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Abstract
The main translational barrier of neuroprotective drugs such as retinoic acid (RA) is the lack of targeted delivery to the 
specified brain region and the short half-life. Superparamagnetic iron-oxide (SPIO) coated with solid gold (SPIO@Au) 
and hollow gold (SPIO@HG) nanoparticles (NPs) have shown promise as brain-specific nanocarriers for sustainable and 
controlled delivery of neuroprotective drugs. However, their effectiveness has been restricted by their limited loading 
capacity. Surface functionalization with porous coordinate cages (PCCs) as a premium drug encapsulating component through 
SH-PEG-Py ligands has the potential to address this issue. Still, the traditional direct exchange (DE) method often results in 
insufficient functionalized ligands. This paper presents the anion exchange resin (AER)-based surface modification approach 
that can improve the number of functionalized ligands, regulate NP surface charges, and improve the colloidal stability by 
facilitating the ligand exchange reactions. This, in turn, has largely enhanced the drug encapsulation capacities of SPIO@Au 
NPs functionalized with PCCs. The hydrodynamic diameter and ζ-potential have validated the effectiveness of AER-based 
functionalization of PCCs on both SPIO@Au and SPIO@HG NPs. The colloidal stability of SPIO@Au-PCC NPs exhibits 
a more positive surface charge (38 mV) than the DE method (−17 mV). The loading capacity of RA with SPIO@Au-PCC 
has increased by 2.5 times compared with the traditional DE method (32.29 vs. 13.51 μg/mg). The 24-h release of RA has 
increased to 88% from 55% through a periodic 10-min stimulation using a 100-mW LASER pointer (525 nm). This enables 
potential light-modulated drug release on demand. Cell viability experiments confirm excellent biocompatibility with > 92.5% 
cell viability of 40 μg/ml SPIO@Au and SPIO@HG NPs in PC-12 neuron-like cells for up to 5 days of incubation. The 
strong colloidal stability, high drug loading capacity, and controlled drug release profile suggest the potential of AER-assisted 
surface modification of magneto-plasmonic nanocarriers for controlled drug delivery of neuroprotective drugs.

Keywords Magneto-plasmonic nanocarriers · Anion exchange resin-based surface functionalization · Controlled drug 
delivery · Light-controlled release

1 Introduction

Neurodegenerative diseases (NDs), particularly Parkinson’s 
and Alzheimer’s, are predicted to affect nearly 7.4 million 
people in the USA by 2030 [1]. Various therapeutic agents 

are developed, but their efficacy has been largely limited 
due to poor brain accumulation [2]. An example is retinoic 
acid (RA), an essential molecule in the maintenance of gene 
expression and acts as a promoter of neuronal cell survival, 
growth [3], and differentiation [4]. Because of these intrinsic 
properties, RA has been identified as a potential therapeutic 
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agent in treating NDs. However, its therapeutic efficacy 
has been limited by low brain accumulation due to its off-
targeting [5], low blood–brain barrier (BBB) crossing effi-
ciency [6], poor aqueous solubility, and short half-life [7]. 
Thus, there is a need to develop a strategy for brain-specific 
delivery and controlled release of therapeutic agents using 
smart nanocarriers, such as magneto-plasmonic nanoparti-
cles (MPNPs).

MPNPs can promote BBB crossing efficiency [8], extend 
the blood circulation time [6], and control the release of 
drugs through external stimulation like light [9, 10], 
magnetic field (MF) [11, 12], and focused ultrasound [13, 
14]. Light has attracted significant interest in this exogenous 
stimulus as it is non-invasive and spatiotemporally 
controllable [15]. One of the promising light-induced 
drug release mechanisms is through the generation of 
the plasmonic heat, which utilizes the localized surface 
plasmonic resonance (SPR) of MPNPs such as silver 
(Ag) and gold (Au) nanoparticles (NPs) [16, 17]. We have 
recently proved that superparamagnetic iron oxide (SPIO) 
NPs coated with solid gold (SPIO@Au) have improved 
neuronal differentiation, maturation, and growth in PC-12 
cells [18, 19]. They also have exhibited a high biostability 
[20, 21], strong biocompatibility [22, 23], inherent magnetic 
properties [19], and modifiable surface architectures [24]. 
In addition, SPIO NPs coated with the hollow gold (SPIO@
HG) [25] can trap multiple SPIO cores and shift the SPR 
peak to the near-infrared (NIR) region, which can strengthen 
magnetic momentum and deepen penetration capability 
[26]. Our recent results in adult mice have demonstrated 
the brain-targeting ability of intraperitoneal and intravenous 
injected SPIO@Au [27] and SPIO@HG NPs [28] guided 
by a MF. We demonstrated that the MF can promote brain 
accumulation of these MPNPs for up to 1.54 times at 2 h 
after injection. Our physiologically based pharmacokinetic 
model can predict such results theoretically and numerically. 
These features make SPIO@Au and SPIO@HG NPs 
attractive candidates for brain-specific drug delivery.

To further improve their loading capacity, we 
functionalized SPIO@Au NPs with porous coordination 
cages (PCCs) [29]. PCCs have chemical and electrical 
properties that can be tuned by modifying coordination 
sites and surface architectures [30] [31]. This benefit 
allows PCCs with net-negative or net-positive charges and 
hydrophobic inner cavities to encapsulate hydrophobic 
molecules such as RA. It also allows controlled and 
sustained release of RA using low-power light emitting 
diodes (LEDs) [29]. The synthesized SPIO@Au-Py-PCC 
NPs still need an improvement on their stability and loading 
capacity due to insufficient functionalized PCCs onto NPs.

