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� nIR lights in vitro and GO-based milli-
capsules in vivo have higher matching
score to realize desired on/off drug-
dosing.

� Light powers, GO-concentrations and
structural dimensions of photo-
triggered switches directly affect the
drug release.

� Milli-capsules inhibit ccRCC cells
proliferation in a GO-concentration-
dependent manner by accurate GO-
dosing control.

� Capsules applications in
neurodegeneration was popularized
by embed siRNA-drugs which inhibit
autophagy in NSC-34 neurons.
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Cancer and neurodegeneration which are responsible for million deaths worldwide, have urgent requests
for drug administration with little to no side-effects. Current designs of drug-delivery, however, are con-
strained by either treatment effectiveness caused by imprecise control of drug-concentrations, or
treatment-related toxicities caused by drugs-themselves or drug-carrier-systems, as well as the safety
and feasibility. In this study, on account of the penetration ability through tissues of near-infrared
(nIR) lights and the nIR-absorption ability of graphene oxide (GO), the GO-based milli-capsule is con-
structed, with controlled drug release ability by photomechanical deformation and wireless nIR manip-
ulation. When radiation powers increasing from 0.1 to 0.5 W, drug dosages are in the range of 0 lg (0
drop) to 225 lg (five drops). The cytotoxicity of GO-based capsules in vitro is evaluated by embedded
GO as drugs and released GO in clear cell renal cell carcinoma (ccRCC). When the capsules irradiated
under 0.5 W and released different amounts of GO-drops in ccRCC, GO-concentrations increase from 0
to 80 lg∙mL�1 and the proportions of apoptotic cells increase 2.85 times, which proves milli-capsules
inhibit ccRCC cells proliferation in a GO-concentration-dependent manner by accurate GO-dosing control.
Other drugs such as siRNA furnishing an additional practicability-proof for neurodegeneration therapy.
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1. Introduction

Neurodegenerative diseases and cancer, which caused by neu-
rons death or failed to stop uncontrolled cells pathological growth,
are the major two causes of death worldwide. Renal cell carcinoma
(RCC) as the most common type of kidney cancer in men aged over
65,[1,2] its histologic subtype clear cell RCC (ccRCC) accounts for
approximately 90 % of kidney cancers and 4 % of all newly diag-
nosed cancer cases.[3] Since RCC is usually asymptomatic, few
patients are diagnosed at initial clinical assessment until symp-
toms develop secondary to serious kidney damage. For patients
with a localized disease in the kidney, approximately 70–80 % of
patients undergo nephrectomy to remove the tumor and the recur-
rence rate is usually<25 % (surgery alone might achieve adequate
curing). For patients with advanced cancer (i.e. tumor has spread
outside the kidney), however, the recurrence rate is up to 40 % after
initial treatment,[4,5] and the five-year survival rate is still much
lower (12 %).[6] In addition, some neurodegenerative diseases,
such as Alzheimer’s Disease (AD), Amyotrophic Lateral Sclerosis
(ALS) and Parkinson’s Disease (PD), are facing challenges in patho-
genesis and treatment,[7] also due to their insidious onset and
nonspecific symptoms at different developmental stages.

