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Introduction: Compared to intravenous administration, intratumoral drug administration enables the direct delivery of drugs to
tumors and mitigates the systemic absorption of drugs and associated drug-induced side effects. However, intratumoral drug
administration presents several challenges. The high interstitial fluid pressure (IFP) of the tumor prevents the retention of drugs
within the tumor; thus, significant amounts of the drugs are absorbed systemically through the bloodstream or delivered to non-target
sites. To solve this problem, in this study, a drug-enclosed needle-type starch implant was developed that can overcome IFP and remain
in the tumor.

Methods: Injectable needle-type starch implants (NS implants) were prepared by starch gelatinization and drying. The structure,
cytotoxicity, and anticancer effects of the NS implants were evaluated. Biodistribution of NS implants was evaluated in pork (in vitro),
dissected liver (ex vivo), and 4T1 tumors in mice (in vivo) using a fluorescence imaging device.

Results: The prepared NS implants exhibited a hydrogel structure after water absorption. NS implants showed effective cytotoxicity
and anticancer effects by photothermal therapy (PTT). The NS implant itself has sufficient strength and can be easily injected into a
desired area. In vivo, the NS implant continuously delivered drugs to the tumor more effectively and uniformly than conventional
hydrogels and solutions.

Conclusion: This study demonstrated the advantages of needle-type implants. An injectable NS implant can be a new formulation
that can effectively deliver drugs and exhibit anticancer effects.

Keywords: starch, implant, photothermal therapy, intratumoral drug administration, uniform drug distribution

Introduction
Cancer, one of the leading causes of death worldwide, contributes to approximately 8 million deaths each year.! PTT is
an effective treatment that kills cancer cells by converting light into heat.”* The ultimate goal of PTT is to effectively kill
cancer cells without damaging normal cells. To achieve this, it is important to accumulate high concentrations of
photothermal agents in tumors. Indocyanine green (ICG) is an FDA-approved near-infrared (NIR) dye used in a variety
of diagnostic applications. It has a photothermal conversion ability that effectively absorbs NIR rays and converts them
into heat. Owing to its rapid clearance and low tumor-targeting ability, ICG is delivered to tumors in small amounts by
intravenous injection and has a limited therapeutic effect. To overcome the limitations of rapid clearance and low tumor-
targeting ability of ICG, various drug delivery systems have been developed using nanoparticles.*> Nanoparticles can
accumulate in tumors owing to their enhanced permeability and retention effects. However, recent studies have
demonstrated that intravenous administration of nanoparticles also has limited tumor-targeting efficiency. Although
nanoparticles exhibit better tumor-targeting efficiency than drugs alone, only 0.7% of nanoparticles can be delivered
to the tumor, due to various barriers, such as the extracellular matrix and interstitial fluid pressure (IFP).®’

One method for overcoming this limitation is intratumoral injection. The recent development of various endoscopes
and surgeries has enabled easy access to tumors and intratumoral drug injection.®? Intratumoral drug injections deliver
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the drug directly into the tumor. Hence, compared with intravenous injection, intratumoral injection is associated with
higher drug delivery and fewer systemic side effects.'®'' However, a high IFP in solid tumors can be an obstacle to
conventional intratumoral (IT) injections of drugs. The IFP of the tumor forms a pressure gradient that is high in the
center and low in the periphery. As a result, a drug administered to a tumor through IT injection does not stay in the
tumor core due to the pressure gradient but is pushed out or leaked throughout the body.'*'* To address this issue,
various methods have been developed to reduce the amount of drug absorbed into the blood vessels and enhance the
continuous release of the drug using different drug delivery systems, such as hydrogels, microneedles, and implant.'*'°
However, the hydrogel may not be injected at the target location inside the tumor because of the high internal pressure
and may be easily transferred to non-target sites.'”'” Additionally, the drug may not spread throughout the tumor but
only within the vicinity of the hydrogel.