In this regard, we present a single-step method for the 
ligand exchange at the surface of Au and HG coating using 
an anionic exchange resin (AER). AER has been reported to 

facilitate a ligand exchange reaction of anionic or neutral Au 
NPs with cationic ligands [32]. In their work, a  Cl− type AER 
releases  Cl− in exchange for citrate from an anionic Au NP, 
allowing a cationic thiol to take its place on the NP's surface. 
This is a promising solution for improving the stability of NPs 
in general. This simplified procedure for NP cationization also 
enhances the scale-up production of surface-modified NPs 
and prevents aggregation. However, there is still no attempt 
to use this method to modify cationic Au or HG coating to 
enhance drug loading capacity. Inspired by the great potential 
of using the AER-assisted method to functionalize Au and HG 
coating with cations, we hypothesized that a higher portion of 
SPIO@Au surface would be functionalized with SH-PEG-Py 
and PCC, thus resulting in higher stability and more load-
ing sites for drug molecules (Fig. 1). To test our hypothesis, 
we have synthesized and innovatively improved the stability 
and loading sites by modifying the functionalization process 
of SPIO@Au NPs with SH-PEG-Py ligands using AER as 
assistants for surface-exchange reactions, denoted as SPIO@
Au-Py-PCC. PCC itself cannot be directly functionalized to 
SPIO@Au surface. Therefore, we used SH-PEG-Py NPs as a 
connecting bridge between SPIO@Au NPs and PCC. Being 
decorated with more SH-PEG-Py ligands, more cationic PCC 
cages could be anchored onto SPIO@Au NPs via the encap-
sulation of Py ligand as a guest molecule into the inner cavi-
ties of PCC. The strong hydrophobic inner cavities of PCC 
enhance the encapsulation of guest molecules through hydro-
phobic interactions, which was reported in our previous work 
[33]. The functionalization with PCC could improve the sta-
bility of MPNPs with higher surface charge and thus increase 
the loading rate of RA. In vitro drug release experiments were 
carried out through a 10-min periodic stimulation using a 
100 mW LASER pointer (525 nm) as an irradiation source to 
demonstrate the on-demand release of RA under light stimula-
tion. The release rate of RA was tested to be ~ 88% after only 
24 h with the periodically applied LASER. Cytotoxicity study 
has proved that SPIO@Au-Py-PCC NPs have minimal toxic-
ity when introduced to PC-12 cells. To expand the scope of 
this method, the AER-assisted method was also applied to the 
newly reported SPIO@ hollow gold nanoshell (SPIO@HG) 
NPs [25] and thus demonstrated its versatility. The stability 
and surface charge of as-synthesized MPNPs could be pushed 
even higher with functionalization by MUTAB (11-mercapto 
undecyl-N, N, N-trimethylammonium bromide), a cationic 
surfactant.

2  Experimental

2.1  Materials

The chemicals below were obtained from corresponding 
manufacturers and used as received. SPIO NPs (EMG 



Advanced Composites and Hybrid Materials (2023) 6:226 

1 3

Page 3 of 13 226

304, Ferrotec, Santa Clara, CA), trisodium citrate 
 (Na3C6H5O7, 99%, Alfa Aesar, Haverhill, MA), chloroauric 
acid  (HAuCl4, > 99.0%, Sigma-Aldrich, St. Louis, MO), 
Amberlite IRA-410 chloride form anion exchange resin 
(Sigma-Aldrich, St. Louis, MO), ammonium acetate 
(Sigma-Aldrich, St. Louis, MO), and SH-PEG-Py (PG2-
PNTH-2 K, Nanocs, New York, NY). Cationic PCCs were 
prepared with reported methods (supporting information 
(SI)).

2.2  Cell culture

PC-12 cells (ATCC, Manassas, VA) were cultured in RPMI-
1640 Media with ATCC modification (Life Technologies, 
Carlsbad, CA) containing dilutions of 10% HI Horse Serum 
(Gibco, Thermo Fisher Scientific), 5% HI FBS (Gibco, 
Thermo Fisher Scientific, Waltham, MA), and 1% Penicillin 
Streptomycin (Gibco, Thermo Fisher Scientific, Waltham, 
MA). Materials included collagen from the human placenta, 
Bornstein and Traub Type IV, BioReagent (Sigma-Aldrich, 
St. Louis, MO), staining with SYTO-59 (Invitrogen, Thermo 
Fisher Scientific, Waltham, MA), staining with SYTOX 
Green (Invitrogen, Thermo Fisher Scientific, Waltham, 
MA), washing with 1 × Hyclone PBS (Cytiva, Marlborough, 

MA), and dissociation with TrypLE (Gibco, Thermo Fisher 
Scientific, Waltham, MA).

2.3  Synthesis of SPIO@Au and SPIO@HG NPs

Synthesis of SPIO@Au NPs was based on a previously 
reported method [34]. In brief, commercial SPIO NPs were 
used as cores, and the gold coating was achieved on SPIO 
NPs with hydroxylamine as the reductant. SPIO NPs in 
aqueous suspension were mixed with sodium citrate and 
diluted using deionized (DI) water under mechanical stirring. 
Hydroxylamine and  HAuCl4 were then added sequentially 
to form the Au coating. After the color changed from brown 
to pink-red in 10 min, the resulting products were washed 
three times with DI water and then directly used for next-
step experiments without further treatments. Synthesis of 
SPIO@HG NPs was based on a previously reported method 
[25]. In brief, commercial SPIO NPs were used as cores, and 
the silver coating was synthesized on SPIO NPs first and 
then replaced by  HAuCl4 to form a hollow gold coating. In 
the end, SPIO@HG NPs were separated by centrifuging and 
rinsed with sodium citrate solution four times to remove the 
uncoated SPIO. The SPIO@HG NPs were then redispersed 
in sodium citrate solution (1.2 mmol) and used for next-step 
experiments without further treatment.

