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Drug delivery depots boosting a local concentration of therapeutic agents have received great attention in
clinical applications due to their low occurrence of side effects and high therapeutic efficacy. However,
once the payload is exhausted, the local drug concentration will be lower than the therapeutic window.
To address this issue, an injectable double-strand deoxyribonucleic acid (DNA)-architected nanoraspberry
depot (DNR-depot) was developed that can refill doxorubicin (Dox, an anticancer drug) from the blood
and remotely control drug release on demand. The large porous surface on a uniform nanoraspberry (NR)
filled covalently with DNA serves as a Dox sponge-like refilling reservoir, and the NR serves as a magnetic
electrical absorber. Via the strong affinity between Dox and DNA molecules, the refilling process of Dox
can be achieved on DNR-depot both in vitro and in vivo. Upon high-frequency magnetic field (HFMF)
treatment, the remotely triggered release of Dox is actuated by the dissociation of Dox and DNA mole-
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cules, facilitating an approximately 800% improvement in drug concentration at the tumor site compared
to free Dox injection alone. Furthermore, the cycles of refilling and release can be carried out more than
3 times in vivo within 21 days. The combination of refiling and HFMF-programmable Dox release in

rsc.li/nanoscale tumors via DNR-depot can effectively inhibit tumor growth for 30 days.
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Introduction

Advanced local drug delivery systems, including polymer-
based depots,"™ nanoparticle drug reservoirs®® and macro-
scale complexes”® provide promising strategies for improving
controlled drug release and immunotherapy in the clinic. The
major proposals of these local depots are designed to solve off-
target toxicity and minimize excessive drug dosing. Such drugs
that locally release over a longer period of time can also
enhance compliance for elderly or noncompliant patients. In
the clinic, the local chemotherapeutic Gliadel wafer (an FDA-
approved local delivery device) or brachytherapy (a point-
source radiation seed) implanted surrounding the postopera-
tive wound have served as adjuvants to surgery to avoid locore-
gional recurrence after tumor resection, which also protect
against the progression of disseminated metastatic cancer
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cells, especially for early-stage cancers.”'® Furthermore, other
versatile devices performing programmed drug release via the
integration of electronic engineering, computing and machin-
ery science for medical equipment for precise drug release
have also been developed."'™"® Overall, local drug delivery
depots are potentially applied at each stage of cancer for cura-
tive or palliative intent to improve existing approaches.

Despite recent advances in drug delivery depots, only a few
biodegradable depots (polymeric-based materials) possess the
function of on-demand drug release, and most release relies
on diffusion or pH or enzymatic cleavage to degrade the
materials.'® Thus, it is difficult to maintain the local concen-
trations of therapeutic agents, lowering the therapeutic
efficacy. Furthermore, the microenvironments surrounding
implanted depots vary among individual patients or diseases,
leading to difficulties in predicting the a priori therapeutic
window and release kinetics of the drug. For this situation, on-
demand drug release is critical to manage the drug dosage. In
this regard, stimuli-responsive biodegradable depots display-
ing on-demand drug release demonstrate promising enhance-
ment in various treatments,'”'® where programmable drug
release can be managed in real time at a suitable dose by exter-
nal physical energy, such as ultrasound, electricity, light and
magnetic fields.">*® For example, capsules constructed by
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Fig. 1 (a) Schematic representation of the injectable DNA-architected nanoraspberry depot (DNR-depot) serving as a Dox sponge-like refilling
reservoir and magnetothermal converter. (b) The process of DNR-depot-mediated local drug refilling and release at the tumor site. (i) Intratumoral
injection of DNR-depot, (i) intravenous (i.v.) injection of Dox, and (iii) HFMF treatment. (c) The cycle of refilling and release of the DNR-depot. Dox
conjugated on DNR-depot for refilling and magnetothermal heating induced the disassembly of the DNA for Dox release.

hydrogels have revealed a faster drug release pattern under
ultrasonic stimulus by loosening the molecular structures.?' In
addition, an external high-frequency magnetic field (HFMF)
has also been applied to trigger rapid drug release from nano-
capsules composed of magnetic particles and proteins.>?
However, these stimulus-responsive drug delivery systems
cannot refill drugs in vivo for long-term use.

Recently, a new strategy for “refilling” local drug delivery
systems has been developed to reload fresh drug molecules
(anticancer drugs) into devices through blood circulation.*
This approach via intravenous injection (i.v.) imposes the
merit of trapping the drugs at the target site and reducing tox-
icity to the clearance organs and other tissues. For example,
using an alginate modified with oligodeoxynucleotides
(ODNs), Brudno and coworkers constructed an intratumorally
injected local device as a target site to specifically bind other
complementary ODNs conjugated to oxidized alginate
strands.”* This ODN-alginate device displayed 5-fold greater
drug binding than the control gel group. After four refilling
cycles of in vivo of complementary-ODN-loaded doxorubicin
(Dox), tumor inhibition was clearly observed compared with
traditional administration and other nonrefilling systems.

Based on metabolic glycoengineering and click chemistry,
the refilling drug delivery system was constructed by combin-
ing nanoparticles and metabolic glycoengineering.”® First,
azide groups were generated on the tumor cell surface
(A549 human lung cancer cells) by metabolic glycoengineering
of particles at the tumor. Then, bicyclo[6.1.0Jnonyne (BCN)-
modified particles with the targeted photosensitizer chlorin e6
(Ce6) were bound to the azide groups on tumor cells via click
chemistry for photodynamic therapy. Through this strategy,
the concentration of photosensitizer (Ce6) was 10-fold higher
than free Ce6 administration. Furthermore, the gel-based refill-
ing system modified by the sugar backbone was able to locally
capture the Tz radioprobe. This gel improved the level of radio-
activity at the target site.”® These works indicated that this
refilling system could be a new tool for the control of local
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delivery, potentially substituting for traditional targeting via
specific biochemical conjunctions.>”"*®