Microneedle patches and implants are solid formulations; unlike fluid hydrogels or liquids, they are not pushed out by
the IFP after intratumoral administration and can remain at the injected site within the tumor.”° A microneedle patch is a
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transdermal patch made of small needles, and unlike conventional needles, it can effectively deliver drugs to the dermis
without pain. However, microneedles can deliver drugs only to the tumor surface, which limits their use. Implants have a
high therapeutic effect because they contain formulations that can continuously release drugs from inside the tumor.”’
The GLIADEL WAFER, approved for brain cancer treatment, is such an implant anticancer product.”* However,
implants require surgical procedures such as incisions, which are associated with side effects such as infection, pain,
and bleeding.”® To address this problem, an easily injectable NS implant was prepared in this study. An NS implant is an
implant with strong rigidity for injection and is manufactured in the form of a needle. The NS implant can be delivered to
the target area in easily accessible cancers, such as breast cancer, through a simple injection and without the need for
special techniques. In the case of other cancers, after accessing the tumor using an endoscope, an NS implant can be
easier to inject into the tumor than conventional implants or hydrogels. Subsequently, the NS implant continuously
releases the drug from inside the tumor, which enables the uniform distribution of large amounts of the drug throughout
the tumor. These results indicate that NS implants are more convenient, safe, and effective than conventional IT
injections.

Starch is an inexpensive, readily available, biodegradable and biocompatible biopolymer. Starch has been used for the
development of various biomedical materials such as nanoparticles, hydrogels, and stents.”**> Heating disrupts the
crystalline structure of starch and leads to gelatinization of the starch solution. Disrupted starch structure can absorb
moisture to generate a stable three-dimensional hydrogel network. During the drying process, starch recrystallizes
through retrogradation, which results in the production of NS implants that exhibit optimal rigidity for injection.*>°
The industrial production of NS implants is simple, reproducible, and cost effective.

This study demonstrated that biodegradable NS could be developed as an effective drug delivery system for cancer
treatment. The intratumoral delivery of drug-loaded NS implants resulted in effective growth inhibitory effects against
cancer. In this study, novel drug-loaded NS-implants were developed for effective and easy intratumoral injections.

Materials and Methods

Materials

Corn starch and potato starch were purchased from Daejung Chemicals (Gyeonggi-do, Korea) Indocyanine green (ICG)
was purchased from Sigma-Aldrich (St. Louis, MO, USA and Tokyo Chemical Industry, Tokyo, Japan, respectively). The
LIVE/DEAD viability/cytotoxicity kit was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 4T1 cells
were purchased from the American Type Culture Collection. Dulbecco’s modified Eagle’s medium and fetal bovine
serum (FBS) were purchased from Gibco (Dublin, Ireland). All other reagents were obtained from Sigma-Aldrich, unless
otherwise specified.

Animals

BALB/c mice (male, 6 weeks old) were purchased from Orient Bio. All mice were maintained under specific pathogen-
free conditions. All in vivo experiments were performed in accordance with the guidelines and approval of the
Institutional Animal Care and Use Committee of Dongguk University, Gyeongju.

Preparation of Cyanine 5 (Cy5)-NS Implant, ICG-NS Implant, and Cy5-Starch
Hydrogel

NS implants were prepared using silicone molds with needle holes. Corn starch and potato starch were mixed in a ratio of 8:2
(starch mixture). For biodistribution analysis, Cy5 loaded NS implant (Cy5-NS implants) were prepared by mixing 100 pg
Cy5, 200 pL distilled water (DW), and 200 mg starch mixture and pouring 40 mg of the mixture into a silicone mold (10 pg
CyS5 per needle). The mixture was incubated for 20 min at 80 °C above the gelatinization temperature, dried at 25 °C for 1 d,
and stored in a refrigerator. For PTT, the ICG-loaded NS implant (ICG-NS implant) was similarly prepared by mixing 2 mg
ICG, 200 pL DW, and 200 mg starch. For comparison of NS implants and hydrogels, a Cy5-starch hydrogel was prepared by
mixing 100 pg of Cy5, 200 puL of distilled water (DW), and 200 mg of starch mixture and pouring 40 mg in a 1.5 mL
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Eppendorf tube (10 pg Cy5 per hydrogel). The starch hydrogel was softened in 1 mL of 10 mM phosphate-buffered saline
(PBS, pH 7.4) for 1 h and then immediately injected and used.

Characterization of NS Implant

To analyze the size and shape of the ICG-NS and Cy5-NS implants, the dried NS and NS implants suspended in 10 mM
PBS (pH 7.4) for 4 h were photographed. The swelling profile was analyzed by incubating 10 mg of ICG-NS and Cy5-
NS implants in 10 mM PBS (pH 7.4) at 37 °C for pre-defined time points (30, 60, 120, and 240 min). The samples were
retrieved, wiped with a filter paper, and weighed. The ICG-NS and Cy5-NS implants obtained immediately after
gelatinization were dried and incubated in 10 mM PBS (pH 7.4) for 4 h and then lyophilized and subjected to SEM
analysis. NS implants were injected into a dissected tumor to demonstrate that they could be injected without the need for
special instrumentation.