Conventional kidney cancer treatments (include chemo- and
radiotherapy) met the bottlenecks caused by increased resistance
of RCC, therefore, modern cancer therapies were pursuing similar
approaches to create methods that were more specific and had
fewer unwanted side effects on healthy cells. For example, targeted
therapies are directly designed to pathogenic cells and killing only
tumor cells, immunotherapies work by restoring the function of
the innate anticancer immune system.[8–11] Nowadays, drug-
delivery devices which meet specified dosing challenges have
attained great attention. For conventional oral and parenteral drug
delivery systems,[23] passive tumor targeting are prone to obtain
sub-therapeutic response due to the difficulty of maintaining
plasma drug concentrations above the minimum effective value
and below the toxic level simultaneously.[20] For example, PEG-
based systems released drug dependent on advanced prodrugs,
which obtained optimum therapies constrained by rapid drug
elimination.[36] For state-of-art implantable drug delivery sys-
tems,[24–27] active tumor targeting based on stimuli-responsive
strategies could maintain drug levels within the therapeutic win-
dow constantly and more likely to offer the desired therapeutic
effect with a pre-determined duration.[21,22]. For example,
temperature-responsive systems released drug by thermally
degrade [37] or reversible shrinking [38] of the pump diaphragm,
have dependence on favorable physiological conditions. [39,40]
Magnetic-drug delivery systems required sufficient strength to
deformed the membrane and modulated apertures scaling to con-
trol the release, [41] have hidden dangers in residual-magnetism
retaining [42] and difficult to refilled drug in the reservoir.[23]
Electric-responsive systems often realized wireless drug-release
inseparable from electrical power sources, tended to result lower
tissue penetration and biodegradability. [43,44] Light-stimuli as a
wireless power source render systems delivery without motor to
achieve the smallest size and lowest weight, [45]however, lower
matching score may not be tolerated by the tissue and hard to
achieve the desired therapeutic. e.g. The stimuli by visible or UV
light are strongly limited to the skin or the mucosa treatment
because their penetration depth into tissues could be no more than
�10 mm, and prolonged UV irradiation can be cytotoxic.[31].
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Recently, the combination of biologically active compounds and
carbon nanomaterials indicates a promising prospect in the
biomedical field,[12,13] also provides new therapeutic strategies
for stimuli-responsive systems realize implantable drug delivery.
Graphene oxide (GO), since they possess high surface-to-volume
ratio and demonstrate cytotoxic effect on several human cancer
cell lines (e.g. osteosarcoma,[14] A549 lung cancer,[15] and ovar-
ian cancer [16]), render themselves attractive candidates for drug
delivery.[17–19] Although much progress evaluate the toxicity of
GO in vitro have displayed extraordinary potential, there has been
little discussion of GO-based drug delivery and some restrictions
still exist in drugs’ dosing accuracy and controllability, as well as
implantable delivery and safety. In addition to ccRCC, neurodegen-
erative diseases, which need to observe the progression when
administrate new drugs and compare effectiveness of animal-
models with different dosages, also have an urgent request for
accurate drug-dosing control of delivery devices.[7].

In this study, on account of the penetration ability through tis-
sues of near-infrared (nIR) lights and the nIR absorption ability of
graphene oxide (GO), we construct a GO-based milli-capsule com-
posed of the capsule shell and photo-triggered switch. As Fig. 1
shows, the switches’ photomechanical deformations could be uti-
lized as an alternative electric power source, which is beneficial
to the minimization of drug-release capsules. It could be found
that, the ability of controllable drug-release depends on the rever-
sible deformation by the remote nIR irradiation (‘‘on” or ‘‘off” in
controllable manner), and the capsules could be re-used after
refilled. Capsules’ cytotoxicity in vitro are evaluated by embedded
with GO as drugs and released GO in clear cell renal cell carcinoma
(ccRCC), where dosage controlled in the range of 0 lg (0 drop) to
225 lg (five drops) when the radiation power increased from 0.1
to 0.5 W. Drugs’ caspase-mediated apoptotic effect on ccRCC cell
lines increased 2.85 times compared with pure ccRCC when the
GO-concentration increased to 80 lg∙mL�1 (capsules irradiated
under 0.5 W and released four GO-drops in 2.25 mL nutrient solu-
tion). The proposed GO-based milli-capsules were finally
implanted under the skin of live mice in vivo, further evaluates
the validity of our drug delivery systems in physiological tissues,
and provides feasible paths for ccRCC therapy and neurodegenera-
tion therapy by embedded with corresponding drugs.
2. Materials and methods

2.1. Materials and micro-fabrication of GO-based capsules

Starch shells were purchased from Hunan ER-Kang Pharmaceu-
tical Limited by Share ltd, the overall closed length is 21.70 ± 0.3
0 mm, and the volume capacity is 680 lL. GO nanosheets in the
photo-triggered switch were purchased from Shenzhen Suiheng
Technology Co. ltd, they are 1–10 lm in diameter and 1 nm in
thickness in their original form. PDMS were obtained from Dow
Corning (Sylgard 184).