Here, an injectable DNA-architected nanoraspberry depot
(DNR-depot) that serves as a Dox sponge-like refilling reservoir
as well as a magnetothermal converter to amplify the local
concentration of therapeutic agents was developed (Fig. 1a).
Being magneto-responsive, this DNR-depot is able to locally
capture fresh anticancer drugs (such as doxorubicin, Dox) and
exhibits superior triggered release upon stimulation from a
high-frequency magnetic field (HFMF). As shown in Fig. 1b,
the DNR-depot was implanted at the tumor site through intra-
tumoral injection. Then, the refilling process was achieved by
intravenous injection of Dox within a few minutes, where the
effective refilling of fresh Dox into DNR-depot was realized by
the strong affinity between Dox and DNA molecules from a
large volume of Dox sponge-like refilling reservoir (Fig. 1c).
Upon subjecting the tumor to a high-frequency magnetic field
(HFMF), the magnetothermal conversion of the DNR-depot led
to intense heat to temporarily break the hydrogen bonds of
DNA, resulting in drug release. The robust and programmable
cycles of refilling and release can repeatedly suppress tumor
cells by enhancing the local drug concentration.

Results and discussion

The nanoraspberry (NR), a porous iron oxide particle, was pre-
pared through a robust ligand-aided synthetic approach by
applying oleic amine (OA) and sodium citrate as coordinating
agents in a hydrothermal reaction.”® As shown in Fig. 2a, NRs
with a diameter of approximately 100 nm were observed after
4 h of hydrothermal reaction at 220 °C. Higher magnification
SEM images showed that the particles had few pores on the
surface and were composed of several particle domains
(Fig. 2b). With increasing reaction time to 10 h, the size of NR
increased to 130 nm and maintained a uniform particle size
distribution (Fig. 2c). Furthermore, additional particle

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of the NRs fabricated for (a and b) 4 h and (c) 10 h of hydrothermal treatment at 220 °C. (d) TEM image of a NR. (¢) SEM image
and (f—h) TEM images of DNR-depot. (i) X-ray diffraction patterns, (j) field-dependent magnetization curve, and (k) thermogravimetric analysis (TGA)

analysis of the as-synthesized NR and DNR-depot.

domains and pores were observed in one NR, as exhibited in
the TEM image (Fig. 2d). To evaluate the surface area, the
Brunauer-Emmett-Teller (BET) method was applied to
measure gas absorption isotherms (N,) at 77 K, and the pore-
size distribution was also determined through the Barrett,
Joyner and Halenda (BJH) method. The particles were treated
at 80 °C under vacuum to remove the surface adsorption and
were degassed at 180 °C for 4 h before BET analysis. The
results revealed that each NR had a surface area of ~186 m>
g~! and a pore size of ~13 nm (see Fig. S1a and S1b in ESIf).
The DNR exhibited a reduced surface area and smaller pore
size than the NR owing to the DNA coating on NR. However,
after 24 h of reaction, random growth of domains in the NR
were observed (see ESI, Fig. Sic and S1dt). Formation of the
porous structure was potentially induced by the nucleation
and growth of iron salts in ethylene glycol through the
oriented growth of primary iron oxide nucleation, and the
orientation minimized the surface energy. In the reaction,
oleic acid (OA) was applied as a surfactant to restrict the
growth of iron oxide, facilitating the generation of porous
structures and causing the hydrophobicity of the NR.
Regarding the size distribution and porosity, 10 h of NR hydro-
thermal reaction at 220 °C was applied for further use.

The OA-capped NR was then covalently conjugated to DNA
through the 5'-end specificity of oligonucleotide attachment by
the EDC reaction (see ESI, Fig. $21).>° During the reaction, the
EDC-activated phosphate group forms an intermediate, and
then the imidazole molecule attacks the intermediate to form

This journal is © The Royal Society of Chemistry 2020

a reactive phosphoryl imidazoline, which is a longer-lived
intermediate. Finally, the primary amine on the NR surface
reacts with phosphoryl imidazoline to create the DNR-depot.
The SEM images of the resulting DNR-depot in Fig. 2e showed
the smooth surface of the particles, indicating DNA deposition
onto the NRs. After DNA coating, the TEM image showed that
the resulting particle with a thin layer of DNA on the NR was
only a few nanometers thick (Fig. 2f-h). Furthermore, no
obvious cracks were observed on the DNR-depot, indicating a
good interface between the two materials.

In Fig. 2i, the X-ray diffraction (XRD) patterns display major
diffraction peaks that are characteristic of the Fe;O, crystal
plane according to the JCPDS [85-1436]. DNR-depot revealed
characteristic peaks with weaker diffraction than those of the
NR because of the presence of amorphous DNA on the NR.
Furthermore, a superconducting quantum interference device
(SQUID) was used to determine the magnetic properties of the
NR and DNR-depot (Fig. 2j). Both the NR and DNR-depot
exhibited a nearly identical shape and negligible hysteresis. A
lower saturation magnetization (M) of DNR-depot also
reflected the organic coating on the NR. Moreover, thermo-
gravimetric analysis (TGA) of the NR and DNR-depot further
showed the DNA conjugation ratio to NR, with approximately
7.5% weight loss from DNA (Fig. 2k).

The chemical bonds between the NR and DNA were evalu-
ated by X-ray photoelectron spectroscopy (XPS, Fig. 3). After
DNA conjugation, a peak at 288 eV (C 1s) for amide bonds
(O=C-N) was observed, which represented the formation of
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Fig. 3 XPS survey scan spectra of (a and b) C 1s, (c and d) O 1s and (e and f) N 1s of NRs and DNR-depot.

bonds between the NR and DNA (Fig. 3a and b). Furthermore,
the binding energy of the O 1s (527.0 to 537.0 eV) of NR and
DNR-depot was measured. The O 1s peak of NR was mainly at
529.3 eV. While DNA and NR were incorporated, an obvious
shift to a higher energy position, i.e., 531.3 eV, was detected,
indicating that a carboxylic acid was chemically immobilized
onto the NR. The bonding energy of the N 1s also further con-
firmed the incorporation of DNA onto the NR through the
observation of N-C=O bonding (Fig. 3e and f). The higher
binding energy was potentially attributed to the conjugation of
the EDC reaction between the amine of NR and DNA, which
formed solid networking covalent bonds.

