC) and 

cisplatin-hFe3O4-MPS-CPD-CONH2 (FSCC) at various Fe (Pt) µg/mL. 

 

At 24 h, F, FS and FSC together with cisplatin treatment did not cause any 

significant cytotoxicity to the cells (Figure 2-41). Interestingly, FSCC showed a 

certain extent of toxicity with increasing Fe and Pt concentration along with the 

treated time. It may suggest that the hFe3O4-MPS-CPD-CONH2 nanoparticle, as a 

cisplatin carrier, could enhance the drug efficiency by increasing cellular uptake of 

the nanoparticles in HRPTEpiCs together with the boosted cytotoxicity. Based on 

these data, FSCC treatments with the concentration less than 20 µg/mL and duration 

no more than 24 h could maintain around 70% of the cell viability of the HRPTEpiCs.  
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Figure 2-41. Optical images of HRPTEpiC cells in the control and treatment groups 

at 24 h. The Fe concentration of each iron oxide nanocomposites in the representative 

images was 5 µg/mL. Scale bar: 100 µm. Bottom: viability of the cells after 24h 

treatments of hFe3O4 (F), hFe3O4-MPS (FS), hFe3O4-MPS-CPD-CONH2 (FSC) and 

cisplatin-hFe3O4-MPS-CPD-CONH2 (FSCC) at various Fe (Pt) µg/mL. 

 

2.3 Conclusion  

Cell-penetrating poly(disulfide)s (CPD) decorated hollow iron oxide nanoparticles 

were synthesized by immobilizing both cysteine and MPTMS as an initiator, followed 

by in situ polymerization to form hFe3O4-Cys-CPD-CONH2 and hFe3O4-MPS-CPD-

CONH2, respectively. The morphologies were characterized by TEM/EDX, and the 
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compositions of the as-prepared iron oxide nanocomposites were characterized by 

TGA, FTIR, XPS and ICP-MS.  

The CPDs coating not only serves as a protective layer to prevent the 

encapsulated cisplatin from premature release, but also demonstrates great potential to 

deplete the intracellular GSH for enhancing the therapeutic efficiency. The GSH 

responsive drug release was demonstrated using cisplatin-loaded hFe3O4-MPS-CPD-

CONH2. Comparing with other hFe3O4 nanoparticles, an enhancement of cellular 

uptake of hFe3O4-MPS-CPD-CONH2 could observed by optical microscope, showing 

rapid accumulation of the hFe3O4-MPS-CPD-CONH2 nanocomposites in the primary 

human renal proximal tubular epithelial cells (HRPTEpiCs) cell in 2 h. The cisplatin-

hFe3O4-MPS-CPD-CONH2 exhibited a certain extent of toxicity with increasing Fe 

and Pt concentration along with the treated time, suggesting that the hFe3O4-MPS-

CPD-CONH2 nanoparticles could enhance the cisplatin efficiency by increasing 

cellular uptake of the nanoparticles in HRPTEpiCs together with the boosted 

cytotoxicity. The cisplatin-hFe3O4-MPS-CPD-CONH2 with Fe concentration less than 

20 µg/mL and duration no more than 24 h could maintain most of the cell viability of 

the HRPTEpiCs.  

The hFe3O4-MPS-CPD-CONH2 nanoparticle, as a cisplatin carrier, has 

enhanced the cellular uptake of the particles in HRPTEpiCs together with the boosted 

cytotoxicity. Therefore, the hypothesis of CPDs serving as an efficient intracellular 

drug carrier can be confirmed by both microscopic data and the cell viability test. 
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Chapter 3 - Flower-like nanocomposites as efficient 

catalyst 

3.1 Background 

3.1.1 Noble metal nanoparticles for catalysis 

Core-shell nanomaterials provide innumerable applications in diverse fields, including 

pharmacy, renewable energy, electronics, catalysis chemistry, environmental 

technology, etc.
57-61 

In the previous chapter, we have demonstrated the intracellular 

delivery of anticancer drug using core shell nanocomposites. However, the 

hFe3O4@AlOOH nanoparticles have raised two major concerns: (1) the large particle 

size is often unsuitable for drug delivery and (2) the exposure of AlOOH nanoflakes 

prone to have premature release. However, we can utilize these two properties to 

develop heterogeneous catalysis. The hierarchical architecture incorporates the 

functionality of inner core and outer shell at nano-scale.
60

 Based on this strategy, 

bimetallic hybrid magnetic nanomaterials, M/Fe3O4 (M: Ag, Au, Pd, Pt, and etc.) 

nanoparticles are developed for heterogeneous catalysis, bio-imaging, theranostics 

and etc.
62-65

 These nanoparticles are prepared to achieve the develop recyclable 

colloidal noble metal nanoparticles with different morphology, including satellite, 

star-shaped, rattle-type and etc. Therefore, these small nanoparticles can be recovered 

without chromatography or filtering, but by simply applying an external magnetic 

field. 

It can be found that Stöber process is frequently used modification method prior 

to embedding metals nanoparticle on the surface. The silicate precursors undergo 

polymerization, and the colloidal solution condensed to form an integrated network of 

silica.
61

 The peripheral hydroxyl groups on silica are feasible to graft with silicate-
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fused surfactant, such as amine, carboxylic acid and halogenated molecules. In 

addition, silica can serve as an insulating layer to increase thermal stability and 

protect the inner core from oxidation and corrosion under acidic condition. Etching of 

silica, however, is commonly associated with the presence of a strong base or fluoride 

precursor that cause undesired silica etching or be toxic to other components.
64,65

 

According to Li et al., the electrical conductivity of polymeric epoxide can influence 

the transferal charges on the surface support.
66

 Therefore, it is worth to revisit silica 

layer as a nanoparticle support influenced by its poor electric conductivity. 

3.1.2 Catalytic reduction of 4-nitrophenols 

The catalytic performance of Au//Fe3O4 can be evaluated by the model reaction, 

reduction of 4-nitrophenols, to quantify the catalytic efficiency in the presence of 

NaBH4. The catalytic reduction is initiated by the absorption of the hydride ions on 

AuNPs, followed by attachment of 4-nitrphenolates (Scheme 3-1). Therefore, the 

kinetically unfavored repulsion between two negatively charged species can be 

alleviated, forming the thermodynamically stable 4-aminophenolates. The conversion 

rate of the 4-nitrophenolates can be monitored at 400 nm using UV-Vis spectroscopy. 
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Scheme 3-1. Reduction mechanism of the 4-nitrophenol on AuNP. 

