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Implantable devices for on-demand and pulsatile drug delivery
have attracted considerable attention; however, many devices in
clinical use are embedded with the electronic units and battery inside,
hence making them large and heavy for implantation. Therefore, we
propose an implantable device with multiple drug reservoirs capped
with a stimulus-responsive membrane (SRM) for on-demand and pulsa-
tile drug delivery. The SRM is made of thermosensitive POSS(MEO,MA-
c0-OEGMA) and photothermal nanoparticles of reduced graphene
oxide (rGO), and each of the drug reservoirs is filled with the same
amount of human growth hormone (hGH). Therefore, with nonin-
vasive near-infrared (NIR) irradiation from the outside skin, the rGO
nanoparticles generate heat to rupture the SRM in the implanted
device, which can open a single selected drug reservoir to release
hGH. Therefore, the device herein is shown to release hGH repro-
ducibly only at the times of NIR irradiation without drug leakage
during no irradiation. When implanted in rats with growth hor-
mone deficiency and irradiated with an NIR light from the outside
skin, the device exhibits profiles of hGH and IGF1 plasma concen-
trations, as well as body weight change, similar to those in animals
treated with conventional s.c. hGH injections.

drug delivery | implantable device | near-infrared light | stimulus-
responsive membrane

mplantable drug delivery systems enabled with on-demand

drug delivery have attracted considerable attention for the
treatment of chronic diseases requiring long-term drug therapy (1, 2).
Such systems are considered advantageous in that, after one-time
implantation, complex drug regimens could still be achieved with-
out a conventional means of drug administration, such as multiple
invasive injections (3). To release drugs only at the desired times,
many implantable devices were designed to contain the driving and
controller units (4-13), and thus they became large and heavy, which
could be inconvenient from the perspective of patient compliance.

In this regard, implantable devices that can release drugs via an
external stimulus have been extensively studied in recent years (14—
17). Those devices were composed mainly of the drug reservoirs
without any additional driving units inside, and the reservoir was
capped with a membrane, the shape or permeability of which could
be changed upon applications of a noninvasive stimulus applied from
the outside skin to trigger the onset of drug release (14-17). However,
the membrane was not yet properly optimized for the regimen of the
drugs that especially need a pulsatile delivery to follow circadian
rthythm (18, 19). For example, the change of membrane property was
very slow, causing delayed or prolonged drug release (14-17). The
pores or apertures present in the membrane could cause continuous
drug leakage even without the presence of stimuli (15, 17).
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Therefore, we propose an implantable device with multiple drug
reservoirs capped with a stimulus-responsive membrane (SRM)
specifically for on-demand and pulsatile drug delivery. For this
purpose, we employed a continuous-wave near-infrared (NIR) light
at wavelength of 808 nm as a noninvasive means of stimulus, which
possesses a high permeability in soft tissues without damage (20-22).
We prepared the SRM as a thermosensitive polymer hybrid
composed of POSS(MEO,;MA-co-OEGMA) and nanoparticles
of reduced graphene oxide (rGO). Therefore, each reservoir
was seamlessly capped with this SRM to prevent drug leakage
during the off-states. Only when an NIR light was irradiated would
the rGO nanoparticles in the membrane generate heat (22-24),
which in turn would shrink the thermosensitive polymer, letting it
be torn (25), leading to rupture of the membrane and hence the
onset of drug release. The POSS(MEO,MA-co-OEGMA) and
rGO herein are known to be biocompatible, and thus they have
been used for many other biomedical applications (26, 27).

To test the feasibility of the device herein, we loaded it with
human growth hormone (hGH), as hGH is often prescribed for
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on-demand and pulsatile delivery via injections for treatment of
growth hormone deficiency in clinical settings (28). The perfor-
mance of the device was tested under in vitro environments,
where the SRM on a selected reservoir was irradiated with NIR
light only at scheduled times while the device was immersed in
PBS (pH 7.4) at 37 °C for 28 d. For in vivo evaluation, the device
was implanted in living animals with growth hormone deficiency,
i.e., hypophysectomized rats, and the pharmacokinetic and
pharmacodynamic profiles were evaluated while the device was
irradiated every day for 14 d.

Results

Implantable Device Preparation and Operation. We prepared the
device to contain 18 distinct drug reservoirs as a prototype, as
shown in Fig. 14. For this, we prepared three distinct constituent
parts of the top cover, drug reservoir body, and bottom cover,
each of which was fabricated with a PolyJet 3D printer (Eden
350V; Objet Geometries) using polyurethane copolymer. We
then assembled and attached those parts with medical epoxy
(Epo-Tek 301; Epoxy Technology) to produce the device herein.
In this work, the whole surface of the device was coated with
Parylene C to promote the biocompatibility of the device after
implantation (29). Detailed fabrication procedures are depicted
in Materials and Methods and SI Appendix, Fig. S1.