Release Profile of ICG-NS Implant

To evaluate the release of ICG-NS implants, ICG-NS implants were placed in 10 mL of 10 mM PBS (pH 7.4) and 10 mM PBS
(pH 7.4) containing 1 mg/mL glucoamylase and were incubated at 37 °C. After 4 h of incubation, the samples were irradiated
with and without a near-infrared (NIR) laser for 5 min (1 W/cm?). Samples were collected at set times (0, 2,4,8,24, 48, 72h).
The amount of ICG released was evaluated by measuring absorbance (ICG, 808 nm).

In vitro Cytotoxicity
The cytotoxicity of the ICG-NS implants was evaluated using MTT and live/dead assays.'*° Briefly, the cytotoxic and
photothermal effects of ICG-NS implants were analyzed using the (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) (MTT) assay. 4T1 cells (10° cells/mL) were cultured in a 96-well plate for 24 h (100 pL/well). Next, the cells
were incubated with a fragment of NS implant (starch 2 mg) or ICG-NS implant (starch 2 mg; ICG 20 pg) for 12 h and
irradiated with an NIR laser for 5 min (I W/cm?). Cytotoxicity was assessed using an MTT assay 24 h after irradiation.

A live/dead assay kit was used to evaluate the death and viability of 4T1 cells. 4T1 cells (10° cells/mL) were cultured
in an 8-well chamber (Ibidi, Martin-. Sried, Germany) for 24 h (100 pL/well). Next, the cells were incubated with a
fragment of NS implant (starch 1 mg) or ICG-NS implant (starch 1 mg; ICG 10 pg) for 12 h and irradiated with a near-
infrared (NIR) laser for 5 min (1 W/cm?).

After 24 h, live cells were stained with calcein-AM (live cells stained green), and dead cells were stained with ethidium
homodimer-1 (dead cells stained red). The excitation/emission wavelengths were 494/517 and 528/617 nm for calcein-AM
and ethidium homodimer-1, respectively. The cells were imaged using a confocal microscope (LSM 800, Zeiss, Germany).

In vitro and ex vivo Drug Distribution of Cy5-NS Implant

The distribution of drug-loaded NS implants in biological samples was analyzed using pork meat and mouse livers. The
Cy5-NS implant was injected into the pork meat, and the Cy5 signal was detected at the red wavelength of the
fluorescence imaging device (FOBI) at pre-defined time points (0, 1, 6, and 24 h). Additionally, the Cy5-NS implant
was injected into the dissected mouse liver and the Cy5 signal was detected at pre-defined time points (0, 1, and 6 h).

Biodegradation of NS Implant

The biodegradability of the NS implants was analyzed using in vivo imaging. The Cy5- NS implant was injected into the

flanks of mice. The mice were observed for 7 days after injection to analyze the degradation of the Cy5-NS implant.
To evaluate degradation, ICG-NS implants were injected into the flanks of the mice. The mice were then dissected at

a set time (0 and 7 days), and photographs of the remaining NS implants were taken.

In vivo Biodistribution

Tumor and organ distributions of the Cy5 solution, Cy5-NS implant, and Cy5-starch hydrogel were analyzed using in
vivo imaging. 4T1 cells (1x 10°) were injected into the flanks of mice and monitored for 3 weeks. The Cy5 solution,
Cy5-NS implant, and Cy5 starch hydrogel (Cy5:10 pg) were injected into the tumor, and the organ and tumor

4310 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Lee

distributions of the Cy5 signals were examined. To confirm the uniform distribution of Cy5 signals within the tumor, the
tumor was divided into six pieces, and the amount of drug absorbed in each tumor piece was evaluated using in vivo
imaging.

In vitro and in vivo Photothermal Therapy Effects

To evaluate the photothermal effect of the ICG-NS implant in vitro, the implant was irradiated with an NIR laser (808
nm; 1 W/ecm?) for 5 min. The photothermal effect of the NS implants in vivo was examined after injecting 4T1 cells (1x
10°) into the flanks of mice. The ICG-NS implant or 10 mM PBS (pH 7.4) solution was injected into the tumor when the
tumor size reached 200-300 mm®. The tumor was irradiated with an NIR laser (808 nm, 1 W/cm?) on day 1 post
injection. A photothermal camera was used to capture the thermal images.