3.2 Results and discussion 

3.2.1 Preparation of Au/Fe3O4 hybrid catalyst 

The design of nanocomposites with high active precious metal nanoparticles is 

important to elicit its catalytic activity in a short window. Urchin-like nanocomposites 

are studied for their water purification as heavy metal absorber or photo-degradation 

using metal oxide, showing active surface for the removal of toxins.
66-69

 

Herein, the structural and chemical influence of modular nanoflower for their 

catalytic efficiency are investigated using heterogeneous catalysis Although a wide 

range of surfactants or capping agents were grafted on gold nanoparticles surface, 

only citrate capped AuNPs with particle size smaller than 5 nm show relatively high 

turnover frequency. It also allows the exchange of substrates and reagents between the 

organic layer.
70

 Moreover, the highly negative charged carbonyl citrate can easily 

adhere on the positively charge amine-functionalized support.
71,72 

Even though 

unsupported AuNPs show relatively high colloidal stability and surfactant variety,
72,73

 

flower-like nanocomposite can offer facile extraction efficiency through magnetic, 

centrifugation or micro-filtering using commercially available filters.
76

 The 

Fe3O4@AlOOH nanocomposites are further functionalized by (3-aminopropyl) 

triethoxysilane (APTES) under vigorous stirring in ethanol. Next, amino groups were 

protonated by acetic acid to introduce positive charge on the nanoflakes. The citrate 

capped gold nanoparticles are pre-synthesized by reacting metal precursor with 

sodium citrate and reduced by sodium borohydride under room temperature for 30 

min. Thus, the gold nanoparticles are electrostatically attached to the positively 

charged surface of AlOOH nanoflakes in ethanoic solution. In addition, Au/ Fe3O4 

derivatives with different morphologies and supports are also investigated (Scheme 3-

2). 
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Scheme 3-2 Illustration of as-synthesized Fe3O4-AuNPs nanocomposites. 
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3.2.2 Morphology 

The TEM images of the core shell hFe3O4@SiO2-NH2@Au and 

hFe3O4@SiO2@NH2@Au nanocomposites (Figure 3-1) were synthesized to compare 

the catalytic efficiency between flower-like and spherical supports. The AuNPs were 

entangled with the positively charged amines the particle surface through electrostatic 

attraction. As shown in Figure 3-2, evenly deposited black dots can observed, 

indicating the successful entanglement of electro-rich AuNPs on hFe3O4@γ-

AlOOH@SiO2-NH2@Au. Moreover, hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Au and 

solid core sFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Au nanoparticles were also 

prepared for elucidating the influence of silica residue. A model system, catalytic 

reduction of 4-nitrophenol by sodium borohydride, was employed to evaluate the 

catalytic efficiency of AuNPs on the periphery of the nanocomposites. 
67-71,77

 

 

Figure 3-1. TEM images of core shell a(i,ii) hFe3O4@SiO2-NH2@Au and b(i,ii) 

hFe3O4@SiO2@SiO2-NH2@Au. Scale bar: green = 200 nm, red = 50 nm. 
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Figure 3-2. TEM images of (a, b, c) hFe3O4@γ-AlOOH@SiO2-NH2@Au, (d, e, f) 

hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Au and (g, f, i) sFe3O4@SiO2@γ-

AlOOH@SiO2-NH2@Au with observable silica residue. Scale bar: blue = 500 nm, 

green = 200 nm and red = 50 nm. 

 

3.2.3 Catalytic study 

Reduction of 4-nitrophenol by sodium borohydride was used as control system to 

study the catalytic conversion of 4-nitrophenol in water. It was initiated by 

deprotonation of phenolic proton of 4-nitrophenol to afford 4-nitrophenolate. 

Subsequent hydride transformation from borohydride to 4-nitrophenolate, however, is 

kinetically unfavorable as cationic BH4
-
 species repel negatively charged 4-

nitropheonlate. Therefore, citrate-capped AuNPs serve as an electron reservoir to 
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attract active hydride and nitrophenolate, allowing them to overcome the energy 

barrier and convert the intermediate. 

A representative overlay of UV-Vis spectra was shown in Figure 3-3a. It clearly 

shows the rapid decrease of 4-nitrophenolate absorption upon the addition of 

hFe3O4@γ-AlOOH@SiO2-NH2@Au, where amine-functionalized nanoflower 

hFe3O4@γ-AlOOH@SiO2-NH2 has no significant effect on 4-nitrophenol reduction. 

The loss of isosbestic point at 320 nm implies there is an equilibrium between 4-

aminophenol and 4-aminophenolate. It suggests coexistence of the conjugated acid-

base pair due to the difference in pKa value. The pKa value of the phenolic proton of 

4-aminophenol is 10.30 while 4-nitrophenol is 7.15. Therefore, the 4-nitrphenol 

would always be deprotonated while the former one only presented in a more basic 

environment. Thus, the total 4-nitrophenol concentration does not linearly reflected by 

the absorption peak at 300 nm, but at 400 nm. It is confined by re-protonated 4-

aminophenolate with no bubbles formation, which is evidenced by isosbestic point at 

250 nm.  

  

Figure 3-3. (a) Real time monitoring of UV-Vis absorption spectrum of hFe3O4@γ-

AlOOH@SiO2-NH2@Au at 2s intervals. Optical density of 4-nitrophenol and 4-

aminophenol at 300 nm and 400 nm: (b) absence of particles, (c) presence of 



64 
 

nanoflower (d) nanoflower with amino groups only and (e) absence of aminophenol. 