The drug reservoir body was shaped to contain 18 hollow
cylinders, the top of which was seamlessly sealed with the SRM
prepared in this work, using medical epoxy. Then, each drug
reservoir was filled with recombinant hGH (EutropinPEN; 36
IU; LG Chemical), followed by polyethylene glycol (PEG) (MW
400; Acros Organics), to give a loading amount of 20.01 + 0.43
pg of hGH per reservoir [hGH:PEG = 1:1.13 (wt/wt)]. Then, the
bottom was seamlessly sealed with a polyester tape (Ideal
9144 tape; American Biltrite). The drug reservoir body was glued
with the top cover, which contained 18 openings that were
aligned to just expose the SRM on each of the corresponding
drug reservoirs. Finally, the bottom cover was glued with medical
epoxy to produce the device.

We also prepared the external guide for the purpose of
alignment of the NIR irradiation from the outside body. The
device and external guide were each embedded with two
magnets of opposite polarity in a way that the magnets in the
external guide could be attracted and attached to those in the
implanted device with directionality. Thus, each of the hollow
cylinders in the external guide could be aligned to the SRM on
a specific drug reservoir, where the tip of the NIR laser
(OCLA; Soodogroup) could be inserted for irradiation. To be
able to recognize an already used reservoir, the top of the ex-
ternal guide was covered with a thin film of polypropylene
(CCR 50; CAS Chemical), which could be punctured when the
tip of the NIR laser was applied.

Therefore, the device herein could be operated as follows (Fig.
1B and Movie S1): (i) the external guide at the outside skin could
be attached to the implanted device for alignment; (ii) the NIR
laser was irradiated through a selected cylinder in the external
guide; (iii) the SRM on a selected drug reservoir was ruptured
and opened; and (iv) the hGH was released. Fig. 1C shows the
optical images of the device and external guide prepared in this
work. The device had dimensions of ~24 mm X 9 mm X 5 mm
[length (L) x width (W) X height (H)], giving a total volume of
~1 mL. Each drug reservoir was shaped to be 1.5 mm in diameter
with a height of 3.5 mm, giving a volume of ~6.2 pL. The external
guide had a dimension of 27 mm x 11.5 mm x 9.5 mm (L x W x H),
giving a total volume of ~3 mL (Fig. 1C).

SRM Ruptured via NIR Irradiation. To deliver hGH in on-demand
and pulsatile manners, we prepared the SRM to be able to rupture
and open the drug reservoir via NIR irradiation. Thus, the SRM
consisted mainly of a thermosensitive polymer, POSS(MEO,MA-
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co-OEGMA), which shrinks in response to heat, i.e., an increase
in temperature, due to the break of hydrogen bonds above the
lower critical solution temperature (LCST) (26). To allow for
heat generation via NIR irradiation, the membrane was prepared
in the form of a composite to contain the nanoparticles of rGO,
which possesses an effective photothermal property (25). The
energy absorbed by the photoactivated rGO can be quickly
transferred to that of molecular vibration, which is finally con-
verted into thermal energy due to the delocalized electrons.
Therefore, the chains of POSS(MEO,MA-co-OEGMA) would
collapse and form the large aggregates when the temperature in-
creased by the NIR-irradiated rGO nanoparticles.