PDMS layer was prepared by mixing the base component and
the curing agent in a 10:1 ratio and followed with vacuum degas-
sing, then spin-coated on a cleaned glass slides (500 rpm, 12 s) and
cured at 100 �C for 60 min. GO-PDMS layer was obtained by
weighting desired amount of GO and adding to liquid PDMS (the
GO concentration was 5 wt% in this study), after thorough stirring
and degasing, poured liquid GO-PDMS composites into the prefab-
ricated mould (square border-shape); excess composites were
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Fig. 1. Demonstration of the GO-based capsules with controlled drug released ability by remote nIR manipulation for implantable ccRCC or neurodegeneration therapy.
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scraped by a doctor blade, remaining composites were cured at
100 �C for 60 min; then the mould was removed, and the GO-
PDMS layer was fabricated on the pristine PDMS layer. The starch
shell’s top and side surfaces had a precast groove (5 mm � 1 mm)
and a capillary hole (diameter<1 mm), the photo-triggered switch
was bonding to the groove with PDMS in an uncured state, and
then cured at room temperature for 12 h. GO or siRNA-drugs were
first introduced into a syringe, before the needle inserted into the
capillary hole on starch shells’ side surfaces, flicked the side of
the syringe and forced air bubbles up toward the needle hub, then
gently pushed down the plunger to get the collected air out of the
needle.

2.2. Materials and preparations for drugs

GO as drugs were purchased from Nanjing XFNANO Materials
Tech Co. ltd (Nanjing, China). GO samples (XF020) were dispersed
in pure water (1 lg�lL�1) as the stock solution, and then the sus-
pensions were autoclaved before starting the injection session.
siRNA oligonucleotides as drugs for Beclin-1 (50-CAGTTTGGCA
CAATCAATATT-30, 50-UAUUGAUUGUGCCAAACUGTT-30) and the
control groups (50-UUCUCCGAACGUGUCACGUTT-30, 50-ACGUGA
CACGUUCGGAATT-30) were synthesized by GenePharma (Shang-
hai, China).

2.3. Characterization of GO-based capsules

The thickness measurement of each layer contains three steps:
(i) The prepared sample was cut perpendicularly to expose its
cross-section, and mounted in a housing to ensure the cross-
section perfectly under microscope; (ii) Optical microscopy was
employed to obtain over 5 pictures of the pristine PDMS and GO-
PDMS due to the sample have dimensions in microns and suffi-
ciently high contrast. (iii) By the pictures, the average thickness
of PDMS and GO-PDMS layer were calculated, which were
336 ± 2.82 lm and 283 ± 1.43 lm, respectively.

2.4. Controlled-release for desired drug-concentration

The desired GO-concentration c in the culture dish could con-
trolled by the drug dosage m released from capsules and volume
of nutrient solution Vn, i.e. c = c(m, Vn), where light powers PL can
directly influence m, i.e. m = m(PL). As Table 1 shows, when cap-
3

sules irradiated under 0.5 W, different amount of GO (lg) released
in various volume of nutrient solutions (mL) could realize desired
GO-concentrations. i.e. 5 lg∙mL�1 � 80 lg∙mL�1 (where c = m/Vn,
the droplet’s dropping volume (lL) is negligible compared to Vn).
For 225 lL siRNA-drugs, capsules are irradiated under 0.5 W and
released five drops.
2.5. Cell culture

Human ccRCC cell lines (Caki-1 and Caki-2) and 293 T cells
(Human embryonic kidney cells) were obtained from the National
Infrastructure of Cell Line Resource (Beijing, China). Caki-1 and
Caki-2 were cultured in the recommended McCoy’5A Media
(Hyclone, Logan, UT, USA) supplemented with 10 % FBS (Hyclone,
USA). 293 T cells were cultured in H-DMEM (Gibco, 11965–092)
with 10 % FBS. NSC-34 cell lines were obtained from the Otwo Bio-
tech Inc. (Shenzhen, China), cultured in H-DMEM with 10 % FBS
and 1 % Penicillin-Streptomycin (Gibco, 15070–063). All cells were
maintained in a humidified incubator containing 5 % CO2 at 37℃.
All cell culture experiments performed standardized procedures,
which are provided by National Infrastructure of Cell line
Resources and Basic Biological and Medical Research or corre-
sponding cell culture instructions (Website shown in Supporting
Information Ⅰ).
2.6. siRNA-drugs transfections on NSC-34 cells

NSC-34 cells were seeded into 6-well plates at a density of
5 � 105 per well and cultured for 24 h. NSC-34 cells were trans-
fected with 225 lL (five drops) Beclin-1 or control siRNA transfec-
tion mixed liquid for 24 h. The Beclin-1 or control siRNA
transfection mixed liquid were made by 20 lL Beclin-1 or control
siRNA (concentration was 20 lM), 400 lL opti-MEM and 10 lL
LipofectamineTM2000 (Invitrogen, 11668027) according to the
instructions.