To provide a clear resolution of the reaction kinetics, the absorption of 4-

nitrophenolate at 400 nm is monitored by UV-spectroscopy instead of full spectra of 

the whole reaction. The conversion of 4-nitrophenol by hFe3O4@SiO2-NH2@Au 

follows pseudo first order reaction (Figure 3-4 a), where borohydride was in excess 

to the reactant 4-nitrophenol. The rate constant of the hFe3O4@SiO2-NH2@Au 

catalyzed reduction was determined by plot of ln (CA/CO) 0.01363 s
-1

 (Figure 3-4 e) 

with the approximate actual rate constant (defined as apparent rate constant divided 

by the concentration of BH4
-
, which is considered as unchanged) of 0.05861 M

-1
s

-1
. 

 
Figure 3-4. Catalytic reduction spectra and plot of ln (CA/CO) against time, 

respectively, for (a, b) hFe3O4@SiO2-NH2@Au and (c, d) hFe3O4@SiO2@NH2@Au 

plotted with mean and error bars with three individual batches. (e) Plot of ln (CA/CO) 
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against time with fitting curve for the hFe3O4@SiO2-NH2@Au. 

The catalytic reaction of hFe3O4@SiO2@SiO2-NH2@Au generally follows the 

pseudo first order reaction, but a deviation presents when reaction time is smaller than 

42s. An induction time was observed from hFe3O4@SiO2@NH2@Au catalyzed 

reduction that was found to be 18 s. The induction time was also observed when 

hFe3O4@γ-AlOOH@SiO2-NH2@Au was used (Figure 3-5 a-b), similarly, with a 

time of 24 s. However, the reduction time is significantly shorter when compared with 

core shell hFe3O4@SiO2@ SiO2-NH2@Au composites which is below 120 s for 

hollow flower-like composites. The catalytic efficiency of magnetically recycled 

hFe3O4@γ-AlOOH@SiO2-NH2@Au as shown in Figure 3-6, showing no significant 

decrease in conversion yield. 

To further investigate the relation between reaction order and loading of gold 

nanoparticle based on above observation, hFe3O4@γ-AlOOH@SiO2-NH2@Au with 

doubled and tripled amount of AuNPs loading, annotated as hFe3O4@γ-

AlOOH@SiO2-NH2@Au2X and hFe3O4@γ-AlOOH@SiO2-NH2@Au3X, 

respectively. The reduction of 4-nitrophenol using nanoflower with higher AuNPs 

loading (Figure 3-5 d, f) was significantly deviated from pseudo first order reaction. 

This phenomenon may attribute to the densely AuNPs-deposited AlOOH, which 

serves as electrolyte support for gold nanoparticles to disperse the rapid accumulation 

of negative charges on the particle surface. On the other hand, non-conducting silica 

coating on hFe3O4@SiO2@NH2@Au shows significant decline after a short period of 

time and requires much longer reaction time for complete conversion of 4-nitrophenol. 

The concentration of Au was measured by ICP-MS. It was 2.3% gold loading (Au/Fe, 

w/w %) efficiency for hFe3O4@γ-AlOOH@SiO2-NH2@Au, and hence the turn over 

frequency is 7.57 mol
-1

min
-1

. The catalytic efficiency of hFe3O4@γ-AlOOH@SiO2-

NH2@Au2X (Figure 3-5 c-d) is similar to hFe3O4@γ-AlOOH@SiO2-NH2@Au3X 
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(Figure 3-5 e-f) when the loading of AuNPs precursor was tripled, which implies the 

saturation of AuNPs loading capacity is below three equivalents.  

 
Figure 3-5. Kinetic spectra and plot of ln (CA/CO) of absorption at 400 nm using hollow 

core hFe3O4@γ-AlOOH@SiO2-NH2@Au for 4-nitrophenol reduction where x 

equivalence of AuNPs (a, b) 1 eq (c, d) 2 eq and (e, f) 3 eq were used for AuNPs 

coating on nanoflakes. 

 
Figure 3-6. Conversion yield of 4-nitrophenol using magnetically recycled hFe3O4 

@γ-AlOOH@SiO2-NH2@Au, the catalysis was repeated for five cycles with catalytic 

reaction time of 120 s. 
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3.2.4 Nonlinearity of the reduction 

Catalytic reduction system of 4-nitrophenol reduction using NaBH4 commonly 

follows the pseudo-first-order reaction. The reduction using nanoflower composites, 

however, exhibit non-integer reaction order especially for the nanoflower prepared 

with higher loading of Au content.
66,79-90

 Therefore, determining the reaction order 

using curve fitting is needed. To deal with nonlinearity of the reaction, we use a 

software named CurveExpert to quantitatively fit our data into the equation: 

 

Where n is the reaction order, 

kapp is the apparent reaction rate constant 

CA is the concentration of 4-nitrophenolate at time t and CA0 is the initial 

concentration. 

 

After fitting the curve, Table 3-1 can be tabulated to provide an overview of the 

catalytic activity. For hollow core hFe3O4@γ-AlOOH@SiO2-NH2@Au2X and 

hFe3O4@γ-AlOOH@SiO2-NH2@Au3X, kapp was obtained from nonlinear curve 

fitting where kapp of other nanocomposites were calculated from the linear plot of ln 

(CA/CO) as shown in Figure 3-4 and Figure 3-5, respectively. Nonlinearity may 

merely originate from coverage of the AuNPs on particle support instead of 

conductivity of the reaction, which was interpreted by Li et al.
80

 Our result suggests 

that AlOOH also boost the reduction of 4-nitrophenol without using polymer coating. 

Our system shares common feature with the PGMA/Au nanocomposite, which is the 

high loading efficiency. The efficient catalytic activity may due to the densely 

AuNPs-functionalized periphery of the nanoparticles. 
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Table 3-1 Overview of the catalytic study. *kapp was calculated excluding induction 

time. 

Catalyst TON 
 Au 

(nmol) 

Reduction 

time (s) 

TOF 

(molmol
-1  

min
-1) 

Au/

Al 

kapp
* 

(s-1) 
R

2
 

hFe3O4@γ-

AlOOH@SiO2-

NH2@Au 

12.86 9.72 102 7.57 0.388 0.0321 0.9969 

sFe3O4@SiO2@γ-

AlOOH@SiO2-

NH2@Au 

13.81 9.05 150 5.68 0.503 0.0125 0.9961 

hFe3O4@SiO2@γ-

AlOOH@SiO2-

NH2@Au 

12.78 9.78 288 2.67 0.314 0.0104 0.9936 

hFe3O4@SiO2@S

iO2-NH2@Au 
16.71 7.48 300 3.34 / 0.0108 0.9938 

hFe3O4@SiO2-

NH2@Au 
8.10 15.44 287 1.69 / 0.0136 0.9929 

 

Table 3-2. Comparison of the catalytic study. *kapp was calculated excluding 

induction time. 