When 20 pg mL™' DNR-depot and NR were subjected to
HFMF for 120 s, a rapid increase in temperature was observed,
as shown in Fig. 4a. Within one minute, the temperature of
the solution containing 1% DNR-depot increased to 60 °C. The
mechanism of HFMF inducing heat via magnetic particles was
caused by the energy dissipation, known as Brown and Néel
relaxations.*’*?> The magnetic domain and particle size also
affected the heating rate. Compared to single-domain mag-
netic particles, the multiple domains of NR exhibited a more
efficient induction of heat due to the higher internal energy of
dissipation between each domain.?”> Even when the concen-
tration of DNR-depot was 10 ug mL™", the local temperature

a b o3 c_
1207520 pg/mi of NR = R e ®Towr
T 100{™ 20 ug/mLo: DNR-gePot ] [ | DNR-depot 2 o] ™ DNR-depot
- -+ 10 L DNR- t [ 1
P Ea/mLo PPt 25 0.2 | s
£ w0 if I :
| 2 = | 1 o 401
8 607 5% i 2
£ a § 0.11 ,_;
2 401 8 i i | I g 201
3
i AR AR B il | (9]
20 T T 0.0- 0 T T T T
0 50 100 Y Y % % 95 6 0 50 100 150 200 250
Time (sec) Cycle Time (min)
d € (i) DNR-depot loading P
= —_— &
< -e- DNR-depot ® & ~ DNR-depot
S 1007 -= DNR-depot+2 min HFMF & 3 s Zeeng
2 - . ) .Q . X DNR-depot+serum
b - g 100 HEMF HFNIH
® (i) Fix by magnet =
3
2 50 - j:
o
3 5o L 68 o b g =
g 3 Dox
L o (iii) Dox refilling and release o : 1§ refill
0 5 1:0 15. 20 25 3 ° 20 20
Time (min) Dox-RF@DNR- Time (min)

Fig. 4

depot

(a) Thermal heating profile of NRs and DNR-depot after HFMF treatment. (b) Drug loading capacity of NR and DNR-depot under six cycles of

refilling and release of Dox. (c) Cumulative release of Dox from DNR-depot and NRs at 37 °C. (d) Dox release profiles from DNR-depot with and
without 2 min of HFMF treatment. (e) A schematic illustration of a multiwell microfluidic chip for refilling and releasing DNR-depot. The left panel
represents the process of refilling Dox in DNR-depot; the right panel shows a picture of the microfluidic chip and a fluorescence image of DNR-
depot on the chip after Dox refilling. (f) Dox release and refilling of DNR-depot after 2 min of HFMF treatment.
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could reach 50 °C within 120 s. This fast heating response is
convenient for controlled drug release and tumor therapy.

Fig. 4b demonstrates the Dox loading capacity of NR and
DNR-depot with repeated heating and loading cycles. In the
first cycle, the loading capacities of the DNR-depot and NR
were 0.065 and 0.223 mg Dox per mg particle, respectively. The
higher loading capacity of DNR-depot was attributed to the
strong affinity between DNA and Dox.>* To estimate the
repeated drug release and loading ability, the drug-loaded par-
ticles were heated to 50 °C to release most of the Dox and then
reloaded into the particles. As shown in Fig. 4b, the loading
capacity of DNR-depot gradually decreased, which might have
resulted from DNA desorption and fatigue. However, the
loading capacity of DNR-depot was maintained at 60% during
the sixth cycle.

The Dox release from the NR and DNR-depot was moni-
tored at 37 °C within 240 min (Fig. 4c). Both the Dox release
patterns of the NR and DNR-depot were similar but displayed
different release rates. Without DNR-depot conjugation, the
Dox release rate from the NR was much faster than that from
DNR-depot. After 240 min, approximately 70% of Dox was
released from the NR. However, the cumulative Dox release
from DNR-depot was approximately 18%, indicating that the
strong binding between DNA and Dox reduced the release rate.
Then, the solution containing 1 wt% DNR-depot was treated
with HFMF for 120 s at the sixth minute. In Fig. 4d, after
HFMF treatment, a burst release of Dox was observed, and the
treatment released more than 50% Dox. The mechanism of
rapid release can be understood by the induced heat, which
decreased the affinity of hydrogen bonding between Dox and
DNA upon reaching a temperature of 42 °C. Even though the
HFMF was switched off, Dox release was detected during the
following 20 min. Furthermore, the incomplete release was
probably led by the interaction between Dox and DNA on the
particles.

Having demonstrated the refill process in static solution, a
multiwell microfluidic chip was applied to estimate the Dox
refill of the DNR-depot in fluid (Fig. 4e). Fabrication of the
microfluidic chip made of polydimethylsiloxane (PDMS) was
performed according to our previous work.*”> Each chip con-
tained 96 cylindrical wells with widths and depths of 800 and
500 pm, respectively. As shown in Fig. 4e, DNR-depot were
loaded into the chip and fixed at the bottom with a magnet.
Then, Dox solution at a concentration of 5 pg mL™' was
injected into the chip at a constant rate of 100 pL min~" with a
syringe pump for 5 min and subsequently washed with 10 mL
of deionized water to remove free Dox. The fluorescence
images (left bottom panel in Fig. 4e) revealed that the DNR-
depot successfully captured Dox, as examined by confocal
laser scanning microscopy (CLSM).