Limited by the article length, Materials and Methods of ccRCC
cells viability assay, Cell apoptosis assay, Western blot assay and
Statistical analysis shows in Supporting Information Ⅰ.



Table 1
Preparation for desired GO-concentration, i.e. c = c(m, Vn).

Vn c m 45 ± 1 lg
(one drop)

90 ± 1 lg
(two drops)

135 ± 1 lg
(three drops)

180 ± 1 lg
(four drops)

225 ± 1 lg
(five drops)

PL
0.5 W

5 lg∙mL�1 9 mL 18 mL 27 mL 36 mL 45 mL
10 lg∙mL�1 4.5 mL 9 mL 13.5 mL 18 mL 22.5 mL
20 lg∙mL�1 2.25 mL 4.5 mL 6.75 mL 9 mL 11.25 mL
40 lg∙mL�1 1.125 mL 2.25 mL 3.375 mL 4.5 mL 5.625 mL
80 lg∙mL�1 0.56 mL 1.125 mL 1.688 mL 2.25 mL 2.813 mL
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3. Results and discussion

3.1. Design and fabrication of graphene Oxide-based milli-capsules.

The GO-based milli-capsule is constituted by the GO-based
photo-triggered switch, the starch shell and built-in drugs, as
Fig. 2a shows. The photo-thermal switch is a two-layer planar com-
posite film based on the bimetallic strip effect, the upper layer is
graphene oxide-polydimethylsiloxane nanocomposites (GO-
PDMS) and the bottom layer is pristine PDMS, as Fig. 2b shows.
The deformation of photo-thermal switch offers varying pressure
to drive drug displacement as shown in Fig. 2c. When the devel-
oped switch fixed by PDMS solution on the starch shell and then
spontaneous cured after 12 h, the GO-based milli-capsules finished
its preparation as Fig. 2d shows. Different drugs such as GO or
siRNA could embed in capsules for different disease therapy.
3.2. Controlled drug release of graphene Oxide-based milli-capsules

3.2.1. Drug-released mechanism for GO-based capsules
nIR lights as pressure source in vitro and GO as nIR- absorption

source in vivo provide a feasible path to realize implantable drug
delivery. When capsules irradiated under 808 nm nIR light, heat
transfer rates dT/dt were calculated by eq. (1), temperature
changes of photo-triggered switches Tswitch and capsule-shells Tcap-
sule were respectively demonstrated in Fig. 3a and b, where the
switches have same thicknesses (h = 619 lm) and GO-
concentrations (wGO = 5 wt%). A is the spot area of the light, CE is
the volume heat capacity, defined as the amount of heat energy
sample needed to raise one unit of temperature in per unit of
volume.
Fig. 2. Design and fabrication of GO-based milli-capsules. a) Demonstration of GO-bas
triggered switch. c) Deformation of the photo-thermal switch serve as pressure-induced
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dT
dt

¼ PL

A� CE � h
ð1Þ

When the nIR light irradiated on the switch (t = 10 s), Tswitch

increased rapidly in 10 s, while Tcapsule-n (temperature of the
capsule-shell near to the switch) increased slowly, and Tcapsule-f
(temperature of the capsule-shell far from the switch) experienced
near-zero growth. When the nIR light stop irradiated (t = 40 s),
Tswitch decreased rapidly in 5 s, while Tcapsule-n and Tcapsule-f had
continued growth in 5 s. Furthermore, final temperatures increased
with light powers PL and the maximum temperatures obtained at
0.5 W. The light power dependence of temperature changes illus-
trated that the temperature rise of the switch could attributed to
the nIR light absorption of GO-PDMS and the conversion to thermal
energy, and the capsule-shell temperature shows insignificant rise
(<9 �C) due to heat conduction by switch.