Catalyst kapp  
Apparent 

Order 
w/w % 

hFe3O4@γ-AlOOH@SiO2-

NH2@Au 
0.0321 Pseudo 1

st
  2.0 % 

hFe3O4@γ-AlOOH@SiO2-

NH2@Au2X 
6011 2.213 4.5 % 

hFe3O4@γ-AlOOH@SiO2-

NH2@Au3X 
2529 1.609 5.6 % 

 

As shown in Table 3-3, among various supported metal nanocatalysts, our 

hFe3O4@γ-AlOOH@SiO2-NH2@Au exhibits the highest turnover frequency up to 7.3 

min
-1

. For reported AuNPs, the colloidal AuNP demonstrates a relatively high 

apparent rate constant and turnover frequency. Unlike rattle-type Au/Fe3O4 hybrids, 

the catalytic efficiency was enhanced by accessibility and the ease of surface-

reconstruction of AuNPs.
74-79

 In 2017, Li et al. proposed a long-range plasmoelectric 

influence of AuNPs with different thickness of silica.
82

 Our study, however, suggests 

that silica may not be an appropriate isolator since the silica layer delays the catalytic 

efficiency even the AuNPs were decorated on the periphery of the nanocomposites. A 

naked AuNPs with the  kapp of 0.651 min
-1

, have only one-third conversion rate in 
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comparison with our hFe3O4@γ-AlOOH@SiO2-NH2@Au.  

The reason accounts for excellent efficiency may due to the densely AuNPs-

decorated AlOOH surface serving as a solid electrolyte. The mechanism is proposed 

in Figure 3-7. At first, the 4-nitrophenolate was absorbed on the positively charged 

AlOOH flakes through electrostatic attraction. The AuNPs serve as electron reservoir, 

accepting electron from the borohydride. The electrons are then transfer to the 

AlOOH nanoflakes, dispensing the electrons to the absorbed 4-nitrophenolate. The 

mechanism is supported by the observation reported by other researcher, showing that 

the apparent rate constant is closely related to the rate of absorption of borohydride 

and nitrophenolate.
73

 

Apart from high TOF, another advantage the facile recycling method of the 

AuNPs without filtration process. It is worth emphasizing the difficulty of separating 

AuNPs from the mixture. For the efficient catalytic supports listed on Table 3-3, they 

lack practical separation method. On the other hand, other iron oxide allows rapid 

isolation of the catalyst in 1 min. The catalyst can also be filtered through a 

commercial membrane filter without observable residue of the particles as shown in 

Figure 3-8. In addition, the hFe3O4@γ-AlOOH@SiO2-NH2@Au was magnetically 

extracted without residual AuNPs in the solution, indicating the AuNPs were 

successfully recycled. 
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Figure 3-7. Proposed mechanism for the rapid degradation of 4-nitrophenolate and 

influence of silica. 

 

Figure 3-8. Appearance for the solution after reaction. Left: before filtered by 0.45 

um membrane filter (red arrow) and after filtration (blue arrow). Right: Image of 

magnetically recycled hFe3O4@γ-AlOOH@SiO2-NH2@Au. 
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Table 3-3. Summary of supported AuNPs and their catalytic efficiency. 

Support Metal Method Shape** Size(nm) 

Catalyst 

Loading 

(mol %)* 

TOF 

( min
-1

) 
kapp(min

-1
) Ref 

AuNPs/Dendrimer Au laser Spherical 13-26 N.R. N.R. 0.66 79 

AuNPs/Polyelectrolyte Au, Pt 
Photo-emulsion/ 

polymerization 
Spherical 1.5-2.3 N.R. N.R. 0.0096-0.480 80 

AuNPs/Azobenzene/ 

peptides 
Au 

Reduction/ 

Coupling 
Spherical 2.4-2.7 11.0 0.033 0.534-0.726 81 

AuNPs@SiO2 Au Reduction/Sol-gel Spherical 100 N.R. N.R. 0.0336-0.651 82 

AgNPs/SNTs Ag Reduction 
Spherical on Si 

Nanosheet 
1.6-4 2.8 3.52 0.0185 83 

α-Fe2O3nanocluster/ 

graphene oxide 
Fe2O3 Reduction 

Spherical on GO 

Nanosheet 
1.8 N.R. 0.89 0.025 84 

AuNPs/PMGA Au 

Polymerization/ 

Electrostatic 

interaction 

Spherical 500 N.R. 3.50 Nonlinear 66 

Au Clusters Au Micro-emulsion Spherical cluster 2-3,50 1 4.98 0.108-0.140 85 

AuNPs/Carbon Au Reduction 
Spherical on 

carbon 
4.1-49.2 5.6 <0.71 1.08 86 

Au/PdNPs Au/Pd Reduction Star-like 40-60 58.6 N.R. 0.23-1.78 87 

Au/PdNPs Au/Pd Reduction Polyhedron 70 17.1 0.65 0.22-0.31 88 

AuNPs/g-C3N4 Au Reduction 
Spherical on 2D 

g-C3N4 
2.6 11.0 1.93 0.356-0.479 89 

AuNPs/g-C3N4 Au Photo Reduction 
Spherical on 2D 

g-C3N4 
5-15 51.3 0.020 0.11-0.90 90 

Flower-like composites Au 
Electrostatic 

interaction 
Flower-like ~600 7.2 7.3 

0.624-1.926 

Nonlinearity 
This work 

Note: N.R.: Not reported or insufficient data. *Catalyst loading is defined by the active metal to 4-nitrophenol mole percentage. **The shape for 

the active metal catalysts. 
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3.2.4 Thermal stability 

A gradual decrease over the heating process may attributed to residual solvent or 

organic moiety inside the nanoflower. A major decrease with the weight percentage 

loss of 4% was observed at 424 °C corresponding to decomposition of sodium citrate 

and APTES. The morphology is shown in Figure 3-10, suggesting that heating of the 

particles leads to fusion of the AuNPs and the formation of larger AuNPs. 