The microfluidic chip system was further used to evaluate
the Dox refilling and HFMF triggered release in fluid (Fig. 4f).
In brief, 20 ug mL™" DNR-depot was fixed on the chip with a
magnet and Dox solution (5 pg mL™") was pumped at a con-
stant rate of 100 pL min~" with a syringe pump. Then, the Dox
solution was collected from the chip to estimate the loading of

This journal is © The Royal Society of Chemistry 2020
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Dox. The results revealed that more than 50% of Dox was
absorbed on the DNR-depot within 5 min, and the loading
efficiency reached 95% after 24 min. Then, the DNR-depot was
treated with 120 s of HFMF at the 24th min. As expected, the
rapid release of Dox caused by HFMF was observed during the
treatment. Then, the particles were placed into a fresh Dox
solution (5 pg mL™') at the 26th minute. The refilling of Dox
into DNR-depot was noticed, and approximately 80% of Dox
was able to refill into the particles. Even though HFMF treat-
ment slightly affected the refilling ability due to the heat
damage of DNA structures, the rational refilling ability of DNR-
depot was potentially applied in further uses. On the other
hand, the release and refill could also be carried out in serum
solution.

DNR-depot stability in the physiological environment was
investigated on a microfluidic chip system, where Dox refilling
and HFMF triggered release were carried out in DMEM sup-
plemented with 10% FBS at 37 °C and 5-10% CO, to maintain
physiological pH. Similar to a previous approach (Fig. 4e), the
DNR-depot was fixed at the bottom of a multiwell microfluidic
chip with a magnet and Dox solution (5 ug mL™") was pumped
onto the chip with a syringe pump. After refilling, free Dox was
collected from the chip to estimate the Dox loading. The phys-
iological environment reduced the Dox refilling efficiency, but
the loading efficiency was maintained at 76% after 24 min (see
Fig. S3a in ESIY). Furthermore, the refilling process was evalu-
ated after the DNR-depot was preserved in the physiological
environment for 10 and 20 days, which decreased the
efficiency of Dox refilling from 76% to 68% and 54%, respect-
ively (see Fig. S3b and S3c in ESI}). Although salts and sera
affected Dox refilling, more than 50% Dox loading efficiency
was still observed, indicating appropriate stability of the DNR
in physiological environments. Moreover, a thin layer of chemi-
cally bonded DNA was observed on the NR surface after 20
days in a physiological environment (see Fig. S3d in ESIf).

The cytotoxicity of NRs and DNR-depot in RG2 cells (a
brain cancer cell line) was estimated by the 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay as
shown in Fig. 5a. When the concentration of NRs and DNR-
depot was less than 4 pg mL™", the cell viability was higher
than 82%, indicating low toxicity. Once the concentration of
DNR-depot reached 10 to 20 pg mL™"', approximately 25% of
the cells were killed, suggesting the low toxicity of DNR-depot.
Then, flow cytometry was used to understand the cell uptake
efficiency of the NRs and DNR-depot with RG2 cells, where the
particles were labeled with QDs, with fluorescence emission at
600 nm, in the hydrophobic pore for intracellular tracking. As
shown in Fig. 5b, the fluorescence intensity (horizontal axis) of
RG2 uptake by DNR-depot was approximately 5 times stronger
than that of the NRs after 4 h. The improvement in cellular
uptake by DNR-depot might be attributed to the unique bio-
segments of DNA that facilitate cell attachment and
internalization.**=¢

CLSM was performed on RG2 cells incubated with NRs and
DNR-depot for 1 and 4 h (Fig. 5c and d). After 1 h of incu-
bation, only a few particles (NR and DNR-depot) shown as red

Nanoscale, 2020, 12, M53-1164 | 11157


https://doi.org/10.1039/d0nr01185a

Published on 04 May 2020. Downloaded by National Chung Hsing University on 5/28/2020 12:25:52 PM.

Paper

D

Cell viability (%)
= -
e o
S o

B NR
DNR-depot

emueao

[
o

o

[ Con:entratlon (ng/mL)

d

Control DNR-depot

Counts

NR |

DNR-depot

10° 10!

View Article Online

Nanoscale

Fig. 5 (a) Cell viability after culturing RG2 cells with NRs and DNR-depot for 24 h. (b) Flow cytometry analysis of NRs and DNR-depot in RG2 cells
after incubation for 4 h. CLSM images of the cellular uptake of (c) NRs and (d) DNR-depot at 1 and 4 h. QD-labeled NRs and DNR-depot are rep-
resented in red, F-actin from the cells is shown in green, and nuclei (DAPI stained) are shown in blue. (¢) CLSM images of RG2 cells incubated with

DNR-depot for 4 h.

dots were attached to the cells even though there were no tar-
geting ligands on the particles. With increasing time to 4 h,
many DNR-depot were observed around the cell nuclei, but
most of the NRs were still attached to the cell membrane, indi-
cating the need for assistance from DNA for cell internalization
and natural endocytosis.”® Furthermore, cross-sections of the
CLSM images revealed that DNR-depot was taken up in the
cells rather than staying on the surface. The control group of
RG2 cells without particle treatment (see ESI, Fig. S41) showed
that the fluorescence signals in Fig. 5c-e were due to the
particles.