In this work, we aimed to prepare the SRM to be relatively
rapidly ruptured with NIR irradiation (5 s). For optimization,
therefore, we prepared the SRM with three different contents of
the rGO nanoparticles: 0 wt% (i.e., SRM1), 0.25 wt% (i.e.,
SRM2), and 0.5 wt% (i.e., SRM3), respectively. To prepare the
SRM herein, the rGO nanoparticles were dispersed in the so-
lution of POSS(MEO,MA-co-OEGMA) [20% (wt/vol)] in tet-
rahydrofuran (THF), which was then dried at room temperature
overnight to evaporate the solvent. According to the visual ob-
servation (Fig. 24), the SRM1 was transparent, but the SRM2
and SRM3 were black due to the presence of rGO nanoparticles
(25). With a lower content of rGO in the SRM2, there were still
some transparent spots in the membrane, where almost no rGO
nanoparticles were present. Most of the area in the SRM3
membrane, however, turned out to be black due to the homog-
enous and denser distribution of rGO nanoparticles. Under the
fabrication conditions of the SRM3, rGO nanoparticles appeared
to also be homogeneously distributed in the membrane at a mi-
croscopic level (SI Appendix, Fig. S24). Regardless of rGO in-
corporation, all membranes exhibited a similar surface morphology
(SI Appendix, Fig. S2B), and their Fourier transfer infrared (FT-
IR) spectral features were almost the same, without any peak shifts
(SI Appendix, Fig. S2C). According to the differential scanning
calorimetry (DSC) thermograms (Fig. 2B), the endotherm with the
SRM1 was clearly observed at around 87 °C, which could be
assigned as the melting temperature of the POSS(MEO,MA-co-
OEGMA), and this temperature was not changed for the
SRM2 and SRM3 with rGO nanoparticles. Those results suggest
that the addition of rGO did not affect the major characteristics of
the polymer in the membrane.

As shown in Table 1, all SRMs prepared herein showed
similar thicknesses; however, only the SRM3 could be ruptured
properly and, as a consequence, fully open a drug reservoir
when irradiated with NIR light under the conditions employed
in this work (intensity, 8.85 W cm™; duration, 5 s) (S Appendix,
Fig. S2D). During NIR irradiation at the same dose, the tem-
perature indeed increased, which was more dramatic as the
rGO content increased, as shown in Fig. 2C. For the SRM1
without rGO, there was no temperature response upon NIR
irradiation, as expected. The dimensional stability was also
evaluated by assessing the thermal expansion behavior of the
SRM. As shown in Fig. 2D, a dramatic decrease in thermal
expansion coefficient (TEC) was observed with the addition of
rGO, implying that the two-dimensional structure of rGO
nanoparticles effectively restricted the mobility of polymer
chains (30). Due to such a big difference in the TECs between
intact polymer and polymer-rGO hybrid (Table 1), it is not that
surprising why the membrane rupture occurs effectively in the
case of SRM3. Those results could explain the more effective
perforation of the SRM3 upon NIR irradiation: The SRM3
contained twice the amount of rGO, with a more homogeneous
distribution, allowing for more effective heat generation with-
out an obvious change in thermal expansion property, com-
pared with the SRM2. According to the in vitro cytotoxicity
evaluation with 1.929 cells, the membranes herein did not appear
to release cytotoxic substances after rupturing via NIR irradiation
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B @ NIR irradiation

External guide NIR laser
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C

Fig. 1. Description of the device and external guide. (A) Three-dimensional schematic of the device and external guide (Solidworks; Dassault Systems). The
composing units were each fabricated with a rapid prototyping PolyJet 3D printer (Eden 350V; Objet Geometries) using polyurethane copolymer (Fullcure
720 photopolymer), which were then assembled and seamlessly attached with medical epoxy (Epo-Tek 301; Epoxy Technology). A more detailed description
of the device fabrication procedure is provided in S/ Appendix, Fig. S1. (B) Working principle of the device: @ the NIR light is irradiated through the external
guide aligned with the implanted device; ® the SRM capped on the selected drug reservoir is ruptured and opened; and ® the hGH is released. (C) Optical
images of the device and external guide. (Scale bar: 1 cm.)

(SI Appendix, Fig. S3). This could be ascribed to a very low ex-  In Vitro Drug Release Performance. Given the results above, we
posure of the rGO nanoparticles expected from a whole device  prepared the device using the SRM3 membrane, which exhibited
herein (~0.013 mg), which was much smaller than the tGO dose  the highest rupturing efficiency among the tested SRMs, and
(7 mgkg™") showing negligible toxicity in the previous study (31).  carried out in vitro drug release studies to assess its performance.

ould be cleared  Asshown in Fig. 3, the device released hGH only at the times of
NIR irradiation, with a high reproducibility (18.9 + 1.31 pg per

Lee et al.

www.manaraa.com

o
I
o
«
o
o
8
&
=
e
8
@
o
=
S
B
2
=3
3
3
g
<]
=
]
o
2
=
-
2
o
©
[
s
°
8
k-l
4
S
=
H
8
o


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906931116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906931116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1906931116

o
&
S
&
o
S
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
g
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