 
Figure 3-9. Thermal gravimetric analysis spectrum of Fe3O4@SiO2@γ-

AlOOH@SiO2-NH2@Au. 

 

 
Figure 3-10. Electron microscope spectra of hFe3O4 @γ-AlOOH@SiO2-NH2@Au 

after TGA: (a) SEM image of analysis and (b, c) TEM image of hFe3O4@SiO2@γ-

AlOOH@SiO2-NH2@Au. Scale bar: black = 100 nm, white = 500 nm. 
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The AuNPs were fused to form larger nanoparticle (Figure 3-10 c) after heating 

up to 800 °C during TGA analysis. The absence of sodium citrate leads to the fusion 

of small gold nanoparticles as the naked gold nanoparticle may fuse with adjacent 

nanoparticle to lower its surface energy. Interestingly, hFe3O4@SiO2@γ-

AlOOH@SiO2-NH2@Au exhibits similar catalytic activity after exposing to the same 

severe conditions. As shown in Figure 3-11, only some difference can be noticed, 

which may present as a result of systematic error. The reduction using hFe3O4@γ-

AlOOH@SiO2-NH2@Au after heating closely follows the pseudo first order reaction 

with the apparent rate constant of 0.03467 s
-1

. Herein, we propose the coverage of 

gold nanoparticle, which the primary size of the gold particle on the surface would 

affect the reaction order. When the loading of gold nanoparticle is high, catalytic 

reaction deviated from pseudo first order, while low coverage of gold nanoparticle 

may follow the pseudo first order reaction that is reported by the literature.
70,71

 

 
Figure 3-11. (a) Overlay of plot of concentration versus time and before and after 

heating by TGA and (b) plot of ln (CA/CO) hFe3O4@γ-AlOOH@SiO2-NH2@Au after 

TGA. 
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3.2.5 Modular functionality endowed by post modification 

To examine the versatility of modifying other metal nanoparticles on hFe3O4@γ-

AlOOH@SiO2-NH2@Au, PtNPs and Au/PtNPs were synthesized and deposited on 

the nanoflake via electrostatic attachment using the same strategy. The hFe3O4@γ-

AlOOH@SiO2-NH2@Au/Pt is a potential catalyst for converting multiple 

functionalities, such as saturation of α, β-unsaturated carboxyl group, reduction of 

nitroarene, oxidation of morine, hydrogenation etc. The successful preparation of 

AlOOH@SiO2-NH2@Pt and AlOOH@SiO2-NH2@Au/Pt, as a proof a concept, 

allows the post immobilization of small metal nanoparticles to satisfy different 

catalytic substrates. 

 

Figure 3-12. TEM images of hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Pt. 
 

 
Figure 3-13. EDX spectrum of the hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Pt. 
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Figure 3-14. TEM images of hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Au/Pt. 

 
Figure 3-15. EDX spectrum of the hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Au/Pt. 
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3.3 Conclusion 

A series of hierarchical core-shell flower-like nanocomposites was prepared to 

investigate the catalytic activity using the 4-nitrophenol reduction as a model system. 

A rapid conversion of 4-nitrohpenol was observed, which the usage of flower-like 

composites shows complete conversion within 2 min. The TOF of flower-like 

hFe3O4@γ-AlOOH@SiO2-NH2@Au nanocomposite exhibits superior conversion rate 

up to 7.57 molmol
-1

min
-1

 (4-nitrophenol per Au per min) in comparison to numerous 

of studies. Our result suggests that silica residue hinders the reduction rate of the 4-

nitrophenol. A significant deviation from pseudo first order was observed for 

hFe3O4@γ-AlOOH@SiO2-NH2@Au2X with the Au loading of 4.5%. A nonlinearity 

was observed using hFe3O4@γ-AlOOH@SiO2-NH2@Au2X, which differs from most 

4-nitrophenol reduction reported in literature. It was found that the reaction order is 

related to the loading of Au contents on the nanoflakes. 

The as-prepared flower-like support also shows high thermal stability, 

maintaining the flower-like structure after heating up to 800 °C with insignificant 

decrease in catalytic efficiency. The recyclability was evaluated by repeating 5 

catalytic cycles, which shows insignificant impact on the catalytic efficiency. The 

modular functionality of the nanoflower was also proven by the preparation of PtNPs 

immobilized nanoflower through electrostatic attraction. 
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Chapter 4 - Experimental 

General: Polyacrylamide (PAM) with a molecular weight of 5–6 MDa was purchased 

from International Laboratory. Iron (III) chloride hexahydrate (FeCl3·6H2O) was 

purchased from Acros. Trisodium citrate dehydrate, aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O), tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane 

(APTES), polyacrylic acid (PAA, Mw: 1.8 kDa), (3-Mercaptopropyl) trimethoxysilane 

(MPTMS) and urea were purchased from Sigma Aldrich. All chemicals were 

analytical grade and used without further purification. DI water (18.2 M Ω.cm) was 

obtained from Milli-Q ICW3000 water system and degassed with nitrogen before use. 

All particles were sonicated with Elma Elmasonic TI-H sonicator throughout the 

study under 45 kHz frequency at 70 % power. 

Characterization: The morphology and elemental compositions of the 

nanocomposites were determined via Tecnai G2 20 S-TWIN Transmission Electron 

Microscope (TEM) with Energy Dispersive X-ray Spectrometer (EDX). X-ray 

Photoemission Spectrometry (XPS) was conducted by SKL-12 spectrometer modified 

with VG CLAM 4 multichannel hemispherical analyzer. Infrared spectroscopy (FT-IR) 

was conducted using Perkin Elmer Paragon 1000 PC (Waltham, Massachusetts, USA). 