Fig. 1  Schematic illustration 
of using the AER method 
to improve PCCs decorated 
SPIO@Au and SPIO-HG NPs
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2.4  Functionalization of SPIO@Au or SPIO@HG NPs 
with SH-PEG-Py and PCC via direct exchange 
(DE) method

SPIO@Au NPs (or SPIO@HG) were functionalized firstly 
with SH-PEG-Py by suspending 1000 μg of corresponding 
NPs in 1 mL of DI water with 1500 μg of SH-PEG-Py and 
shaking on a shaker at room temperature for 24 h. Then, 
the SH-PEG-Py functionalized SPIO@Au (or SPIO@HG) 
NPs (SPIO@Au-Py or SPIO@HG-Py, respectively) were 
centrifuged and washed three times with DI water. After 
that, SPIO@Au-Py (or SPIO@HG-Py) NPs were suspended 
in 1 mL of DI water and mixed with 450 μg of cationic PCC 
at room temperature for 24 h, followed by centrifuging and 
washing process three times with DI water.

2.5  Functionalization of SPIO@Au NPs or SPIO@
HG NPs with SH-PEG-Py and PCC-3 
via AER-assisted method

SPIO@Au NPs (or SPIO@HG) were functionalized firstly 
with SH-PEG-Py by suspending 1000 μg of SPIO@Au NPs 
(or SPIO@HG) and 1.667 g of AER in 1 mL of DI water 
with 1500 μg of SH-PEG-Py under ultra-sonication for 
better mixing and shaking on a shaker at room temperature 
for 2 h. The solution was taken out first to remove the AER 
beads. Then, the SH-PEG-Py functionalized SPIO@Au 
NPs (or SPIO@HG) (named as SPIO@Au-Py or SPIO@
HG-Py) were centrifuged and washed three times with DI 
water. After that, SPIO@Au-Py NPs were suspended in 
1 mL of DI water and mixed with 450 μg of PCC at room 
temperature for 24 h, followed by centrifuging and washing 
process three times with DI water. The as-synthesized 
MPNPs were denoted as SPIO@Au-Py-PCC (or SPIO@
HG-Py-PCC) NPs.

2.6  Functionalization of SPIO@HG-Py-PCC NPs 
with MUTAB via AER-assisted method

The as-synthesized SPIO@ HG-Py-PCC NPs were 
functionalized by MUTAB (11-mercapto undecyl-N, N, N- 
trimethylammonium bromide) by firstly suspending 1000 μg 
of SPIO@HG-Py-PCC NPs and 1.667 g of AER in 1 mL of 
DI water with 1500 μg of MUTAB under ultra-sonication for 
better mixing and shaking on a shaker at room temperature 
for 2 h. The solution was taken out to remove the AER bead. 
Then, the MUTAB functionalized SPIO@HG-Py-PCC NPs 
were centrifuged and washed three times with DI water.

2.7  Characterizations

TEM analysis was performed on a Tecnai G2 F20 ST 
FE-TEM (FEI) at an operating voltage of 200 kV. Briefly, 
20 μL of each sample was dropped onto a 400-mesh copper 
grid (Electron Microscopy Sciences, Hatfield, PA) and left 
dry in the air. The light absorbance spectra of SPIO@Au and 
SPIO@HG were measured on a Hitachi U-4100 UV–Vis-
NIR spectrophotometer. In addition, the ζ-potential and the 
hydrodynamic diameter of SPIO@Au NPs with different 
functionalizations were measured with a Malvern Zetasizer 
Nano ZS (Malvern Instruments Inc.) equipment.

2.8  Elemental analysis

The SPIO@Au NPs before and after functionalization with 
PCCs were digested in aqua regia. In detail, the NPs were 
dissolved by a mixture of concentrated hydrochloric acid 
(0.3 mL, ~ 30%) and concentrated nitric acid (1.1 mL, ~ 65%). 
The samples were diluted with 2% nitric acid and finally tested 
on the PerkinElmer NexION 300D ICP-MS (PerkinElmer, Inc.).

2.9  Photothermal conversion evaluation

The same setup for the in vitro drug release was used to 
evaluate the photothermal conversion effect to reflect the real 
temperature change under in vitro experimental conditions. 
A GX3 high-power green LASER pointer was used as a light 
source (operation power: 100 mW). Slide-A-Lyzer™ MINI 
dialysis device kit (10 K MWCO, 0.1 mL) was used as the 
container. 1.2 mL of DI water and a mini stir bar were placed 
in the microcentrifuge tube, and a specific volume of SPIO@
Au-Py-PCC NPs with particular concentration was placed 
in the dialysis tube. A thermocouple (Omega, Stamford, 
CT, K-type, 0.076 mm wire diameter, and 0.33 mm bead 
diameter) was used to measure the temperature variation with 
time upon the LASER irradiation. A National Instruments 
NI9219 control system recorded the temperature variation 
curve with time. The stirring speed was set to 300 rpm. The 
LASER irradiation was started when the temperature had 
established equilibrium with room temperature. The LASER 
was turned off when the raised temperature stabilized.