To evaluate the effects of Dox refilling and release from
DNR-depot on cell killing, 20 ug mL~" DNR-depot was placed
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in the bottom of a transwell at one day postimplantation and 1
x 10" RG2 cells were placed in the upper chamber of the trans-
well (Fig. 6a). After 24 h of incubation, the RG2 cells were
attached to the transwell filter of the upper chamber (Fig. 6b).
During Dox refilling, the cell chamber was removed tempor-
arily, and 5 ug mL™" Dox was injected into the cell medium for
10 min for DNR-depot loading (see ESI, Fig. S5t). After refill-
ing, the Dox-loaded DNR-depot was fixed by a magnet at the
bottom, and the medium was replaced with Dox-free medium.
Then, the upper cell chamber of the transwell cell was replaced
into the well. The Dox-refilling DNR-depot was termed Dox-
RF@DNR-depot. The viability of RG2 cells was then examined
by the counting method after another 24 h of treatment. For
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Fig. 6 (a) Schematic illustration of the experimental design for Dox refilling and release of DNR-depot on cell killing. (b) RG2 cells on the upper

layer of the transwell after 24 h of incubation. (c) The viability of RG2 cells in the transwell chamber after treatment with DNR-depot, Dox-RF@DNR-
depot or Dox-RF@DNR-depot + HFMF for various Dox refilling and release cycles. (d) MTS chip fabricated on a microfluidic chip for the formation of
tumor spheroids (left panel). CLSM images of RG2 tumor spheroids on a chip 24 h postinjection. Nuclei are displayed in blue, and F-actin is shown in
green (right panel). (e) CLSM image of MTSs treated with DNR-depot and refilling Dox at a fluidic rate of 100 mg ml™* for 2 min. () Cell viability of
MTSs on a chip after treatment with DNR-depot, DNR-depot + HFMF, Dox or Dox-RF@DNR-depot + HFMF (n = 10).
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the HFMF treatment group, the transwell was subjected to
2 min of HFMF 1 h after refilling Dox. Several conclusions can
be drawn from the cell killing results (Fig. 6¢): (1) During the
first cycle, the cell viability of the control and DNR-depot
groups was more than 95% after 24 h of incubation since there
was no Dox loaded. (2) The cell viability of the Dox-RF@DNR-
depot group was less than 40%, revealing that toxic Dox was
released from DNR-depot affected cells. (3) In the HFMF treat-
ment group, the cell killing effects were further improved, and
approximately 90% of the cells died due to the short duration
of high-concentration of Dox. (4) During the second and third
cycles, effective cell killing by Dox-RF@DNR-depot was main-
tained. In these new cycles, nontreated RG2 cells were used,
indicating that the DNR-depot drug loading process was suc-
cessful and cell killing can be achieved for a few cycles.

Having exhibited in vitro Dox refilling in cell suppression,
the functions of DNR-depot were also evaluated with an ex vivo
tumor on a chip. By using a similar microfluidic chip and
coating with an anti-cell adhesion polymer, the cells were
loaded onto the chip (Fig. 6d). Similar to an in vivo tumor,
dozens of uniform multicellular tumor spheroids (MTSs) exhi-
biting a heterogeneous and compact multicellular structure
can be formed on a chip after 24 h. CLSM images revealed that
the resulting MTSs possessed a diameter of approximately
200 pm on average on the chip (right panel of Fig. 6d). At 24 h
postincubation of MTSs, 100 uL of DNR-depot (5 pg mL™") was
injected into the chip. After another 4 h, Dox solution (5 pg
mL ") was injected by a syringe pump for 5 min at a constant
rate of 100 pL min~', and subsequently, the free Dox was
removed from the chip. The MTSs were fixed and examined by
CLSM. The CLSM image in Fig. 6e shows many red fluorescent
dots (Dox) on the chip, suggesting the refilling of Dox to the
DNR-depot. Upon closer observation, some particles on the
MTSs were also able to absorb Dox, indicating the strong
affinity between Dox and DNR-depot. Fig. 6f displays the MTS
killing effects on a chip. As expected, once the MTSs were
treated with DNR-depot, refilled with Dox (Dox-RF) and treated
for 2 min with HFMF stimulus, the lowest cell viability was
observed due to the combination effects compared with the
other treatment groups.

In vivo Dox refilling was conducted by implanting DNR-
depot (20 wt%) via intratumoral injection. In Fig. 7a, the refill-
ing of Dox was carried out four times on the 2™, 5™ 14™ and
21% days via intravenous injection (i.v.) through the tail vein,
and the tumors were subjected to HFMF for 20 s at 1 h postin-
jection to release the captured Dox. To monitor the real-time
Dox concentration in the tumor, a tumor-bearing mouse was
anesthetized, and then a microdialysis probe (CMA 20 Elite,
Stockholm Sweden) was carefully inserted into the tumor. PBS
buffer (1 pL. min~') was applied to rinse the microdialysis
probe for 2 h, and then, the extracellular fluid was collected by
the probe and measured at various time points.

Fig. 7b shows the Dox concentration in the tumor after
treatment with various NR or DNR-depot conditions. Several
observations were made. First, the Dox concentration in
tumors treated with DNR-depot and HFMF was the highest
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Fig. 7 (a) Treatment schedule of implanting DNR-depot and refilling
Dox. (b) Dox concentrations in tumors monitored by microdialysis
probes under various treatments. (c) IVIS imaging of tumor-bearing
mice before and after DNR-depot and NR Dox refilling. The fluor-
escence signals of Dox were monitored.