Drug loading and release profiles were performed in Thermo Finemixer SH2000-DX 

FINEPCR Daigger Dry Bath Incubator Thermoshaker at 20-25 °C and 37 °C, 

respectively. The sizes and zeta potentials were measured by dynamic light scattering 

(DLS) (Nanotrac Wave, Microtrac, San Diego, CA, USA). 100 µg/mL samples were 

prepared with PBS buffer (10 mM, pH 7.4) and homogenized for 15 min. All batches 

were repeated for three times. 

Induced Coupled Plasma Mass Spectrometric System (ICP-MS) (Agilent 

7700x) was used to determine the 
195

Pt and 
56

Fe content in no gas mode. All 
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glasswares were pretreated with 1% HNO3 for 18 h before use. In a typical sample 

digestion procedure, 2-4 mg of pre-weighed cisplatin-particle composites were 

consumed by 1 mL of Aqua Regia in a Teflon-line autoclave at 120 °C for 6 h. The 

homogeneous residue was transferred to a 10 mL volumetric flask and diluted to mark 

with an acid matrix (1% HCl and 1% HNO3 in DI water). Ultimately, the stock 

solution was again diluted 1000-2000 times to the standard ion concentrations (below 

200 ppb) to analyze the release profile. To evaluate the platinum release profile, 1.3-

1.5 mg of cisplatin particles were incubated in 1 mL of pH 7.4 PBS buffer or sodium 

chloride solution ([Cl
-
] = 140 mM or 4 mM) at 37 °C in a 96-hour timeframe. The 

supernatant was extracted and diluted with fresh testing agents in a microtube every 

30 min for the first 3 hours and 60 min for the remaining time period. The as-diluted 

solutions were assimilated in concentrated HNO3 at 65 °C for 2 h and then diluted to 

sub-ppm level for measurement. Decomposition rates were analyzed by Thermal 

Gravimetric Analyzer (PE TGA-6) at 50 °C during the first 10 min and increase to 

550 °C at the rate of 10 °C/min under nitrogen flow at 20 mL/min. 

Synthesis of hFe3O4: Monodisperse hFe3O4 was prepared in accordance to the 

reported hydrothermal method with minor modifications.
12,13

 In brief, 0.562 g of 

Polyacrylamide was dissolved in 25 mL of water under vigorous stirring for 1 h to 

obtain a transparent solution. Next, 1.01 g of ferric chloride hexahydrate, 2.20 g of 

trisodium citrate trihydrate and 0.675 g of urea were added subsequently to the as-

prepared solution. The reaction was stirred at 25 °C for 5 min before transferring to a 

100 mL Teflon-lined autoclave and heated at 200 °C for 12 h. After cooling to room 

temperature, the hollow iron oxide was acquired by magnetic separation and washed 

with water and ethanol for three times. Finally, 310 mg of black hFe3O4 powder was 

obtained after drying in an oven at 60 °C for 8 h. 



79 
 

Synthesis of hFe3O4@SiO2: 150 mg of hFe3O4 were dispersed in a premixed 150 mL 

of ethanol, 15 mL of water and 5 mL of ammonia solution. Subsequently, 15 mL of 2% 

TEOS in ethanol was added dropwise to the suspension and the mixing was then 

continued for 1 h. The residue was separated by a magnet and washed with water and 

ethanol for three times. At last, 177 mg of brown hFe3O4@SiO2 were obtained after 

drying in oven at 60 °C for 8 h. 

Synthesis of hFe3O4@γ-AlOOH: Cisplatin was dissolved in water or other organic 

solvents according to the amount listed in Table 2-1. Next, 10-20 mg of hFe3O4 were 

added to 1 mL of cisplatin solution in a microtube and sonicated for 10 min. The 

solution was then oscillated in a shaker at 300 rpm and 25 °C for 24-72 h. After 

shaking, hFe3O4@γ-AlOOH was collected by magnetic separation and washed with 

acetone and ethanol to remove unreacted cisplatin on the particle surface. Dark 

cisplatin-hFe3O4 powder was dried over high vacuum for 18 h. 

Synthesis of hFe3O4@γ-AlOOH with/without silica coating: hFe3O4@SiO2-7nm 

was dispersed in 20 mL of water followed by the addition of 186 mg of aluminum 

nitrate nonahydrate and sonicated for 30 min. After sonication, 10 mL of urea were 

added to the suspension and sonicated for another 30 min. The suspension was 

transferred to a 50 mL Teflon-lined autoclave and heated at 190 °C for 36 h. After 

cooling to room temperature, hFe3O4@γ-AlOOH was collected by magnetic 

separation and washed with water and ethanol for three times. The resulted black solid 

was collected after drying in oven at 60 °C for 8 h. 

Investigation of solubilities of cisplatin and its derivatives: The platinum stock 

solutions in Table 1-1 were prepared and applied to investigate the loading profiles 

for 14 entries listed in Table 2-1 according to the following concentrations: 163.9 mg 

in 10 mL of DMF, 30.0 mg in 1.5 mL of DMSO, 9.0 mg in 9 mL of H2O and 28.4 mg 
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in 12 mL of acetone. In a typical procedure, excess amount of pre-weighed cisplatin 

was mixed the solvent to obtain a saturated suspension. Then, 1 mL of the solvent was 

added gradually until the cisplatin suspension becomes unsaturated with the assistance 

of sonication and shaking. Finally, the remaining stock solutions were stored at 4 °C. 

Synthesis of hFe3O4-NH2: 50 mg of hFe3O4 were dispersed in 20 mL of ethanol and 

sonicated for 15 min. Next, 0.4 mL of APTES was added to the suspension and stirred 

at room temperature for 24 h. The particle was collected by magnetic separation and 

washed with 20 mL of ethanol for three times. After drying under high vacuum for 18 

h, iron oxide powder was obtained. 

Synthesis of hFe3O4-Cys: L-cysteine hydrochloride (158 mg, 1 mmol) was first 

dissolved in 5 mL of anhydrous DMSO with sonication for 5 min. EDC hydrochloride 

(192 mg, 1.0 mmol) was then added to the solution followed by addition of N-

hydroxylsuccinimide (127 mg, 1.1 mmol). Next, hFe3O4-NH2 (100 mg, dispersed in 5 

mL of DMSO) was added and sonicated for another 30 min at 20 °C. The reaction 

was continued for 18 h under vigorous shaking at room temperature at 300 rpm. The 

extraction of hFe3O4-Cys was assisted by a magnet and washed three times with water 

and ethanol. The resulted hFe3O4-Cys was then dried over high vacuum for 18 h. At 

last, 110 mg of deep brown hFe3O4-Cys solid was obtained and stored at refrigerator. 