2.10  Measurement of the drug loading efficiency

0.25 mg of SPIO@Au-Py-PCC NPs were mixed with 
4 μg of retinoic acid in 1.25 mL of DI water–methanol 
mixed solvent (v:v = 1:1). The tube was shaken under 
dark for 24 h. After the NPs were centrifuged and sepa-
rated from the solvent, RA-loaded SPIO@Au-Py-PCC 
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NPs were obtained. The RA concentration before and 
after the loading process  was measured using high-
performance liquid chromatography (HPLC) described 
below. The payload was calculated based on the follow-
ing equation:

2.11  Determination of the in vitro drug release profile

The drug release profile of RA-loaded SPIO@Au-Py-PCC 
NPs was measured in DI water. The NPs were dispersed 
in 200 μL of DI water and then introduced into a micro 
dialysis tube (10 K MWCO). The dialysis tube was then 
placed into a microcentrifuge tube containing 1.2 mL of DI 
water and a mini stir-bar. The stirring was set to 300 rpm 
during the release process to ensure an even temperature 
distribution in the liquids. The LASER light of 100 mW 
intensity was applied to the dialysis tube for 10 min between 
two consecutive time points. For time intervals longer than 
6 h, the LASER was applied for three times in total. At each 
time point, all the released media were exchanged with 
fresh DI water. HPLC measured the clear solution with RA 
released within each time interval. The control group has no 
external light applied.

2.12  Analysis of RA using HPLC

RA was measured by HPLC (2030C, Shimadzu) equipped 
with a reversed-phase C18 column in the low-pressure 
gradient mode. A mixture of methanol and 10  mM 
ammonium acetate (75:25, v:v) was used as the mobile 
phase at a 1.0 mL·min−1 flow rate. The column effluent 
was monitored using a UV detector set at 350 nm. RA stock 
solutions were prepared in methanol and then stocked in 
freezer under dark. Calibration curves were obtained from 
RA-methanol solutions over the range of 0.3 to 190 μg/mL. 
The curve was linear, and R2 was 0.996.

2.13  Cell viability evaluation by flow cytometry

PC-12 cells were seeded into a 48-well plate pre-coated 
with collagen type IV. The cells were then incubated at 5% 
 CO2 and 37 °C. After 24 h, the cells were incubated with 
media containing SPIO@Au-Py-PCC NPs at concentrations 
between 0 µg/mL and 40 µg/mL. After 1, 3, and 5 days, the 
media were aspirated, and the cells were stained with 200 
µL of 5 µM SYTOX Green and SYTO-59 (1:1000 dilution 
from stock solution, Invitrogen) for 10 min. Cells were 
then observed and imaged using an EVOS™ microscope at 
10 × magnification. The staining solution was removed, and 

(1)Payload =

Mass of RA loaded onto NPs

Mass of NPs

the cells were washed with PBS, treated with Tryp-LE for 
10 min and then resuspended in media for flow cytometry 
measurement using a BD Accuri™ C6 flow cytometer 
equipped with a FL1 (553 nm) and FL4 detector. Viability 
data was acquired at a flow rate of 35 µL·min−1 with a 
minimum of 10,000 events detected.

3  Results

3.1  Characterization of functionalized NPs

In this nanocarrier system, SPIO cores confer magnetic target-
ing abilities to this nanocarrier. Au NPs enable light-triggered 
drug delivery under plasmonic heat. SH-PEG-Py molecules 
act as a connecting bridge between Au@SPIO NPs and PCC. 
PCC is the main drug encapsulating component, while it does 
not have the light stimulable ability and magnetic property, 
therefore requiring the combination with SPIO and Au. In this 
work, the synthesis of SPIO@Au NPs was carried out using 
the reported methods [34]. The functionalization of SPIO@
Au NPs was performed using an AER-assisted method, with 
SH-PEG-Py ligands being used as surface decorators. TEM 
images (Fig. 2a, c, and d) of SPIO@Au-Py-PCC NPs showed 
the SPIO@Au-Py-PCC NPs (D: 19.5 ± 3.6 nm) with a quasi-
spherical shape and a narrow size distribution. No aggregation 
was observed from TEM images. The lattice spacing of Au 
(0.247 nm) was confirmed. TEM images (Fig. 2b and e) of 
SPIO@HG NPs (D: 52.0 ± 10.5 nm) showed a clear hollow 
gold shell structure. In addition, our previous work [25] have 
demonstrated the hollow core–shell structure through high-
resolution TEM, which confirmed the existence of both the 
SPIO and the wrapping HG using elemental mapping. We 
have also illustrated the uniform formation using high-reso-
lution scanning electron microscopy (SEM) [25]. The light 
absorbance measurements (Fig. 2f) confirmed the SPR peak 
of SPIO@Au and SPIO@HG NPs at 532 nm and 812 nm.

To quantify the effect that the AER-assisted method 
brought, the ζ-potential and hydrodynamic diameters of NPs 
were tested. Effects of different usage of surface decorators 
were studied. Defining the NPs functionalized with a calcu-
lated stoichiometric dose of SH-PEG-Py prescribed as SPIO@
Au-Py-1, NPs decorated with 50% more (SPIO@Au-Py-1.5) 
and double doses (SPIO@Au-Py-2) were also prepared. As 
shown in Table 1(a), a significant change of surface charge 
was observed due to the functionalization with SH-PEG-Py: It 
jumped from −39.9 mV to 34.8 mV and 36.0 mV for SPIO@
Au-Py-1 and SPIO@Au-Py-1.5, respectively, indicating the 
high-efficiency replacement of surface citrates by SH-PEG-
Py ligands. Compared to the hydrodynamic size (39.8 nm) of 
citrated SPIO@Au NPs, size of SPIO@Au-Py NPs was also 
expanded to 148.4 nm and 120.7 nm for SPIO@Au-Py-1 and 
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SPIO@Au-Py-1.5, respectively, due to the expanding volume 
from the SH-PEG-Py ligands. However, the excessive amount 
of SH-PEG-Py was not favored as it caused a decrease in 

ζ-potential and an increased hydrodynamic size in the SPIO@
Au-Py-2 sample.