compared to that in the other groups, displaying successful
refilling of the Dox into DNR-depot at the tumor site. Second,
HFMF treatment exhibited an approximately 8-fold greater Dox
concentration from DNR-depot in tumors than without HFMF
treatment, i.e., the DNR-depot without HFMF group, during
the first cycle. Third, the refilling and release abilities of DNR-
depot could be maintained for three cycles over 20 days.
However, for the 4™ refilling cycle, the Dox concentration at
the tumor did not improve, which might be caused by the
degradation of the depot DNA and NR. Without implanting
DNR-depot, there was only an approximately an 11% Dox refill-
ing concentration compared with that in the DNR-depot
group. Overall, the excellent refilling and release of DNR-depot
from high concentrations of Dox in tumors for a few weeks
revealed the potential to achieve local and effective cell killing.
Additionally, the control group was not injected with Dox and
did not display Dox signals, indicating a low background
signal. IVIS imaging was also used to measure Dox refilling, as
shown in Fig. 7c. After Dox refilling, the Dox signal in the
DNR-depot group revealed a higher intensity than that in the
NR group, which also directly confirmed the refilling ability.
To investigate the antitumor activity, RG2 tumor xenograft
mice were intratumorally injected with saline, DNR-depot or
NRs and received the following various treatments: (i) control,
(ii) DNR-depot, (iii) Dox (i.v. injection via tail veins three
times), (iv) Dox-RF@DNR-depot, (v) Dox-RF@NR + HFMF, (vi)
DNR-depot + HFMF, (vii) Dox-RF@DNR-depot + HFMF and
(viii) Dox-1 RF@DNR-depot + HFMF (Dox refilling once at the
first treatment). The treatment schedules are shown in Fig. 8a.
Dox was refilled on the 2™, 5™ and 14" days via intravenous
injection (i.v.) through the tail vein. For the HFMF treatment
groups, 2 min of HFMF was applied to release Dox and achieve
magnetothermal therapy. Fig. 8b shows that the tumors
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Fig. 8 (a) Treatment schedule of implanting DNR-depot and refilling Dox for tumor inhibition. (b) Infrared thermal images of RG2 tumor-bearing
mice under DNR-depot + HFMF and NR + HFMF treatments. (c) Tumor volumes implanting DNR-depot and NRs with or without refilling Dox and
HFMF treatment for 30 days. (d) Fluorescence images of tumors one day posttreatment with saline, Dox-RF@NR and Dox-RF@DNR-depot. (e and f)
CLSM images of tumors treated with DNR-depot without or with HFMF, where tumor sections were labeled with anti-CD4 and anti-CD8 antibodies.
(g) The flow cytometry diagram representing the percentage of CD4 and CD8 T cells in a tumor with or without HFMF treatment.

treated with DNR-depot or NRs can be heated to 58 and 53 °C,
respectively, which is acceptable for thermal tumor ablation.
Furthermore, on days 14 and 22, the temperature of the
tumors treated with DNR-depot or NRs still increased to more
than 46 °C. The control group (saline-treated mice) showed no
apparent temperature change after treatment.

Tumor inhibition efficiency was monitored for 30 days
(Fig. 8c). Upon refilling Dox and applying HFMF, treatment vii
with DNR-depot displayed an obvious reduction in tumor size
after 30 days. The combination of refilling and thermal chemo-
therapy was the most effective tumor inhibition treatment.
Even with one Dox refilling cycle and HFMF treatment (group
viii), the tumor size was reduced within 15 days. However, with
drug refilling or HFMF alone, i.e., treatments iv and vi, tumor
recurrence was observed after two weeks. Furthermore, com-
pared with treatments v and vii, DNR-depot exhibited better
tumor suppression efficacy with DNA assistance than the NR
group, suggesting effective Dox refilling in tumor reduction.
Overall, DNR-depot is capable of refilling and releasing drugs
at tumors to successfully enhance tumor suppression.
Furthermore, to evaluate the Dox refilling and release under
various treatments upon HFMF, the tumors were collected and
evaluated by fluorescence microscopy one day after treatment
with saline (control), Dox-RF@NR and Dox-RF@DNR-depot.
These three groups were subjected to HFMF to release Dox. As
shown in Fig. 8d, DNR-depot exhibited the strongest fluo-
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rescence from Dox compared to the other groups, indicating
that DNR-depot exhibited the most effective Dox refilling and
release into the tumor. These results were consistent with our
other findings. On the other hand, the functions of clearance
organs, Le., the liver and kidney, were estimated after 2 days
post-Dox refilling in the Dox-RF@DNR-depot (iv) and Dox-
RF@DNR-depot + HFMF (vii) groups. Alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), blood urea nitrogen
(BUN), and serum creatinine (CRE) levels were not obviously
different from those in the control group (saline), indicating
the low toxicity of treatment (see Fig. S6 in ESIT).

The variation of T cells in the tumors was also estimated at
two days postimplantation of DNR-depot with and without
2 min of HFMF treatment. Lymphocytes are a critical element
for the immune response. After 2 days, the tumors were iso-
lated from the mice, and the populations of cytotoxic and
helper T cells in the tumors were evaluated by CLSM and flow
cytometry, where the upregulation of T cell surface molecules
(CD4 and CDS8, typical markers on helper T cells and cytotoxic
T cells) was monitored to understand the activity of the
immune response. Without HFMF treatment, some cells
expressing CD4 and CD8 were observed in the tumor (Fig. 8e).
After subjecting the tumor to HFMF, the numbers of cytotoxic
T cells and helper T cells were enhanced, suggesting an
improvement in T cells actuated by HFMF stimulus (Fig. 8f).
Flow cytometry analysis also confirmed this observation
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(Fig. 8g). These findings indicated that the DNR-depot and
HFMF could be latently used as adjuvants to boost immune
therapy.

To estimate the effects on local refilling, DNR-depot was
implanted intratumorally, and the refilling Dox process was
carried out by injecting Dox directly into the tumor four times
on the 2nd, 5th, 14th and 21st days. Then, the tumor inhi-
bition efficacy was monitored for 30 days (see Fig. S7a and S7b
in ESIf). The intratumoral Dox-refilling DNR-depot were
termed  Dox-IT-RF@DNR-depot.  Treatment of  Dox-
IT-RF@DNR-depot with HFMF exhibited an effective tumor
suppression efficacy after 30 days. Even when refilling Dox
intratumorally only once on the 2nd day, the tumor inhibition
efficacy was excellent. Compared to intravenous Dox injection,
the Dox concentration of the Dox-IT-RF@DNR-depot at the
tumor was approximately 10-fold greater on the sixth day,
where the concentration was approximately 91 mM at the
tumor, as monitored by a microdialysis probe (CMA 20 Elite,
Stockholm Sweden). Furthermore, alanine aminotransferase
(ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN),
and serum creatinine (CRE) levels only demonstrated slight
differences compared to the control (saline), suggesting low
toxicity of treatment (see Fig. S7c in ESIt). Moreover, to further
investigate tumor recurrence, the tumor was monitored for 60
days (see Fig. S8 in ESI{). Treatment with both Dox-
IT-RF@DNR-depot and Dox-RF@DNR-depot resulted in tumor
inhibition and did not exhibit tumor recurrence, suggesting
effective therapeutic efficacy for tumor treatment. Moreover,
hematoxylin and eosin (H&E) staining of the main organs did
not exhibit obvious differences between treated and untreated
mice, indicating little influence from the treatments on the
major organs (see Fig. S9 in ESIf).