5
; o
= |SRM1 ;
3 ' G
S |srRm2 Y
i o )
g SRM3 \f
SRM1 SRM2 SRM3 % \y-
‘§ ]
C NIR irradiation T 40 60 80 100 120
o T Temperature (°C
30 . p (°C)
: — SRM3 D
= | — SRM2 < 6
3 ! — SRM1 X TEC (104/K)
E 60 : S SRM1 339
5 ! @ 4 SRM1
E . § SRM2 168 SRM2
o
£ 40 ! o 5| SRM3 16t SRM3
(<} | ©
| 1 £
: ®
: = 0
20 ' 30 40 50 60 70 80

0 2 4 6 8 10
Time (s)

Temperature (°C)

Fig. 2. Characterization of the rupturable SRMs. (A) Optical images. (Scale bar: 10 mm.) (B) DSC thermograms. (C) Temperature profiles during NIR light
irradiation. (D) Profiles of thermal expansion behavior. The Inset table shows the thermal expansion coefficients (TECs) of the SRMs.

irradiation). Thus, during the period of no irradiation, no drug
leakage was observed. After NIR irradiation, more than 80% of
the hGH in the reservoir was released within 30 min, with almost
complete release within 1 h (SI Appendix, Fig. S4), which could
have been due to the relatively rapid rupture of the SRM3.
During the whole testing period, the stability of hGH was well
maintained when stored in the drug reservoirs of the device at
37 °C (SI Appendix, Fig. S5).

In Vivo Evaluation. To test the in vivo efficacy of hGH delivery, we
employed hypophysectomized rats as an animal model with
growth hormone deficiency (33). In this animal model, we
implanted the device in a s.c. space and irradiated it with NIR
light on the outside skin once per day for 14 d after implantation
(i.e., the device group). For comparison, we also treated an an-
imal group with a s.c. injection of an aqueous solution of hGH
with the same dose and administration schedule (i.e., the s.c.
injection group), as well as a group without treatment as the
control group. To assess the pharmacokinetic and pharmacody-
namic profiles, we measured the hGH and insulin-like growth
factor (IGF1) concentrations in blood plasma at scheduled times
after hGH administration, respectively (33, 34). IGF-I in serum
is a pharmacodynamic marker in hGH administration, and
therefore used in the present in vivo study, since the hGH pro-
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tein could trigger a stimulation to produce IGF1 into systemic
circulation (34).

We first assessed the short-term profiles of pharmacokinetics
and pharmacodynamics with the s.c. injection and device animal
groups (Fig. 4 A and B). After NIR irradiation through the ex-
ternal guide located on the skin, the hGH was indeed measured
in blood plasma with the device group, indicating the release of
hGH through the opened SRM on the drug reservoir. There was
a slight difference in the time when the maximum hGH con-
centration in plasma was observed (7p,.x), Which were 90 and
60 min with the device and s.c. injection groups, respectively.
This could have been due to a slightly slow dissolution of hGH
from the device (SI Appendix, Fig. S4) compared with the in-
stantaneous exposure of a bolus of hGH via s.c. injection.
However, the overall profile and, more importantly, the area

Table 1. Properties of SRM

rGO contents, wt% Thickness, pm Rupturing degree*

SRM1 0 118 + 8 None
SRM2 0.25 120 + 7 Partial
SRM3 0.50 123 £ 5 Full

*Rupturing degree was evaluated via visual observation of the SRM after
NIR irradiation (S/ Appendix, Fig. S2D).
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Fig. 3. In vitro hGH release profile of the device. The device was irradiated
at scheduled times of 1, 3, 6, 10, 15, 21, and 28 d while being fully immersed
in PBS (pH 7.4) at 37 °C (n = 5). Error bars are SD.

under the curve (AUC) of plasma hGH concentration versus
time were not very different between the two groups (Fig. 44 and
Table 2). Therefore, the pharmacodynamic profiles of both
groups were also not very different: the IGF1 concentrations in
plasma were 270.5 + 36.8 and 261.1 + 46.7 ng-mL™" at 480 min in
the device and s.c. injection groups, respectively (P > 0.05)
(Fig. 4B).