Switches absorb thermal energy could further results photo-
thermal deformations based on the bimetallic strip effect. Due to
the component layers (i.e. GO-PDMS layer and pristine PDMS
layer) have difference in thermal expansion a and elastic modulus
E, switches could bend to the one side and induce deformations as
eq. (2) shows.

1
q
¼ 6DTðaPDMS � aGO - PDMSÞð1þm2Þ

h½3ð1þmÞ2 þ ð1þmnÞðm2 þ 1
mnÞ�

ð2Þ

Where 1/q is the deformation curvature of the photo-thermal
switch, DT is the temperature difference, a is the coefficient of
thermal expansion, m and n are the ratio of double layers’ thick-
ness (m = hGO-PDMS/hPDMS) and elastic modulus (n = EGO-PDMS/EPDMS),
respectively. Eq. (2) shows that deformation 1/q is influenced by
the differences in thermal properties (a, E and n) and structural
ed milli-capsules filled with drugs. b) The optical microscope image of the photo-
source for drug release. d) Fabrication process of the milli-capsule.



Fig. 3. The Influence of light powers on the drug-released ability. a) and b) Temperature profiles of photo-triggered switch Tswitch and capsule-shell Tcapsule dependent on light
powers and irradiating times. c) Schematic of photomechanical force testing. d) Schematic of drug dosing testing. e) Photomechanical forces for the thermal switch irradiated
under different light powers. f) Dose-release relationships with different light powers.
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dimensions (h andm). For the thermal properties, we have demon-
strated that a decreased while E increased as the concentration of
graphene oxide (wGO) increased (data shown in Fig. S1), which
means the thermal expansion of the upper layer is smaller than
that of the bottom layer (i.e. aGO-PDMS < aPDMS), while the elastic
modulus of the upper layer is larger than that of the bottom layer
(i.e. EGO-PDMS > EPDMS, n � 1). Therefore, the two-layer planar com-
posite film could deflect toward the GO-PDMS side, this downward
deformation gives rise to the compression which pressurized on
the drug reservoir and then drive drugs displacement, as Fig. 2c
and Supporting Information Ⅱ shows. For the structural dimen-
sions, when n � 1, m between 0 and 1 (i.e. hGO-PDMS < hPDMS) and
thinner layers (smaller h) are preferred for vigorous compression.
In this study, the thickness of the GO-PDMS layer and PDMS layer
were 283 lm and 336 lm, respectively, as Fig. 2b shows.
3.2.2. Drug-released controllability for GO-based capsules
When the photo-triggered switch at pre-tighten state (10 mN)

and nIR light irradiating on the central of it from GO-PDMS side,
5

photomechanical forces F of different light powers PL in same irra-
diating time (30 s) were measured by pressure sensor as Fig. 3c
shows. Due to the heat transfer rate dT/dt is positively associated
with PL, the compression F increases with PL and reaches the peak
of 108 mN at 0.5 W as Fig. 3e shows, therefore support the com-
pression force pressurized on the drug reservoir is provided by
the nIR absorption and light-thermal conversion of GO-based
photo-triggered switches.

Drug doses and infusion rates are key indicators of implantable
drug-delivery devices. When the GO-based capsule irradiated
under different light powers, measure the drug dosage released
from capsules by weighting balance, and record dosing time via
stopwatch as Fig. 3d shows. The time-dependent drug doses trends
of different light powers in Fig. 3f can be described as: i) Every step
change represents one dose released from the capsule, every pla-
teau between steeply ascending sections represents drugs are
accumulated at the boundary of the capillary hole but not fallen
from the capsule. ii) At lower light powers (PL = 0.1 W and
0.2 W), photomechanical forces were insufficient to overcome