Fig. 2  a TEM images of 
SPIO@Au-Py-PCC NPs. 
b TEM images of SPIO@
HG NPs. c Lattices of Au on 
SPIO@Au-Py-PCC NPs. d Size 
distribution of SPIO@Au-Py-
PCC NPs. e Size distribution of 
SPIO@HG NPs. f Light absorb-
ance spectra of SPIO@Au and 
SPIO@HG NPs

Table 1  ζ-Potentials and hydrodynamic diameters of SPIO@Au NPs with different functionalizations with AER

(a) Different dosage of SH-PEG-Py ligands

NPs SPIO@Au SPIO@Au-Py-1 SPIO@Au-Py-1.5 SPIO@Au-Py-2
ζ-potential (mV) − 39.9 ± 0.1 34.8 ± 0.8 36.0 ± 1.3 30.3 ± 0.6
Hydrodynamic diameter (nm) 39.8 ± 3.5 148.4 ± 1.5 120.7 ± 1.7 257.0 ± 5.4
(b) Different dosage of PCC cages

NPs SPIO@Au-Py-1.5 SPIO@Au-
Py-1.5-PCC-1

SPIO@Au-
Py-1.5-PCC-1.5

SPIO@Au-
Py-1.5-PCC-2

ζ-potential (mV) 36.0 ± 1.3 29.1 ± 2.0 38.9 ± 0.7 40.0 ± 1.1
Hydrodynamic diameter (nm) 120.7 ± 1.7 148.6 ± 1.4 123.1 ± 1.6 118.6 ± 0.7
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Different dosages of PCC cages also had an impact on the 
outcomes (Table 1(b)). The highest surface charge (40.0 mV) 
and smallest hydrodynamic diameter (118.6  nm) were 
achieved on SPIO@Au-Py-1.5-PCC-2, indicating the highest 
stability. Notably, the results for SPIO@Au-Py-1.5-PCC-1.5 
were also very close. Regarding the conservation and effec-
tive utilization of PCC cages, the condition of SPIO@Au-Py-
1.5-PCC-1.5 was picked as the standard preparation procedure 
for drug carriers. To confirm the coating of PCC does not 
affect the optical property of SPIO@Au NPs, light absorb-
ance spectra of SPIO@Au NPs before and after the conjuga-
tion with Py and PCC were measured and shown in Fig. 3. A 
slight shift in UV–Vis absorbance peak was observed after the 
conjugation with SH-PEG-Py ligands, indicating the effec-
tive binding between ligands and SPIO@Au NPs. No obvious 
difference was observed between SPIO@Au-Py and SPIO@
Au-Py-PCC, indicating the PCC conjugation did not affect the 
optical property of NPs.

To demonstrate the effectiveness and versatility of the 
AER-assisted method, both the SPIO@Au and the newly 
reported SPIO@HG NPs were functionalized with the SH-
PEG-Py and cationic PCC cages in tandem with DE and 
AER-assisted surface exchange methods (Table 2). Preferred 

dosage was used for both NPs. As observed, the surface 
exchange proceeded by the DE method which has low 
exchange efficiency: The surface charge of both SPIO@Au 
and SPIO@HG NPs cannot cross the threshold of 0 mV, and 
the colloidal stability dropped as hydrodynamic diameter 
significantly increased. As a comparison, the AER method 
successfully “pushed” NPs to achieve higher surface charge 
and thus resulted in better aqueous stability. High surface 
charges (38.9  mV for SPIO@Au, 22.0  mV for SPIO@
HG NPs, respectively) and small hydrodynamic diameters 
(123.1 nm for SPIO@Au, 199.9 nm for SPIO@HG NPs, 
respectively) were both observed in NPs treated by AER 
method. We observed a difference between TEM-measured 
size and hydrodynamic diameter. This is possibly due to the 
polydispersity and shape irregularity, as intrinsic properties 
of large-size MNPs with 20 nm diameter and above [35]. 
Another reason is the magnetic dipole–dipole interactions 
between NPs which may cause their agglomeration even 
without a magnetic field [36].

To better understand the components of functional-
ized SPIO@Au and SPIO@HG NPs, element analysis 
was performed (Table 3). In this nanocarrier system, the 
concentration of Au reflects the concentration of Au shell 
(solid gold or hollow gold) as the plasmonic component, 
and the concentration of Fe reflects the concentration of 
SPIO core  (Fe3O4) as the magnetic component. Pd con-
centration reflects PCC cages’ concentration as the main 
drug carrier component (Pd as an element of PCC’s build-
ing units). The mass ratio between Au and Fe remained 
the same (Au: Fe = 3:1 for SPIO@Au, 4:1 in SPIO@HG) 
before and after the surface functionalization. The high mass 
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Fig. 3  UV–Vis spectra of SPIO@Au NPs before and after surface 
modification

Table 2  Comparison of colloidal stability of SPIO@Au and SPIO@HG NPs with different surface functionalization methods

Functionalization Original With Py (DE) With Py (AER) With Py (DE)-PCC With Py (AER)-PCC

(a) SPIO@Au NPs
ζ-potential (mV) −39.9 ± 0.1 −35.4 ± 0.7 36.0 ± 1.3 −16.9 ± 4.6 38.9 ± 0.7
Hydrodynamic diameter (nm) 39.8 ± 3.5 184.6 ± 9.4 120.7 ± 1.7 281.7 ± 23.1 123.1 ± 1.6
(b) SPIO@HG NPs
ζ-potential (mV) −44.5 ± 1.4 −24.8 ± 0.6 7.0 ± 1.0 −13.9 ± 1.0 22.0 ± 0.5
Hydrodynamic diameter (nm) 211.8 ± 14.3 180.9 ± 4.7 376.4 ± 24.5 1273.7 ± 39.4 199.9 ± 3.2