We also examined the performance of the implanted device
for a long-term period of 14 d. For pharmacokinetic analysis, the
maximum hGH plasma concentrations were evaluated, and thus
blood was obtained at 90 and 60 min after hGH administration
on days 2, 7, and 14 in the device and s.c. injection groups, re-
spectively. For pharmacodynamic analysis, the IGF1 plasma
concentration was examined in the blood obtained at 480 min
after hGH administration on days 2, 7, and 14 in both animal
groups. As shown in Fig. 4 C and D, both hGH and IGF1 plasma
concentrations were not different between the s.c. injection and
device groups at any tested time, and they were statistically sig-
nificantly higher than those measured in the control group (P <
0.05). Therefore, as shown in Fig. 4E, progressive weight gain,
one of the representative parameters indicating growth (33), was
observed in both device and s.c. injection groups with a high
similarity, while there was no increase in body weight in the
control group. When the blood samples were collected from the
device group on days 4 and 10 right before NIR irradiation (i.e.,
at times without NIR irradiation) (SI Appendix, Fig. S6), hGH
plasma concentrations were very low (3.49 + 0.31 ng-mL™),
which were not statistically significantly different from those for
the control group without treatment (2.74 + 0.21 ngmL™") (P >
0.05), indicating the leak-proof property of the device. There-
fore, the results suggest that the device herein could indeed
deliver hGH similarly effectively as done with the conventional
s.c. injection.

Histopathology. To assess in vivo biocompatibility, the tissues
around the device were biopsied at the end point of experiments
(14 d after implantation) from the device group and evaluated
histologically by hematoxylin and eosin' (H&E) staining. As

11668 | www.pnas.org/cgi/doi/10.1073/pnas. 1906931116

shown in Fig. 5, the tissues did not exhibit any sign of injury after
repetitive NIR irradiation, although a mild inflammatory re-
sponse was observed at the site adjacent to the device. The
surrounding tissue of the device showed the formation of fibrous
capsules, which was also observed with many other implanted
systems (11, 35). We also collected blood from the device group
at the end point of experiments to measure inflammatory
markers in blood plasma, such as tumor necrosis factor (TNF)-a,
interleukin (IL)-1b, and IL-6. All were within a normal range at
14 d after device implantation (SI Appendix, Table S1).

Discussion

To mimic circadian rhythms, many drugs need to be delivered in
on-demand and pulsatile manners (36, 37). For this purpose,
such drugs are often prescribed to be administered by multiple
needle injections (38-40), which could cause poor patient com-
pliance. One way to resolve this is with implantable devices en-
abled with on-demand and pulsatile drug delivery (3). To achieve
such delivery profiles, however, the devices often contain the
active driving units and their power source, i.e., battery, in ad-
dition to the drug reservoirs (4-11), making them overly bulky
and heavy for implantation. For the implantable drug delivery
devices in clinical use, those active units occupy more than 80%
of the device volume (11, 41).

Therefore, in this work, we have proposed an implantable
device equipped with multiple drug reservoirs, and most im-
portantly, the reservoirs were capped with a stimulus-responsive
hybrid membrane (SRM). Through this SRM, therefore, we
aimed to open a drug reservoir only at the needed time by a
noninvasive means, such as NIR irradiation from the outside
body (42), thereby providing on-demand and pulsatile drug ad-
ministration without an internal driving unit. Our findings
revealed that the SRM3, composed of POSS(MEO,MA-co-
OEGMA) with an rGO content of 0.5 wt%, could be effec-
tively ruptured to fully opena drug reservoir with a low energy of
NIR light (8.85 W-cm™ for 5 s) (Table 1 and SI Appendix, Fig.
S2D). With the presence of a photothermal rGO nanoparticles,
the temperature of SRM3 was indeed increased upon NIR ir-
radiation (Fig. 2C), which in turn shrank and tore a constituent
material of a thermosensitive polymer, POSS(MEO,MA-co-
OEGMA), capped on the drug reservoir. As the rGO nano-
particles possessed a more efficient photothermal property than
the graphene oxide (GO) nanoparticles (SI Appendix, Fig. S7D),
we prepared SRM3 to be composed mainly of a seamless poly-
mer with a low content of rGO nanoparticles to prevent drug
leakage while there was no NIR irradiation (Fig. 3).

Therefore, with an external guide proposed in this work (Fig.
1), an NIR light could be aligned and irradiated selectively at the
SRM3 on each of the targeted drug reservoirs to release drug
reproducibly in a pulsatile manner (Fig. 3). Our in vivo experi-
ments with hGH further confirmed that the hGH in the device
after implantation was released after NIR irradiation onto the
outside skin, and due to a relatively rapid dissolution of hGH
from the opened drug reservoir, its pharmacokinetic and phar-
macodynamic profiles were not significantly different from those
of the s.c. injected bolus hGH (Fig. 4 4 and B). During the whole
testing period of 14 d in this work, the device administered hGH
reproducibly and similarly to multiple daily injections (Fig. 4 C
and D). Hence, both the device and s.c. injection groups of
growth hormone-deficient animal models exhibited a similar
progressive weight gain (Fig. 4EF).