Fig. 4. Toxic Effect of Graphene Oxide on ccRCC cell viability. a) Different GO-concentrations range from 5 lg∙mL�1 to 80 lg∙mL�1 were achieved by capsules released various
amount of GO in different volume of nutrient solution. b) and c) Toxic effects of GO on Caki-1 and Caki-2 cell lines viability. *P < 0.05, **P < 0.01 and ****P < 0.0001 compared to
0 lg∙mL�1 group, respectively. Data are representative of three independent experiments and values are expressed in mean ± SD.
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the capillary forces, and drugs were trapped in the capsule. When
light powers were higher than 0.3 W, photomechanical forces were
sufficient to drive drugs displacement. iii) Drug dosages and
release rates increased significantly with the radiation power PL
(when PL increased from 0.1 to 0.5 W, dosage increased from
0 lg (0 drop) to 225 lg (five drops)), and the capsule stop released
when the nIR light turned off.
3.3. Cytotoxicity of graphene Oxide-based milli-capsules in vitro

3.3.1. Toxic effect of graphene oxide on ccRCC cell viability
PDMS as well-know biocompatible and nontoxic polymers have

a promising perspective in implantable drug delivery,[32–35]
therefore, to test the viability of GO-based milli-capsules in vivo,
the cytotoxicity of GO needs further evaluated. Based on the drug
release kinetics analysis in Supporting Information Ⅰ, the releasable
viscosity could be up to 7.41 Pa∙s when capsules irradiated under
0.5 W, therefore, GO-suspensions as the drug (�10-4 Pa∙s) embed-
ded in capsules can be released in ccRCC environments to evaluate
the toxic effect of GO. Two ccRCC cell lines (Caki-1 and Caki-2)
were used to observed the cell viability, five GO-based milli-
capsules filled with GO were attached to the sidewall of the petri
dishes, as Fig. 4a shows.

The desired GO-concentrations c (range from 5 lg∙mL�1 to
80 lg∙mL�1) in the culture dish are controlled by the drug dosage
m released from capsules and volume of nutrient solution Vn, i.e.
c = c(m, Vn), where light powers PL can directly influence m, i.e.
m = m(PL). As Table 1 shows, when capsules irradiated under
0.5 W, c = 5 lg∙mL�1 and c = 10 lg∙mL�1 are obtained by capsules
released one drop (45 lg) and two drops (90 lg) in 9 mL ccRCC
cells, respectively. c = 20 lg∙mL�1, c = 40 lg∙mL-1L and
6

c = 80 lg∙mL�1 are obtained by capsules released one drop
(45 lg), two drops (90 lg) and four drops (180 lg) in 2.25 mL
ccRCC cells, respectively.

Since ccRCC cells treated with different concentrations of GO
after 48 h, using Cell Counting Kit-8 (CCK-8) assayed cell viability
as Fig. 4b and c shows. When the concentrations of GO increased
from 0 lg∙mL�1 (pure ccRCC) to 80 lg∙mL�1 (GO-ccRCC), the sur-
vival rate decreased to 33.38 % and 47.25 % for Caki-1 cell and
Caki-2 cell, respectively. Thus, GO inhibits ccRCC cell proliferation
in vitro and the cytotoxicity exhibits concentration-dependent
manner, combined with accurate drug-dosing controllability, the
GO-based milli-capsule is expected to achieve implantable ccRCC
therapy.
3.3.2. Cytotoxicity assay of graphene oxide on ccRCC cell apoptosis
To investigate whether the inhibition of cell viability by GO-

treatment was caused by cell apoptosis, we examined the changes
of apoptotic markers in Caki-1 and Caki-2 cells after treatment
with GO for 48 h. The Annexin V-FITC and propidium iodide (PI)
assay revealed the significant increase in apoptosis as Fig. 5a
shows. When the concentration of GO increased from 0 lg∙mL�1

to 80 lg∙mL�1, the apoptotic rate of Caki-1 and Caki-2 increased
to 20.70 % and 19.35 %, respectively, as Fig. 5b shows. In order to
decrease test specificity, we further confirmed the apoptotic effects
of GO in ccRCC cell lines by mitochondrial membrane potential
(MMP) assay, which is a vital factor in the indication of early apop-
tosis induction.[28] JC-1 exhibits potential-dependent accumula-
tion in mitochondria, indicated by the green fluorescence
(emission at 530 ± 15 nm) for the monomers and red fluorescence
(emission at 590 ± 17.5 nm) for the aggregates.