Table 3  Relative mass components of SPIO@Au (SPIO@HG) and 
SPIO@Au-Py-PCC (SPIO@HG-Py-PCC) NPs. Results were obtained 
from ICP-MS analysis

NPs Method Fe/% Au/% Pd/%

SPIO@Au - 25.8 74.2 -
SPIO@Au-Py-PCC DE 24.7 75.0 0.3

AER-assisted 24.0 72.9 3.1
SPIO@HG - 19.2 80.8 -
SPIO@HG-Py-PCC AER-assisted 18.3 77.5 4.2
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ratio of Pd (3.1% for SPIO@Au-Py-PCC, 4.2% for SPIO@
HG-Py-PCC) proved the successful and efficient decora-
tion of PCC-3 cages onto MPNPs. Based on the molar ratio 
of 6:1 for Pd to PCC, we estimated the number of PCCs 
per SPIO@Au to be 310 per NP. Compared to the elemen-
tal analysis of NPs functionalized by the DE method, the 
improvement in the mass rate of PCC-3 was significant (310 
compared to 30), which met our needs for more functional-
ized drug-loading units.

To further improve the stability of SPIO@HG-Py-
PCC NPs, we used a second cationic surfactant MUTAB 
to increase the surface charge to a higher level. Due to the 
competition between SH-PEG-Py ligands and MUTAB 
ligands, the sequential effect was studied (Fig. 4). When 
various ligands, including SH-PEG-Py, PCC, and MUTAB, 
were sequentially functionalized onto SPIO@HG NPs, the 
order of functionalization had a distinct impact on the result-
ing surface characteristics, as assessed by ζ-potential and 
hydrodynamic diameter measurements. For example, the 
sequence starting with SH-PEG-Py, followed by PCC, and 
then MUTAB, yielded the highest colloidal stability with the 
highest surface charge of 30.3 mV and the smallest hydrody-
namic diameter of 160.8 nm. In an alternate approach where 
MUTAB was functionalized first, followed by SH-PEG-Py 
and PCC, the final product’s measured surface charge and 

hydrodynamic diameter were 24 mV and 186.8 nm, respec-
tively. In the final approach, combining SH-PEG-Py and 
PCC initially, followed by functionalization with SH-PEG-
Py-PCC onto SPIO@HG NPs, resulted in a final product 
with the lowest ζ-potential of − 6.0 mV and the largest 
hydrodynamic diameter of 1069 nm, indicating the reduced 
colloidal stability compared to the first two cases.

The critical problem we aim to solve is the improvement 
of the functionalization efficiency of SPIO@Au and SPIO@
HG NPs. Both NPs were initially synthesized with protection 
by anionic citrates to achieve a uniform size distribution. 
Since cationic PCC functionalization is required for drug 
loading, turning anionic SPIO@Au NPs to cationic smoothly 
is challenging. The DE method, which can be realized by 
simply mixing the citrate-stabilized NPs with cationic ligands, 
will have to raise the surface charge to neutral, which leads to 
severe and irreversible aggregation and should be avoided. The 
directly synthesized SPIO@Au-Py-PCC NPs cannot pass the 
threshold of 0 mV even with excessive SH-Py-PEG ligands and 
PCC cages being used. The estimated number of PCC cages 
decorated on each NP could have been higher and thus limits 
the loading capacity. Besides that, the near-neutral surface 
charge also harms the stability and bioavailability. Recently, 
Yonezawa et al. reported a rapid and efficient surface exchange 
of citrate-protect Au NPs with cationic thiol ligands under the 

Fig. 4  Sequential effect of functionalization by different ligands. Up: functionalize with MUTAB first and then SH-PEG-Py and PCC. Middle: 
functionalize with SH-PEG-Py and PCC first and then MUTAB. Down: Functionalize with already-complexed SH-PEG-Py-PCC molecules
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presence of AER in a water [32]. The AER absorbed the citrates 
that have been replaced from the surface of Au, pushing the 
exchange reaction forward to a complete end as removing 
products (citrates) from the reactants makes the replacement 
direction thermodynamically favored. The kinetics of this 
method were also reported to be very fast, as only 20 min were 
required to complete the surface exchange process.

In our work, with the help of AER, the efficiency of 
surface functionalization of SPIO@Au NPs was greatly 
improved. The highest surface charge achieved was 
39.97 ± 1.07 mV for SPIO@Au-Py-1.5-PCC-2, which was 
far higher than the surface potential of NPs functionalized 
through the DE method (− 16.9 ± 4.6 mV). The relatively 
small hydrodynamic size of as-functionalized NPs 
(118.60 ± 0.73 nm) also demonstrated good aqueous stability 
and potentially excellent bioavailability [37]. The elemental 
analysis results (10.2% of Pd’s mass rate) further indicated 
much higher (compared to the previous 0.3% mass rate of 
Pd) numbers of PCC functionalized to NPs, suggesting the 
success of complete surface decoration.

3.2  Photothermal conversion

The photothermal conversion effect is essential in a con-
trolled drug release from carriers. To examine the photo-
thermal response of SPIO@Au-Py-PCC NPs for a better 
understanding of their behavior in situ, the measurement 
was performed in the same apparatus for the in vitro release 
study (Fig. 5a). The incident wavelength of LASER was set 
to 525 nm to match the SPR peak of SPIO@Au. The power 
of incident LASER was set to be 100 mW.