Those results suggest that, after one-time implantation, the
device herein could deliver hGH noninvasively while maintaining
its standardized clinical regimen. In that respect, our device
could also be applied to other drugs needing on-demand and
pulsatile delivery, such as parathyroid hormone (40) and alirocumab
(39). In current clinical settings, the hGH is often prescribed
to be injected three times per week for a year for treatment of
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Fig. 4. In vivo efficacy profiles of hGH delivery. (A) Profiles of plasma hGH concentration measured from the blood sampled at -1, 30, 60, 90, 120, 180, and

360 min after hGH administration. The maximum hGH concentration was measured at 60 and 90 min in the s.c. injection (n = 4) and device (n = 4) groups,
respectively. Error bars are SD. The areas under the curve of plasma hGH concentration versus time (AUC) in the device group and s.c. injection group were
20,910 + 2,539 and 17,173 + 1,852 ng-mL‘1-min‘1, respectively, which were not statistically significantly different (P > 0.05). The AUC was calculated by using
the trapezoidal rule. Asterisk indicates statistically significant difference between the two groups (P < 0.05). (B) Profiles of plasma IGF1 concentration
measured from the blood sampled at —1, 60, 180, 240, 300, 360, 420, 480, 540, 600, and 720 min after hGH administration. The IGF1 concentrations measured
at 480 min were similar between the s.c. injection (n = 4) and device (n = 4) groups. Error bars are SD. Long-term profiles of (C) hGH and (D)
IGF1 concentration in plasma measured from the blood sampled after hGH administration on days 2, 7, and 14 in the s.c. injection (n = 4) and device (n = 4)
groups. For the control group (n = 4), the blood was withdrawn on days 2, 4, 7, 10, and 14. Error bars are SD. (E) Profiles of body weight gain measured every

2 d for the whole testing period of 14 d. Error bars are SD.

growth hormone deficiency in pediatric patients (38, 43).
Alirocumab, a drug for hypercholesterolemia, is given at least
once every 2 wk for at least a year (39). In addition, parathyroid
hormone for treatment of osteoporosis requires intermittent ad-
ministrations of drug every day for at least a year (40, 44). In this
regard, the device may need to contain at least 360 drug reservoirs,
and this would increase the dimension and weight of the device to
~9.5 mL (ie., 70 mm X 27 mm X 5 mm, L x W x H) and 8 g,
respectively (SI Appendix, Fig. S8), which would, notably, still be
smaller than the implantable drug delivery devices already in
clinical use (~120 mL and ~165 g) (41).

Previously, an implantable device with multiple drug reservoirs
was made fully of a biocompatible polymer (45), where each of
the reservoirs was sealed with a polymeric stopper for pre-
programmed, pulsatile drug delivery. The device could be
designed to be compact without any electronic components;
however, the device was not based on patient-driven, on-demand
drug release. The implantable devices to trigger drug release by

Lee et al.

NIR irradiation were proposed for on-demand drug release (15,
46). However, to allow for a meaningful increase in drug release,
those devices needed a relatively long time of NIR irradiation
(~20 min). As the drug was not encased in the reservoir but
rather loaded in a body of the device itself, continuous drug
release, albeit small, was observed during no-NIR irradiation
periods. Therefore, the device proposed in this work can be
considered advantageous as it is abled with both pulsatile and

Table 2. Pharmacokinetic parameters of hGH

Parameter Device group s.C. injection group

Crnaxs Ng-mL™" 117 + 15 136 + 12
Tmax: min 90 60
AUC, ng-min-mL~" 20,910 + 2,539 17,173 + 1852

The area under the plasma concentration-time curve (AUC) was calculated
by using the trapezoidal rule (56).
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Fig. 5. Representative image of the hematoxylin and eosin (H&E)-stained tissues around the implanted device. The degree of inflammatory response was
evaluated on H&E-stained tissues biopsied at the end point of experiments (14 d after implantation). The images were acquired at (A) 200x and (B) 50x
magnifications for evaluation of inflammation and capsule thickness, respectively. The asterisk (*) indicates the location of the implanted device. The arrows
indicate the capsule formed around the implanted device. (Scale bars: A, 200 pm; B, 500 pm.)

on-demand drug delivery without any electronic components
inside. Moreover, with the use of a SRM hybridized with a
thermosensitive polymer and photothermal rGO nanoparticles,
our device can rupture the membrane with a relatively short time
of NIR irradiation (~5 s), thereby allowing for pulsatile drug re-
lease only at the needed times. As the membrane can seamlessly
seal each of the drug reservoirs in the device, there is no drug
leakage during no-NIR irradiation periods (S Appendix, Fig. S6).