Conclusions

An injectable drug-refilling depot composed of double-strand
deoxyribonucleic acid and porous magnetic nanoraspberries
has been developed to serve as a drug sponge-like refilling
reservoir in tumors. The depot can capture a free anticancer
drug (doxorubicin) through the blood, improving the drug con-
centration by approximately 8-fold compared to that of the free
drug alone for 3 refilling cycles. Upon application of a high-fre-
quency external magnetic field (HFMF), large amounts of
Dox and intense heat can be generated by the depot, facilitat-
ing combination magnetothermal- and chemotherapy.
Administration of the depot and drug refilling accomplished
excellent in vivo tumor inhibition. This depot offers a new
injectable strategy for the refilling of drug delivery to tumors,
potentially leading to clinical use.

Methods

Synthesis of porous magnetic iron oxide nanoraspberries (NRs)

The NRs were fabricated through a ligand-assisted approach
by the coordinating agents oleic amine (OA) and sodium

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

citrate through a hydrothermal reaction. Briefly, 2 mL of OA
was added to 20 mL of ethylene glycol (EG, anhydrous, 99.8%,
Sigma-Aldrich) to form a clear solution. Then, FeCl;-6H,0O
(20 mmol) and anhydrous sodium acetate (NaAc, 40 mmol,
Sigma-Aldrich) were added to the mixture and gently stirred to
obtain a homogeneous black solution. Then, the mixture was
heated to 50 °C for 24 h. Next, the solution was added to a
Teflon-lined stainless steel autoclave for hydrothermal reaction
at 220 °C for 4, 10 or 24 h. After cooling to 25 °C, the precipi-
tate was washed with ethanol 3 times, and the resulting NRs
were collected in ethanol. Before characterization, the NRs
were dried under vacuum at room temperature.

Synthesis of DNA-NR (DNR-depot)

To link DNA, 1 mg mL™' NR was redispersed in deionized
water (DI water) in advance. Under vigorous stirring at
4 °C, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS, Sigma-
Aldrich) were added for the chemical reaction.’ Next, an
excess of DNA powder (1 mg) was dissolved in PBS buffer
(1 ml) with sodium phosphate (10 mM), NaCl (0.15 M), and
EDTA (10 mM) at pH 7.2. Then, the NRs (20 mg) were added
to 200 pl of imidazole solution (0.1 M, pH 6.0) using PBS
buffer as the dilution. Finally, the DNA solution (25 ul) and
NR solution (200 pl) were immediately added to a container
containing the EDC/NHS reagents (6.52 pmol). After that, the
mixture stirred vigorously and 1 ml of the imidazole solution
(0.1 M, pH 6.0) was added. The final mixtures were stirred vig-
orously overnight at 50 °C, excess salt and reactants were
removed with PBS buffer and the product was stored at 4 °C
in PBS buffer.

Characterizations

The morphology of NR and DNR-depot was analyzed by field
emission scanning electron microscope (FE-SEM, JSM-7000F,
JEOL, Japan) and transmission electron microscope
(JEM-2100, JEOL, Japan). The sample was dried up on silicon
wafers with intrinsic configuration and elemental analysis is
used by FE-SEM’s appendage. The energy-dispersive X-ray
spectroscopy (EDS, Oxford-model 6209, Oxford Instruments)
was also carried by JSM-7000F. High resolution X-ray photo-
electron spectrometer (XPS, ULVAC-PHI Quantera SXM/Auger
AES 650, Japan) was used to measure the range of chemical
binding energy. Zeta ({) potential of particles and dynamic
light scattering (DLS, Nano-ZS, Malnern) were estimated the
surface charge and size distribution (Zetasizer Nano ZS). X-ray
diffractometer (BRUKER, D8 Advance) was used for identifi-
cation of crystal characteristics of particles. Superconducting
quantum interference device (SQUID, Quantum Design
MPMS-XL7, USA) from —10 000 G to +10 000 G at 298 K was a
magnetometer to detect magnetic fields for magnetic nano-
material depending on superconducting loops which consist-
ing of two Josephson junctions. Thermogravimetric analyzer
(TGA, Seiko SSC 5000, Japan) provide a proportion of each
compositions based on differential melting temperature based
on physical and chemical properties.
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Magnetic thermal heating effect of DNR-depot

Thermal heating of magnetic NR and DNR-depot was actuated
by high frequency magnetic field (HFMF, power cube 32/900,
President Honor Industries). The concentration of sample is
0.5 mg ml™" applied to altitude of 70% for each time point,
and be detected by a thermal couple instantaneously after
each time point.

Drug loading and drug encapsulation efficiency

The drug (Dox) loading content (LC%) and drug encapsulation
efficiency (EE%) of Dox in DNR-depot and NR were detected by
fluorescence spectrophotometer (Hitachi F-7000, Japan) at a
wavelength of 590 nm. Fluorescence intensity of released Dox
and free Dox are calibrated to concentrations of utilizing stan-
dard. Both LC and EE of the drug loaded capacity for particles
are calculated by the following equations, respectively. LC% =
(weight of the feeding Dox — weight of Dox in the super-
natant)/(weight of the particles) x 100%; EE% = (weight of the
feeding Dox — weight of Dox in the supernatant)/(weight of the
feeding Dox) x 100%.