Fig. 5. GO induced apoptotic on ccRCC cell lines in a dose-dependent manner. a) Flow cytometry results with Annexin V-FITC/PI staining (Cells were treated with GO for 48 h).
b) The ratio of apoptosis as the function of different GO concentrations. c) Flow cytometry results with JC-1 staining to determine changes in MMP (Cells were treated with GO
for 48 h). d) The ratio of mitochondrial depolarized cells as the function of different GO concentrations. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared to
0 lg∙mL�1 group, respectively. Data are representative of three independent experiments and values are expressed in mean ± SD.
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The MMP assay reveals obvious decrease in the red/green fluo-
rescence intensity ratio, which indicates enhanced mitochondrial
depolarization, as Fig. 5c and d shows. When the concentration
of GO increased from 0 lg∙mL�1 to 80 lg∙mL�1, the mitochondrial
7

depolarized rate of Caki-1 and Caki-2 cells increased to 70.90 % and
66.61 %, respectively. The mitochondrial depolarized rates assayed
from the MMP have been shown to correlate well with the apop-
totic rates assayed from Annexin V-FITC/PI, which demonstrated



Fig. 6. GO active caspase pathway on ccRCC cell lines in a dose-dependent manner. a) Concentration-dependent expression of apoptotic proteins in GO treated ccRCC cells. b)
Flow cytometric analysis of apoptotic populations for active caspase-3 with GO treatment. Data are representative of three independent experiments. ***P < 0.001 compared to
untreated NSC-34 neurons.

Fig. 7. siRNA-drugs embedded in GO-based milli-capsules for neurodegeneration therapy. a) NSC-34 neurons with different treatment. b) The association of Beclin-1
expression level with different transfection in NSC-34 neurons. c) siRNA-drugs’ inhibition of autophagy in NSC-34 neurons. ***P < 0.001 compared to untreated NSC-34
neurons.
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the inhibition of ccRCC cells viability is triggered by cell apoptosis
with GO released from capsules.

Apoptotic signaling will lead to the activation of caspases,
which specifically cleave native proteome substrates, leading to
delocalization of proteins, loss of function or complex formation.
It has been reported that caspase activation is a marker of apopto-
sis. [29,30] Therefore, we further evaluated the potential pathways
involved in this process. The main markers of apoptosis detectible
8

include Bax, Bcl-2, Caspase 9, Cleaved-Caspase 9, Caspase 3 and
Cleaved-Caspase 3 as Fig. 6a shows. The western blot analysis
demonstrated that Cleaved Caspase-9 proteins in Caki-1 and
Caki-2 cells were increased as the concentration of GO increased.
As Fig. 6b shows, over one third of the GO-treated Caki-1 cells were
positive for active caspase-3 staining. Additionally, the expression
level of Bax protein was markedly increased in a dose-dependent
manner, whereas the expression level of Bcl-2 that suppressed



Fig. 8. a) The implantation of the milli-capsules into live mice, and the bioluminescent images to reveal the drug-release ability by remote nIR irradiation. b) Monitoring the
degradation process of capsules in H-DMEM with 10% FBS solution.
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apoptosis was decreased dramatically compared to GAPDH. Note
that the intrinsic pathway is mainly regulated by the Bcl-2 protein
family, which releases proapoptotic proteins Bax and Bak, thus,
disturbs MMP to execute apoptosis signaling.

Above experiment data clearly showed that the cytotoxicity of
GO could induce caspase-mediated apoptosis in ccRCC environ-
ments via the intrinsic pathway with concentration-dependent
manner, which suggests the GO-based milli-capsules with accurate
drug dosing ability provide a feasible path for ccRCC therapy.
3.3.3. Demonstration of GO-based milli-capsules for
neurodegeneration therapy