In this work, we suggested an external guide as a prototype for
alignment of NIR irradiation onto a specific, single-drug reser-
voir. Although a specific drug reservoir in the implanted device
could still be properly selected without errors, an external guide
equipped with proper software and electronics can be more
advantageous, considering the device usability and convenience
for the patients. For example, an external guide can be designed
to store the administration history, including the one of the
already-used drug reservoirs (47) and it may also contain the
hardware abled with NIR irradiation, as well as wireless com-
munications with a mobile device, to further enhance the us-
ability of the system herein (48, 49). To be operable, such an
external guide may need a battery, which, however, can be easily
replaced as it is purposed to be used outside of the body.

In summary, we have proposed an implantable multireservoir
device with an SRM for on-demand and pulsatile delivery of
hGH. Multiple drug reservoirs in the device can each be loaded
with the same amount of hGH and seamlessly capped with the
SRM. Due to the high photothermal property of rtGO, the SRM
can be made mainly of POSS(MEO;MA-co-OEGMA) with a
low content of rGO nanoparticles. Under this condition, the
SRM can still be ruptured to open each of the selected drug
reservoirs and release hGH reproducibly in response to short,
noninvasive NIR irradiation, and there is no hGH leakage during
no NIR irradiation. Our in vivo experimental results reveal that
the implanted device herein could deliver hGH only when NIR
irradiation is applied from the outside body, and the pharma-
cokinetic and pharmacodynamic profiles were similar to those of
s.c. injected hGH. Therefore, we conclude that the device herein
can be a promising, minimally invasive strategy for on-demand
and pulsatile drug delivery.

Materials and Methods

Synthesis of POSS(MEO,MA-co-OEGMA). We prepared POSS(MEO,MA-co-
OEGMA) as a thermosensitive polymer for the SRM in this work, following
a previous protocol with slight modifications (27, 50), where 2-(2-methoxyethoxy)
ethyl methacrylate (MEO,MA), oligo(ethylene glycol) methacrylate (OEGMA),
and acryloisobutyl polyhedral oligomeric silsesquioxane (POSS) were poly-
merized with azobisisobutyronitrile (AIBN) as initiator (S/ Appendix, Fig.
S9A). For this, 13.4 g (71.3 mmol) of MEO;MA, 4.4'g (9.25 mmol) of OEGMA,

11670 | www.pnas.org/cgi/doi/10.1073/pnas. 1906931116

18.9 g (20.02 mmol) of POSS, and 0.16 g (0.974 mmol) of AIBN were added to
a Schlenk flask containing 116 mL of THF. The freeze-pump-thaw cycle was
repeated three times to degas the mixture. After that, the reaction mixture
was stirred at 65 °C for 12 h, which was then diluted with deionized water
for 12 h and subsequently purified by dialysis (Roth; ZelluTrans membrane;
MW cutoff, 4,000-6,000) against deionized water to remove the unreacted
MEO,MA and OEGMA monomers. After drying for 12 h, the purified POS-
S(MEO,MA-co-OEGMA) was obtained. "H NMR and FT-IR spectra (S| Appendlix,
Fig. S9 B and C) confirmed the successful fabrication of POSS(MEO,MA-co-
OEGMA) in this work (27).

Synthesis of rGO Nanoparticles. To prepare rGO nanoparticles, we first syn-
thesized the GO by oxidation of graphite powder according to the Hummers
method with slight modifications (51). To obtain the exfoliated GO solution,
0.2 g of GO was dispersed in 200 mL of deionized water under sonication for
1 h. The obtained brown colloidal solution was then centrifuged under a
condition of 4,000 rpm for 20 min to remove any aggregates or unexfoliated
materials. The exfoliated GO colloidal solution was then sealed in a Teflon-
lined autoclave for hydrothermal reaction at 180 °C for 6 h and freeze-dried
to produce rGO nanoparticles. The product from each reaction step (i.e.,
graphite, GO, and rGO) was monitored by X-ray diffraction, FT-IR spectros-
copy, and UV-vis spectroscopy (S/ Appendix, Fig. S7 A-F) to confirm successful
fabrication of rGO (52). The rGO nanoparticles herein exhibited a favorable
light-to-heat conversion property, facilitating its photothermal application
in the SRM (S/ Appendix, Fig. S7G).