Synthesis of hFe3O4-MPS: To a round bottom flask containing of 100 mL (3-

mercaptopropyl) trimethoxysilane (10 mM in Toluene), 300 mg of hFe3O4 was added 

and sonicated for 15 min. The solution was refluxed under vigorous stirring for 18 h 

with constant nitrogen supply. After cooling to room temperature, the brownish 

hFe3O4-MPS particle was collected by a magnet and washed with toluene, ethanol and 

acetone for three times. The residue was then dried over high vacuum for 18 h to 

obtain 272 mg of deep brown hFe3O4-MPS solid and stored at 4 °C. 
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Preparation of thioctic monomer: The monomer was prepared according to the 

literature.
9
 Thioctic acid (7.84g, 38 mmol) was first dissolved in 250 mL of DCM 

followed by addition of carbonyldiimidazole (CDI, 8.12g, 50 mmol). The solution 

was stirred for 10 min until observable bubbles was formed. The solution was added 

dropwise to a round bottom flask containing ethylenediamine (20 mL, 300 mmol, in 

70 mL DCM) under vigorous stirring at 0 °C for 40 min and room temperature for 

another 40 min. The resulted solution was washed with brine to remove the salt 

byproducts for three times. The organic layer was collected and condensed to the 

volume of about 100 mL using a rotary evaporator. To the above solution, a minimum 

amount of 1H-pyrazole-1-carboxamidine hydrochloride (4.39 g, 30 mmol) was added 

to the solution in order to ensure a complete reaction with the intermediate. The 

solution was stirred for 6 h under room temperature. Next, the solution was condensed 

to allow the formation of sticky yellow solid. The yellow organic layer was washed 

with DCM and MeOH: Et2O (v/v, 1:9) to remove pyrazole byproducts. The yellow 

solid was collected by drying over high vacuum for 12 h. 
1
H NMR (400 MHz, 

methanol-d4) δ 3.65 – 3.51 (m, 1H), 3.37 – 3.29 (m, 4H), 3.21 – 3.05 (m, 2H), 2.46 (m, 

J = 12.0, 6.7, 5.3 Hz, 1H), 2.24 (t, J = 7.5 Hz, 2H), 1.89 (dq, J = 13.6, 6.9 Hz, 1H), 

1.77 – 1.56 (m, 4H), 1.55 – 1.36 (m, 2H). 
13

C NMR (101 MHz, methanol-d4) δ 176.96, 

158.86, 57.54, 42.08, 41.32, 39.35, 36.71, 35.71, 29.87, 26.54. HRMS (MALDI-TOF): 

C11H23N4OS2
+
 [M+H]

+
: calcd 291.1306; found 291.1283. 

In situ polymerization of hFe3O4-CPD: To a suspension of hFe3O4-Cys or hFe3O4-

MPS (50 mg in 2 mL DMF), tris(2-carboxyethyl)phosphine hydrochloride (4.5 mg in 

0.5 mL H2O) was added and sonicated for 30 min. Triethanolamine buffer (2 mL, 0.1 

M at pH 9) was then added followed by addition of thioctic monomer (2 mL, 2 M in 

MeOH) to the suspension. After 30 min of reaction under sonication, the reaction was 
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terminated by iodoacetamide (90 mg in 1 mL H2O). The hFe3O4-CPD was extracted 

by a magnet and washed with 20 mL of DMF, H2O and MeOH for three times. The 

brown hFe3O4-(Cys/MPS)-CPD solid was collected after drying over high vacuum for 

18 h. 

General Procedure for drug loading study: hFe3O4-(Cys/MPS)-CPD (unless 

specified, the particle concentration was maintained at 10 mg/mL) was dispersed in 

the solvent containing pre-weighed amount of platinum drug. The suspension was 

allowed to shake at 300 rpm for 18 h. The resulted particle was collected by a magnet 

and then washed by acetone:ethanol (3:2, v/v) for three times and dried over high 

vacuum for 18 h. 5 mg of the platinum drug loaded iron oxide was digested by aqua 

regia in autoclave for 6 h at 120 °C. The concentration of the resulted solution was 

diluted with an acid matrix (2% nitric acid and 2 % hydrochloric acid in DI water) to 

ppb level and analyzed by ICP-MS. 
56

Fe and 
195

Pt were selected as the analytes of 

interest during ICP-MS analysis to determine the iron platinum content present in the 

sample solution. 

General Procedure for drug release profiling: cisplatin-loaded hFe3O4-(Cys/MPS)-

CPD (1 mg/mL in PBS buffer with or without addition of 10 mM GSH) was first be 

dispersed in under sonication for 1 min. At predetermined time intervals, an aliquot 

was collected and filtered through a 0.2 μm syringe membrane filter, then digested in 

69% nitric acid at 60 °C for 1 h. The digested aliquots were diluted with acid matrix 

(2% nitric acid and 2 % hydrochloric acid in D.D.I. water) for ICP-MS analysis. 
195

Pt 

was selected as the monitoring analyte during ICP-MS analysis to determine the 

platinum content present in the aliquot. 

Loading of curcumin: To a curcumin solution (10 mg/mL in ethanol), 10 mg of 

hFe3O4-MPS-CPD-CONH2 was added under sonication for 15 min. The solution was 
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allowed to stir for 18 h in a dark environment with continuous nitrogen supply. The 

as-prepared particle was collected by magnetic separation using a magnet. After 

washing with water:ethanol (1:1) solution for three times and one time with pure 

ethanol, the particle was dried over high vacuum. The curcumin-loaded hFe3O4-MPS-

CPD-CONH2 was suspended in DMSO under sonication for 1 h to extract all the 

curcumin from the iron oxide. The curcumin content was determined by its absorption 

peak at 430 nm. 