For in vitro drug refilling and release test, Dox-loaded par-
ticles were placed into DI water, and then divided into several
groups which the concentration was identical. At each time
points, the particles were separated by magnet, and then, the
1 mL of supernatant was collected and measured by fluo-
rescence spectrophotometer to determine the Dox amounts.
For refilling study, the dox solution was added to the particles
mixtures, and then, the free Dox was measured by fluorescence
spectrophotometer. Similarly, HFMF-triggered Dox release was
carried out by treating the Dox-loading particles with different
HFMF treatment conditions. HFMF (power cube 32/900,
President Honor Industries) with a frequency of 50 kHz at a
strength of 4 kA m™". After the treatment, a thermometer was
also applied to measure the temperature.

Cell culture

The RG2 cells (rat glioblastoma cell line) are maintained in
DMEM media supplemented with 10% FBS and 1% penicillin,
at 37 °C and in 5% CO,. The culture media were replaced every
two days, and the cells were passaged by trypsinization. When
the cells were incubated for 24 h, the various particles were
placed to the cells for different concentrations. The cytotoxicity
of RG2 cell under different treatments was investigated by
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT agent). Addition of 500 pl of DMEM with RG2
cells at a density of 1.5 x 10° cells per well in 24-well plate incu-
bation for 24 h. Changing a medium in the next day, a range
of concentrations of particles were added into each well with
500 pl of total serum-free DMEM and incubation for 24 h
under 37 °C. After 24 h, each well are washed with PBS buffer
for 2 times and incubated with 10% MTT agent dissolved in
dimethyl sulfoxide (DMSO) for 4 h. The absorbance values
were detected with a microplate reader (Synergy™ HT Multi-
detection microplate reader, BioTek Instruments, Inc. USA) at
wavelength of 590 nm to determine the cell viability.
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Cellular uptake

For imaging tracking, CdSe quantum dots (QDs) were incor-
porated into NR or DNR-depot. Briefly, the particles were re-
dispersed into 4 ml of n-butanol in advance. QDs were added
in CHCl;, and the mixture was added with the particles
solution. Then, the mixture was vortexed and sonicated for
4 min for QDs loading through hydrophobic interactions.
Subsequently, the particles were collected by centrifugation at
7000 rpm, and washed by the excess of ethanol for three
times. For the cell uptake experiments, the QDs-labelled par-
ticles were cultured to RG2 cells which were cultured on glass
coverslips for 24 h in advance. After various culturing time of
particles at 37 °C, the medium was removed from the cells,
which were washed twice with PBS, fixed for 30 min with 3%
formaldehyde (PBS solution). Then, permeabilization was per-
formed with 0.1% Triton X-100 (PBS solution) for 30 min and
washed twice with PBS. Finally, the nuclei and actin cytoskele-
ton were staining with DAPI (1 pg mL™") and F-actin (300 units
mL™") for 30 min, respectively. The cells were mounted on
glass slides and observed by CLSM (Zeiss LSM 800, Germany).

Flow cytometry

In brief, 2 ml of DMEM was added to RG2 cells at a density of
5 x 10> cells in 6-well plate for 24 h of incubation. Then, the
QDs-labelled particles were seeded to each well for various
time. Then, removing DMEM and washing each well with PBS
buffer for 2 times. Subsequently, trypsin-EDTA was added to
the culture well to suspend and collect cells. The put the col-
lected cells into Eppendorf with DMEM containing 10% of
FBS and 1% of penicillin-streptomycin. The cells are centri-
fuged at 500 rpm for 10 min, and then collected with PBS. The
collected cells are analyzed by flow cytometry (accumulating
10 000 events) to verify the uptake ability of particles.

In vivo experiment

The female BALB/c nude mice about 6-8 weeks were obtained
from National Laboratory Animal Center (NLAC) in Taiwan. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of National
Tsing Hua University and approved by the Animal Ethics
Committee of National Tsing Hua University. To form a sub-
cutaneous tumor, 1 x 10° of RG2 cells in 100 pL was subcu-
taneously injected to nude mice. When the tumor volume
reached 100 mm?, 100 uL of saline solution containing 10 wt%
of particles was injected at tumor via the intratumoral injec-
tion. For imaging the Dox in tumor, IVIS Spectrum (IVIS
Imaging System 200 Series, Caliper LifeScience, USA) was used
(excitation: 420 nm, emission: 520 nm). The tumor sizes and
the body weights are measured at each time points after treat-
ment, then calculated the tumor volume by the following
equation. All measurements are performed in triplicate.
Tumor volume = (L x W?)/2, where L stands for longest dimen-
sion and W is shortest dimension. Relative tumor volume = (v/
V'), where v is the tumor volume after treatment, and v’ is the
initial tumor volume.
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In vivo microdialysis experiment

The mouse was anesthetized by isoflurane vaporizer
(Matrx VIP3000, MIPMARK), and then the microdialysis probe
with a 4 mm-long, 0.5 mm-diameter polyarylethersulfone
membrane (molecular weight cut-off: 20 kDa; 8010435, CMA
Microdialysis) was carefully inserted into the tumor.?”*® The
perfusion solutions containing 0.9% NacCl or 1.15% KCI were
prepared by dissolving their salts in deionized water, freshly
obtained from the purification system and were applied to fill
the syringes. Before collecting the data, 1 pl min™" of PBS
buffer was applied to rinse the microdialysis probe for 2 h.
Then, collect the extracellular fluid through the microdialysis
probe inserted the mice. The collected solution was then read
by microplate reader (Synergy™ HT Multi-detection microplate
reader, BioTek Instruments, Inc. USA) at a wavelength of
590 nm to determine the concentrations of dox.
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