In vivo Anti-Tumor Effects

To evaluate the anti-cancer effect of ICG-NS implants, 4T1 cells (1x 10° cells) were injected into the flanks of mice. The
tumor was injected with the ICG-NS implant and PBS when the tumor size reached 200-300 mm?>. Next, the tumor was
irradiated with an NIR laser on day 1 post injection. The tumor size was measured once every two days. On day 14 post-
treatment, the mice were euthanized and the tumors were dissected.

Statistical Analysis
All statistical analyses were performed using Microsoft Excel. Data were analyzed using a two-sample Student’s /-test.
Differences were considered significant at P < 0.05 (indicated with an asterisk in the figures).

Results and Discussion
Preparation and Characterization of NS Implants (Cy5-NS Implant and ICG-NS

Implant)

In this study, NS implants with sufficient rigidity for injection were prepared by gelatinizing starch solution through heating.
The gelatinized NS implants were dried to obtain rigid needles for injection into tumors. Starch can be molded into the desired
shape and size by heating and drying in a silicone mold. The length, width, and height of the Cy5-NS implant (used for
fluorescence imaging) were 1.08 £ 0.12 cm, 1.93 + 0.2 mm, 0.93 + 0.15 mm, respectively. And the length, width, and height of
the ICG-NS implant (used for PTT) were 1.11 £0.21 cm, 1.97 £+ 0.11 mm, and 0.88 + 0.08 mm, respectively. Because the
length of the tumor used for treatment was approximately 1 cm, the size of the needle was adjusted to approximately 1 cm
using a silicone mold. The tip of the ICG-NS implant was pointed outwards, enabling easy injection into the tumor and
uniform drug delivery throughout the tumor (Figure 1A-E). As this study aimed to develop a prototype of an NS implant, a
simple silicone mold was used for small-scale production. Because the needle used in this experiment was a prototype, it was
manufactured in small quantities manually using the silicone mold, resulting in a slight deviation in needle size. A variety of
commercially available starch products, such as capsules and building materials, are engineered to the desired size and shape.
Hence, any final product is expected to be uniform and mass produced cost-effectively.”*®

SEM analysis was performed to examine the structure of the NS implants. Heating destroys the crystal structure of
starch and induces gelatinization of the starch solution, promoting strong binding between starch molecules (Figure 2A
and B-a). Recrystallization occurred during the drying process, and the dried NS implant sample showed several pores as
moisture escaped from the NS implant (Figure 2A and B-b). Although the dried NS implants exhibited a perforated
structure, their rigidity was sufficient for the injection. Incubation of dried starch in water for 4 h resulted in the
absorption of moisture, and the starch structure transformed into a dense hydrogel form (Figure 2A and B-c). ICG-NS
and Cy5-NS implants were structurally similar (Figure 2A and B).

Hydrogel systems that can absorb water are similar to biological tissues and are used in various fields (drug delivery,
tissue engineering, and wound dressing). Drugs can be continuously released through the diffusion of absorbed water.
Because starch is a hydrophilic substance that can absorb moisture owing to the presence of hydroxyl groups, NS
implants absorb moisture and become a hydrogel. The NS implants swelled four times the initial values (based on mass
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Figure | Images of (A) dried Cy5-NS implant, (B) Cy5-NS implant suspended in 10 mM phosphate-buffered saline PBS (pH 7.4), (C) dried ICG-NS implant, and (D) ICG-NS
implant suspended in 10 mM PBS (pH 7.4). (E) Injection of ICG-NS implants into the tumors.

ratio) after incubation in water for 4 h (Figure 2C). The length and thickness of the swollen NS implants were
approximately 1.2 cm and 3 mm, respectively (Figure 1B and D). These results indicate that NS implants have a
hydrogel structure (which absorbs moisture) and that the drug can be loaded within this structure for continuous release.