Release of curcumin: The curcumin-loaded particle was first suspended in PBS 

(0.1M, pH 7.4, particle concentration: 1mg/ mL) at 37 °C of predetermined time. The 

aqueous aliquots were extracted by DCM and dried under reduced pressure. The 

residue was re-dissolved in DMSO and diluted to the appropriate concentration in a 3 

mL cuvette. The concentration of the curcumin was determined by the optical density 

at 430 nm using UV-Visible spectroscopy. 

Synthesis of sFe3O4: sFe3O4 was prepared according to the literature with minor 

modification. First, 0.541 g of ferric chloride hexahydrate, 50 mg of polyacrylic acid 

and 1.50 g of sodium acetate were added to a 20 mL of EG/DEG solution (v/v = 4/16). 

The yellow solution was then transferred into a 25 mL autoclave and heated at 200 °C 

for 12 h. After cooling, brown solid was collected by magnetic separation and washed 

with water and ethanol for three times. At last, sFe3O4 was collected after drying in an 

oven at 60 °C for 8 h. 

Silica coating on Fe3O4: Typically, 30 mg of Fe3O4 were dispersed in the mixture of 

ethanol, water and ammonia (v/v/v = 30/3/1). Subsequently, 5 mL of x% TEOS/EtOH 

in ethanol was added dropwise to the suspension. The reaction was then extracted 

every 60 min for 3 h to record the well-defined thickness of silica coating for 

Fe3O4@SiO2. *For the addition of x% TEOS: when x = 1.0, thickness = 3.6, 7.0 and 
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10.5 nm; when x = 1.5, thickness = 5.6, 11.0 and 15.9 nm; when x = 2.0, thickness = 

8.0, 15.7 and 20.2 nm for 1, 2 and 3 h, respectively. 

Synthesis of Fe3O4@SiO2@γ-AlOOH: Fe3O4@SiO2 with fixed silica coating (5 and 

20 nm) was dispersed in 20 mL of water followed by addition of 186 mg of aluminum 

nitrate nonahydrate. After 30 min of sonication, 10 mL of 2.25 M urea was added to 

the suspension and sonicated for another half an hour. Next, the suspension was 

transferred into a 50 mL autoclave and heated at 190 °C for 36 h. After cooling to 

room temperature, the Fe3O4@SiO2@γ-AlOOH nanoparticles were collected by 

magnetic separation and washed with water and ethanol for three times. The resulted 

brown solid was dried in an oven at 60 °C for 8 h. 

Synthesis of hFe3O4@SiO2@γ-AlOOH@SiO2-NH2@Au: In general, 0.4 mL of 

APTES was added to a well-dispersed 10 mg of hFe3O4 composites in 20 mL of 

ethanol solution and sonicated for 30 min. Next, the reaction was stirred at room 

temperature for 18 h and the resulted nanoparticles were collected by magnetic 

separation. After washing with ethanol for three times, the as-prepared APTES-

functionalized nanoparticle was dispersed in 1 mL ethanol and sonicated for 30 mins. 

After acidified with 0.1 mL of acetic acid, the reaction mixture was sonicated for 

another hour. 

Citrate-capped gold (or platinum) nanoparticle with 4.6 ± 0.2 nm in diameter 

was prepared by adding sodium borohydride (0.6 mL, 0.1 M, 0 °C) to the mixture of 

gold (III) chloride trihydrate (0.25 mM) and trisodium citrate dehydrate (0.25 mM) 

aqueous solution (20 mL). Acidified nanoflower solution was added to the freshly 

prepared gold nanoparticle solution and then sonicated for 30 min. The iron-oxide-

AuNPs (or Pt) nanocomposites were collected by magnetic separation and 

subsequently washed with water and ethanol for three times. The resulted particles 



85 
 

were dried over high vacuum for 12 h. 

General procedure for catalytic reduction of 4-nitrophenol: To a 1.25 mL of 4-

nitrophenol (0.1 mM) aqueous solution in a 3 mL cuvette, 0.5 mL of sodium 

borohydride (0.1 M) was added to obtain yellow solution 4-nitrophenolate. 

Subsequently, 0.4 mL of the AuNPs-Fe3O4 (0.1 mg/mL, in H2O) was quickly injected 

to the solution. The absorption peak of 4-nitrophenolate at 400 nm was real-time 

monitored by HP 8453 UV-VIS spectrophotometer with Temperature Controller 

89090A at 2s intervals. The temperature for the catalytic reaction was fixed at 293 K 

by temperature controller unless specified.  

Cell culture and cytotoxicity assay: Human primary renal proximal tubular 

epithelial cells (HRPTEpiCs) and their culture media (Epithelial cell medium, EpiCM) 

were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). The 

cells were cultured in EpiCM with 100 units/mL of penicillin and 100 mg/mL of 

streptomycin at 37 °C with 5% CO2 in a humidified incubator. 

HRPTEpiCs at passage 5 were seeded in poly-L-lysine solution (15 g/mL) 

overnight-coated 96-well plate at a density of 6400 cells/well and then incubated for 

two days until reaching 80% confluence.  Then, the cells were treated with various 

iron oxide nanocomposites containing same iron amount at each concentration (1, 5, 

10, 20 g/mL), including hFe3O4 (F), hFe3O4-MPS (FS), hFe3O4-MPS-CPD-CONH2 

(FSC), and cisplatin-hFe3O4-MPS-CPD-CONH2 (FSCC). The viability of the cells 

was then compared with the ones treated with free cisplatin that was equal to the drug 

concentration of FSCC using Cell Counting Kit-8 (CCK-8, Sigma-Aldrich, St Louis, 

USA). In brief, after the treatment for 2, 4, 8, and 24 h, the supernatant containing 

iron oxide nanocomposites or cisplatin was removed, and the cells were gently 

washed with fresh media. CCK-8 reaction solution (100 μL of media and 10 μL of 
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CCK-8 reagent per well) was freshly prepared and added to the plate, and then 

incubated with the cells for 2 h. The absorbance of the media was read at 450 nm 

using a microplate reader (SpectraMax M2; Molecular Devices LLC, Sunnyvale, CA, 

USA). Each treatment was repeated in triplicate.  
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