Characterizations. The X-ray diffraction patterns for graphite, GO, and rGO
were recorded using a diffractometer (RINT-Ultima Ill; Rigaku) with Ni-
filtered Cu-Ka radiation (A = 1.5418 A) operated at 40 kV and 30 mA. For
FT-IR spectroscopic analysis, all of the carbon samples, including polymer and
SRMs, were prepared on the basis of the standard KBr disk method and
measured with a JASCO FT-IR 6100 spectrometer (JASCO). "H NMR data for
the present POSS(MEO,MA-co-OEGMA) was obtained by a Bruker DRX-500
NMR spectrometer (Bruker) with deuterated chloroform as solvent. The
morphologies for SRMs were observed via field-emission scanning electron
microscopy (JSM-6700F; JEOL) and transmission electron microscopy (JEM-
2100F; JEOL). DSC (DSC 8000; Perkin-Elmer) was used to obtain the ther-
mograms of SRMs at a ramp rate of 5 °C-min~". Their temperature profiles
were recorded using an infrared thermometer (Optris LaserSight; Optris)
upon NIR irradiation (808 nm, 8.85 W-cm~2) through a freshly obtained rat
tissue with a thickness of 1-1.5 mm on each SRM. The thermal expansion
behaviors of SRMs were assessed with a thermomechanical analyzer (TMA
402 F3; NETZSCH) at a ramp rate of 5 °C-min~".

In Vitro Drug Release Tests. The in vitro drug release experiment was performed
while the device was fully immersed in PBS (pH 7.4) at 37 °C. The device was
irradiated at 1, 3, 6, 10, 15, 21, and 28 d by applying the tip of the NIR laser
through the external guide that was aligned with the device, at a gap of
1 mm, to simulate the skin after implantation (53). After irradiation, the ali-
quot was collected and measured to check the hGH concentration, using an
Agilent 1260 series HPLC system equipped with a UV detector set at 210 nm
and a reversed-phase column (250 mm x 4.6 mm; pore, 5 um; Vydac214ATP54;
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Agilent Technology). The mobile phase was made by mixing 0.05 M Tris buffer
(pH 7.5) and n-propanol [67:33 (vol/vol)]. The flow rate and column temper-
ature were set at 0.5 mL-min~" and 45 °C, respectively (54).

In Vivo Experiments. All in vivo experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC no. 17-0017-C1A0) at
Seoul National University Hospital Biomedical Research Institute. Male hy-
pophysectomized rats, weighing 90-100 g, were housed under a 12/12-h
light/dark cycle and were provided with food and water ad libitum. In this
work, we employed three different animal groups, i.e., the device, s.c.
injection, and control groups. For the device group, the device was implanted
in a s.c. space, as described in S/ Appendix, Fig. S10. For pharmacokinetic and
pharmacodynamic analysis, 0.3 mL of blood was withdrawn from the lateral
tail vein, which was then immediately centrifuged at 3,000 x g for 15 min at
4 °C to collect the plasma. The blood plasma was stored in the freezer at
—20 °C before analysis. The plasma concentrations of hGH and IGF1 were
quantified using the Human Growth Hormone Elisa Kit (Human Growth
Hormone Quantikine ELISA Kit; R&D Systems) and IGF1 Elisa Kit (Mouse/Rat
IGF1 Quantikine ELISA Kit; R&D Systems), respectively.

Histopathologic Evaluation. For histopathologic evaluation, the rats from the
device group were killed by carbon dioxide inhalation at the end point of
experiments (i.e., 14 d after implantation), and the dorsal region tissues
around the implanted device were harvested. The resulting tissues were
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fixed in 4% paraformaldehyde in a conical tube for 24 h and embedded in
paraffin wax. The paraffinized sample was then cut into 4-um-thick slices to
prepare the tissue slides. The slides were then stained with H&E. Finally, the
stained slides were evaluated by a professional pathologist using an optical
microscope (BX53; Olympus). We assessed the degree of inflammation based
on the number of polymorphonuclear cells from a slide image of 0.48 mm?
(200x magnification). Furthermore, we measured the thickness of the fi-
brotic capsule around the device from a slide image of 6.25 mm? (50x
magnification), following the protocol in a previous work (55). Three images
were analyzed from each of the four rats, and hence a total of 12 images
was analyzed per animal group.

Statistical Analysis. All data for plasma hGH and IGF1 concentrations at each
scheduled time were compared among the tested animal groups for statis-
tical significance via nonparametric methods (Kruskal-Wallis ANOVA). P <
0.05 was considered statistically significant. The statistical software appli-
cation used was SPSS (SPSS, version 22; IBM).
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