The temperature profile of SPIO@Au NPs with different 
concentrations from 100 to 1000 μg·mL−1 was measured 
first (Fig. 5b). As shown in the results, the LASER caused 
a higher temperature to rise around 10.6 °C after 10.5 min 
when the concentration of NPs was 200 μg/mL, compared 
to the case of NPs at 100 μg/mL. However, NPs of higher 

concentrations (500 μg/mL, 1000 μg/mL) achieved lower 
temperature rise (4.7 °C, and 5.3 °C, respectively). This 
lower temperature rise is possible because, at higher 
concentrations, the NPs quench most of the LASER light 
at the beginning of the light path through the NPs’ solution. 
Thus, the LASER cannot reach all the NPs efficiently. These 
results suggest that even though a higher concentration of 
NPs may carry more drugs, it will drastically reduce the 
depth the LASER can penetrate and cause a much weaker 
overall heating effect.

In the next step, the optimal concentration of 200 μg/mL  
was used to measure the temperature profile of SPIO@
Au NPs with different volumes (Fig. 5c). The measured 
thermal variation curves showed that a lower maximum 
temperature rise was achieved for larger volumes of NPs. 
This increasing heat dissipation was due to the larger liquid 
volume. However, the temperature increases of 16 °C for 
100 μL liquid was too high for drug delivery and on-demand 
treatment purposes in biological applications. Thus, 200 uL 
was selected as the optimal volume for in vitro cell-free drug 
release study due to the moderate temperature rise (7.9 °C).

3.3  Drug loading and in vitro cell-free release study

The drug loading capacity of SPIO@Au-Py-PCC is 
hypothesized to be improved with the assistance of AER 
because of the following reasons: (a) more PCC cages 
were anchored onto NPs when more surface area was 
functionalized with SH-PEG-Py ligand using AER; (b) the 
host–guest interaction between hydrophobic PCC cages and 
hydrophobic retinoic acid enables the loading of RA into 
PCC-3; (c) the high positive charge of NPs also promotes 
the loading as retinoic acids can partially ionize into anions 
and thus being attracted by the NPs.

The loading rate of RA was determined by measuring 
the concentration difference of RA solution before and after 
the loading by HPLC. As a result, the RA’s loading rate was 

Fig. 5  a Experimental setup of the temperature measurement of 
SPIO@Au NPs solutions. b The temperature profile of SPIO@Au 
NPs in DI water with different concentrations. (Volume is set to be 

150 μL,) c Temperature profile of SPIO@Au NPs with different vol-
umes. (Concentration is set to be 200 μg·mL−1.)
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determined to be 32.29 μg/mg NPs. This demonstrated that 
the AER-assisted method could lead to a much higher RA 
loading capacity than the DE method (13.51 μg/mg NPs).

The in vitro release of RA from RA-loaded SPIO@Au-
Py-PCC NPs was then measured. When taking samples, a 
dialysis tube was used to help separate the released drug 
from the NP solution. 200 μL of 200 μg/mL SPIO@Au-
Py-PCC NPs (calculated based on SPIO@Au) was loaded 
into the dialysis tube, with 1.2 mL of DI water loaded 
as a solvent in the tube. After each period, the solvent 
with released RA in the dialysis tube was collected for 
analysis; the tube was then refilled with fresh DI water 
to start the subsequent illumination by LASER (Fig. 6a). 
The light group was irradiated by 100 mW 525 nm LASER 
for 10 min at each time interval (three times for more 
extended periods), while the control group remained 
untreated.

The cumulative RA release profile from SPIO@Au-Py-
PCC NPs showed a significant difference between the light 
and control groups (Fig. 6b). Around 87.9% of loaded RA 
was released after 24 h, much higher than the 54.8% release 
rate in the control group. Being extended to 72 h, around 
97.6% of RA was released in the light group, while more than 
40% of RA remained unreleased without LASER treatment.

The initial stage of the RA release profile from SPIO@
Au-Py-PCC NPs was also measured to help understand 
the kinetical behaviors (Fig. 6c). The initial release rate 
remained low and steady in the first 3 h, with an acceleration 
occurring afterward. Such a delayed release could be 

attributed to the size effect of RA and strong interactions 
between the PCC-3 cages and RA molecules.

A higher loading rate of RA was demanded to reduce 
the cost of materials and the potential toxicity to cells 
caused by increased dosage of NPs. This can be achieved 
from the higher loading number of PCC cages, which 
contributed to a higher level of interaction between 
hydrophobic inner cavities of PCC cages and hydrophobic 
RA molecules. The higher positive charge of NPs also 
promoted the Coulombic attraction between cationic NPs 
and anions dissociated from RA molecules. Compared to 
the previously reported payload (13.51 μg/mg), a 139% 
improvement was observed, proving this methodology’s 
efficacy. In addition, RA’s short half-life and rapid 
metabolization process require a controlled and sustained 
release pattern over time [38]. Literature reported the 
use of gliadin NPs [39] and polyethyleneimine-dextran 
sulfate NPs [38] with payloads of 76 and 86 ug RA/
mg NPs, respectively. While their NPs exhibit a higher 
payload, these NPs either lack prolonged release capacities 
or do not offer controlled release triggered by external 
stimuli. Previous studies have explored other approaches 
for light-controlled drug release. For instance, Bozuyuk 
et  al. reported a work utilizing 3D-printed magnetic 
chitosan microswimmers for the light-triggered release of 
doxorubicin [40]. This drug carrier exhibited a rapid drug 
release pattern, with most of the payload released within 
5 min. Luo et al. conducted another work using liposomes 
as carriers of doxorubicin [41]. Under laser illumination, 