Release Profile of ICG-NS Implant

Because ICG was encapsulated in the three-dimensional structure created by gelatinization of the NS implant, the drug
was continuously released for 3 days (Figure 2D). In addition, because starch can be degraded by enzymes in the body,
drug release from ICG-NS implants was evaluated in PBS containing glucoamylase, an enzyme that degrades starch.
Samples incubated in PBS with glucoamylase showed a faster release rate than those incubated in PBS without
glucoamylase. The release rate after NIR irradiation was evaluated. In the absence of enzymes, the three-dimensional
structure of starch is stable even at high temperatures; therefore, the temperature increase by NIR irradiation does not
have a significant effect on the release rate. However, it was confirmed that increasing the temperature by NIR irradiation
in the presence of the enzyme increased the activity of the enzyme, thereby increasing the drug release rate.
Glucoamylase is an enzyme that can hydrolyze starch to glucose. In the presence of glucoamylase, the three-dimensional
structure of the NS implant is destroyed by glucoamylase, allowing the encapsulated drug to be released more quickly.

As the optimal activation temperature of glucoamylase is 55 °C, the elevated temperature by NIR irradiation increases
the activity of glucoamylase, leading to faster degradation of the NS implant and a sharp increase in the drug release rate.*’

In vitro and ex vivo Cy5 Distribution After Administration of Cy5-NS Implant

The distribution of the drug throughout the tumor after intratumoral injection is critical for therapeutic efﬁcacy.g’20 Pork
meat and dissected mouse livers were used as in vitro and ex vivo models, respectively, to examine the tissue distribution
of the NS implant. Cyanine 5 (Cy5), which exhibits strong fluorescence, was used to confirm drug distribution in vitro
and in vivo. The Cy5-NS implant (used for fluorescence imaging) could be easily injected and fixed at the target site,
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Figure 2 Scanning electron micrographs of (A) Cy5-NS implant and (B) ICG-NS implant ((a) NS implant before drying, (b) after drying, and (c) suspended in 10 mM phosphate-
buffered saline (PBS pH 7.4)). (C) release profile of ICG-NS implant under different conditions (n = 3, *P < 0.05 **P < 0.01.(D) Swelling profiles of NS implant (n = 3).

enabling drug release at the injection site. Cy5-NS implants injected into the pork meat were observed for 1 d using a
fluorescence imaging device. Encapsulated Cy5 was slowly released from the Cy5-starch injection site (Figure 3A
and B). Analysis of the liver injected with the Cy5-NS implant revealed that the NS implant can be easily injected into
the target site in vivo. The Cy5-NS implant injected into the liver was fixed at the injection site and Cy5 was
continuously released from the needle to the surrounding site (Figure 3C). These results indicate that NS implants can
effectively replace traditional drug delivery systems, such as solutions, hydrogels, and implants, and deliver high

concentrations of drugs continuously near the injection site.

Biodegradation of NS Implant
Starch is a safe and biodegradable material that is widely used in the food industry and as a drug delivery system.
Additionally, starch can be degraded by various enzymes such as amylases, glucoamylases, glucosidases, and other

27,30,31
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Figure 3 Fluorescence images of the (A) core and (B) lateral sites of injection in the pork meat and (C) mouse liver.

debranching enzymes. These degradation products are absorbed by the body.?® Degradation of the Cy5-NS implant was
observed using in vivo imaging and imaging of the dissected mice (Figure 4). In vivo imaging results confirmed that the
CyS signal intensity in the mice administered the Cy5-NS implant continuously decreased over time. In the NS implant,
Cy5 was released continuously for seven days without rapid release (Figure 4A). This indicated that Cy5 was released
through the degradation of the NS implant. Figure 4B shows images taken 0 and 7 days after the injection of the ICG-NS
implant. Most ICG-NS implants decomposed in vivo on day 7 after ICG-NS implant injection. These results indicate that
the NS implants are biodegradable.

In vitro and in vivo Photothermal Effects of NS Implant

The accumulation of high concentrations of photothermal substances at the tumor site can increase photothermal effects
and decrease side effects.” In this study, the NS implant delivered a high drug concentration around the injection site in
vitro, ex vivo, and in vivo. The ICG-NS implant enables effective photothermal treatment by delivering a high
concentration of photothermal material to the desired area, particularly the tumor.

An ICG-NS implant was prepared for photothermal treatment. The in vitro photothermal effect of the ICG-NS
implants was evaluated using an NIR laser with a wavelength of 808 nm.