Neurodegeneration which need to observe the progression
when administrate new drugs also have an urgent request for
accurate drug-dosing control. We evaluated the feasibility of GO-
based milli-capsules for Neurodegeneration therapy by embedded
siRNA as drugs and released in NSC-34 environments in vitro.
Beclin-1, which plays an important role in neurodegeneration, is
implicated in the autophagic programmed cell death. In this study,
using western blot to investigate the expression of Beclin-1 after
transfected by Beclin-1 or control siRNA. As Fig. 7a shows, duo to
the density of GO-drugs embedded in milli-capsules is 1 lg∙lL�1,
capsules released same volume of siRNA-drugs when irradiated
under same nIR light powers, i.e. 45 lL per drop. Therefore,
Beclin-1 or control siRNA transfection mixed liquid (225 lL) were
achieved when capsules irradiated under 0.5 W and released five
drops. As shown in Fig. 7b and c, the expression of Beclin-1 was
decreased by 34.94 % compared with control siRNA group, which
proved siRNA-drugs’ inhibition of autophagy in NSC-34 neurons.
3.4. Performance of graphene Oxide-based milli-capsules in vivo

To further evaluate the validity of our drug delivery systems in
physiological tissues, the proposed GO-based milli-capsules were
implanted under the skin of live mice in vivo, as Fig. 8a shows.
293 T cells is a platform to produce viral vectors with stable over-
expression of luciferase, and can be detected by ex vivo biolumi-
nescence imaging when combines with D-luciferin solution. The
test GO-based milli-capsule filled with 400 lL suspension of
9

293 T cells (1 � 106 cells) and 200 lL D-luciferin solution
(25 lM) as drug was prepared before implantation. The vivo exper-
iment in mice performed as follows: i) Female C57/BL6 mice were
administrated anesthetic solution (Chloral hydrate, with suggested
dose volumes 200 lL, 5 wt%) by intraperitoneal injection, after sat-
isfactory anesthesia the mice limbs were fixed and made a skin
incision (2 � 3 cm2) at the side of back as the capsule’s implanta-
tion site. ii) Marked switch’s location, and then carefully fully
closed the incision. iii) Irradiated the marked-area by nIR light
(PL = 0.5 W, t = 10 s). iv) Transfer the mice to the Multi-mode ani-
mal living imaging system within half an hour, the small animal
live imaging system (Fig. 8a-iv) demonstrated that drugs (293 T
cells with D-luciferin solution) had released after vitro nIR manip-
ulation. In vivo mice experiments tested and verified the nIR lights
through skin could regulate the released ability of capsules.

Furthermore, we investigate degradation of GO-based milli-
capsules by immersed it (embedded with 293 T cells) into the sim-
ulated biological environment, where the nutrient solution was H-
DMEM with 10 % FBS, and degradation environment was maintain
at a constant temperature (37 �C) and humidity. As Fig. 8b shows,
the starch capsule shell began softening after 6 min, and fully dis-
solved after 16 h. Although the photo-triggered switch was not dis-
solved, toxicity of GO and biocompability of PDMS have been
respectively evaluated and proved in our study, render GO-based
milli-capsules have practical use in chronic due to their refilled
ability once change the capsule-shell with nonsoluble and biocom-
patible characteristics.
4. Conclusions

In summary, on account of near infrared light’s well penetration
depth through tissues and graphene oxide’s light absorption abil-
ity, we developed a graphene oxide-based milli-capsules, which
could realize accurate drug release by photo-induced deformation
and in-vitro nIR manipulation. When the light power was 0.5 W,
the photomechanical force reached to 108 mN and the dosage
was up to 225 lg with five drops. The cytotoxicity of capsules
in vitro was evaluated by embedded with GO as drugs and released
GO in clear cell renal cell carcinoma (ccRCC) environments. When
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the GO-based capsules irradiated under 0.5 W and released differ-
ent amount of GO-drops in ccRCC systems, GO’ concentration
increased from 0 to 80 lg mL�1 and the proportions of apoptotic
cells increased 2.85 times for Caki-1 and 2.73 times for Caki-2.
The proposed GO-based milli-capsules provide accurate therapeu-
tic strategies for ccRCC due to they can inhibit ccRCC cell prolifer-
ation in a GO-concentration-dependent manner. Replaced GO-
drugs with siRNA-drugs, which perform inhibition of autophagy
in NSC-34 neurons (the expression of Beclin-1 was decreased by
34.94 % compared with the control siRNA group), furnishing an
additional proof of the practicability of GO-based milli-capsules
for neurodegeneration therapy. The final in-vivo mice experiment
further evaluated the validity of our milli-capsules applied in
implantable drug delivery.
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