Fig. 6  a Experimental procedure for in vitro drug release: ① treated 
by a laser pointer for 10-min period; ② incubate until the end of time 
interval; ③ collect supernatant for analysis of released RA; ④ recharge 
the tube with fresh DI water for the subsequent treatment. b The 

cumulative release profile of RA in DI water from SPIO@Au-Py-
PCC NPs (200 μL, 200 μg/mL). Inset: initial release profile of RA in 
DI water from SPIO@Au-Py-PCC NPs (500 μL, 200 μg/mL)
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the drug was released in 100% within 5 min. Compared to 
these light-triggered drug release strategies characterized 
by their fast-release kinetics, our nanocarrier demonstrates 
a sustained and prolonged release of RA for over 30 h. 
Therefore, this nanocarrier has the strong potential to 
enhance the in vivo efficiency of RA delivery.

Furthermore, the magnetic core of this nanocarrier not 
only improves the cellular uptake [42], but also indicates its 
potential for magnetic-field-guided delivery to the targeted 
site [27]. Nonetheless, a main obstacle that hinders the 
practical application of this nanocarrier is the relatively 
small size of the SPIO core (< 10 nm) with limited magnetic 
response in  vivo. In the future, we will develop SPIO 
cores with varying sizes, morphology, and shapes, such as 
nanorods, to enhance their magnetic properties. Additionally, 
MPNPs can be co-printed with biodegradable hydrogel for 
sustainable and targeted drug delivery. For example, the 
embedment of MPNPs with 3D-printed microrobots can 
substantially enhance their targeting ability by modulating 
the swimming behavior [43]. Moreover, the surface-
modified SPIO@Au NPs as functional fillers can also be 
combined with electromagnetic composites [44–47], such 
as carbon nanotubes/epoxy nanocomposites and polystyrene/
graphene composites. Epsilon near-zero properties from 
nanocomposites can be combined with MPNPs to develop 
multi-modal therapeutic agents.

Furthermore, we evaluated the photothermal conversion 
and the drug release study on SPIO@Au NPs but not 
SPIO@HG. The reason is that SPIO@HG is not at its 
optimal design that can cross BBB at its best efficiency due 
to the less saturation magnetization than SPIO@Au NPs 
[28]. Future work will be focused on modifying the structure 
of SPIO@HG to obtain higher saturation magnetization and 

to enhance the BBB crossing efficiency under a MF, which 
is not the focus of this paper.

3.4  Cellular toxicity study

To determine the impact of SPIO@Au-Py-PCC on in-vitro 
cell viability, PC-12 cells were treated with NPs at concen-
trations between 0 μg/mL and 40 μg/mL. For up to 5 days 
of incubation, cell viability was unaffected. There was no 
significant decrease in the live-to-total cell ratio for all NP-
treated groups compared to the control group. This indicates 
that SPIO@Au-Py-PCC NPs, at all mentioned concentra-
tions, do not induce significant toxic effects on PC-12 cells 
(Fig. 7a). In addition, the cell viability results in SPIO@
HG-Py-PCC NPs also showed minimal toxicity of these NPs 
on PC-12 cells (Fig. 7b). The results indicated a high level 
of biocompatibility for both the surface-modified SPIO@
Au-Py-PCC and SPIO@HG-Py-PCC NPs at the concentra-
tion of 40 μg/mL. However, we did not assess the toxicity 
at higher concentrations, such as 100 μg/mL and 200 μg/
mL, due to the significant temperature increase observed at 
these concentrations under laser illumination (> 10 °C). Such 
elevated temperatures are not suitable for cellular and animal 
studies. Also our previous work reported a slight toxicity at 
and above a concentration of 80 μg/mL [23]. Therefore, we 
consider SPIO@Au-Py-PCC at a concentration of 40 μg/mL 
safe for cellular evaluations. Moreover, existing literature has 
reported investigations into the in vivo toxicity of similar 
NPs, such as Au NPs with PEG coating. The previous results 
proved that PEG-coated Au NPs at the size of 20 nm had no 
obvious toxicity compared to the larger size of NPs at the 
dosage of 4 mg/kg for 28 days [48]. These results provide 
additional support for the safety of our NPs in biological 

Fig. 7  Cell viability was measured from flow cytometry for PC-12 cells treated with different concentrations of a SPIO@Au-Py-PCC NPs; b 
SPIO@HG-Py-PCC NPs. Cells without treatment by NPs were used as the control group
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applications. In future animal studies, we will further explore 
the acute and sub-acute toxicity of SPIO@Au-Py-PCC NPs 
under different dosages.

4  Conclusions

To summarize, we have presented a highly effective 
approach for constructing drug loading units-enriched 
smart nanocarriers from PCCs and SPIO@Au NPs with 
the assistance of AER. The TEM images revealed the 
size and morphology of NPs. The notably high positive 
ζ-potential values and small hydrodynamic diameters 
indicated the successful modification of SPIO@Au NPs 
and their outstanding colloidal stability. This nanocarrier 
achieves a remarkably high payload of 32.39 μg/mL. The 
sustained and prolonged release for over 30 h was observed 
under periodically applied LASER light source, suggesting 
their potential for on-demand drug delivery. The cell 
viability results confirmed the high biocompatibility of 
these as-synthesized nanocarriers. In brief, our findings 
demonstrated that the as-synthesized drug carriers possess 
several key features: high positive charge, exceptional 
colloidal stability, excellent photothermal response, and 
minimal toxicity, which suggest their substantial potential 
for neuro-regenerative drug delivery.
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