The wavelength of 808 nm not only exhibits high penetration power but can also be effectively absorbed by ICG and
converted into heat, making it suitable for photothermal treatment. The ICG-NS implant effectively absorbed light and
increased the temperature to 130 °C in 5 min. However, the temperature of the injection site of the ICG-NS implant is
expected to be below 130 °C, as the tumor absorbs some of the generated heat. Hence, the photothermal effect-mediated
increase in temperature of the tumors injected with the ICG-NS implant was measured in vivo (Figure 5A-D).
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Figure 4 (A) In vivo imaging of Cy5-NS implant. (B) Photographs showing the biodegradation of indocyanine green (ICG)-NS implant injected into the mouse flank.
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The temperature at the site of ICG-NS implant injection in the tumor increased to > 60 °C in 5 min (Figure 5B).
Photothermal therapy is an effective method to kill cancer cells. In cancer, apoptosis and necrosis occur at temperatures
above 41 °C and 50 °C, respectively.’® This indicates that ICG-NS implants are suitable for photothermal treatment,
which can kill tumors.

In vitro Cytotoxicity
The effect of NIR laser irradiation on the viability of 4T1 cells was evaluated using an MTT assay. As shown in
Figure 6A, the ICG-NS and NS implants did not exert cytotoxic effects on unirradiated cells. In addition, the NS implants
without NIR laser irradiation did not show any cytotoxic effects. In contrast, ICG-NS implants with NIR laser irradiation
decreased cell viability to less than 10%. The live/dead assay results were similar to those of the MTT assay (Figure 6B).
4T1 cells treated with ICG-NS implant with NIR laser irradiation showed strong red fluorescence, indicating that they
were mostly dead cells. The other treatment groups showed only strong green fluorescence, indicative of live cells.
These results indicate that ICG encapsulated in the ICG-NS implant effectively absorbs light energy from the laser,
converts it into heat energy, and consequently exerts antitumor effects.

In vivo Biodistribution

In this study, the Cy5-starch hydrogel, Cy5-NS implant, and Cy5 solution were injected into 4T1 tumors. The distribution
of the drugs within the tumors and organs was analyzed (Figure 7). Cy5 was slowly released from the Cy5-starch
hydrogel and Cy5-NS implant, and only a small amount of Cy5 was absorbed into the organs at 10 min and 1 d post-
injection. However, Cy5 delivered through a solution was rapidly absorbed into the body and distributed between the
organs, including the liver and kidneys (Figure 7A). Large amounts of Cy5 were distributed in the tumors after
administration of Cy5 or Cy5-NS implants. In the case of the Cy5-hydrogel, a high concentration of Cy5 was observed
only in the tumor area around the hydrogel at 10 min and 1 d post-injection (Figure 7B).

To analyze the uniform distribution of the drug within the tumor, the tumor was divided into six sections and
analyzed. Cy5 delivered through the NS implant was more uniformly distributed throughout the tumor than that delivered
through the solution or starch hydrogel. The Cy5-NS implant enabled the maintenance of a high drug concentration even
1 d post-treatment (Figure 7C). Comparative analysis of the distribution of Cy5 delivered through the NS implant and
starch hydrogel revealed that the precise injection site inside the tumor plays an important role in the uniform drug
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Figure 6 (A) In vitro cytotoxic effects of ICG-NS implant with near-infrared (NIR) laser (808 nm, | Wiem? for 5 min)-irradiated and unirradiated 4T1 cells (n = 8, **P < 0.01
compared to ICG-NS implant with laser). (B) Live/Dead assay of 4T | cells treated with NS implant, ICG-NS implant with and without irradiation with laser light (808 nm, | W/cm?
for 5 min).
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Figure 7 In vivo fluorescence imaging of the (A) organs (liver, kidney, lung, spleen, and heart), (B) tumor, and (C) tumor sections (6 sections).

distribution within the tumor. In vivo imaging analysis of intratumoral drug distribution revealed that the NS implant
could continuously and uniformly deliver the drug to the tumor and reduce the amount of drug absorbed into the organ.

In vivo Photothermal Anti-Tumor Effects

4T1 tumor-bearing mice were used to evaluate the photothermal effects of ICG-NS implants in vivo. The mice were
administered the ICG-NS implant or PBS when the tumor size reached 200-300 mm®. One day later, the tumor was
subjected to laser irradiation. The cytotoxicity of the NS implant was evaluated by examining the growth of tumors that
were irradiated or not irradiated with the NIR laser (Figure 8). NIR laser irradiation effectively inhibited the growth of
ICG-NS implant-treated tumors (tumor size less than 100 mm®). In contrast, ICG-NS implants or PBS did not inhibit

International Journal of Nanomedicine 2022:17 https: 4317
Dove:


https://www.dovepress.com
https://www.dovepress.com

Lee Dove

A 1600 - B PBS laser (-)
1400 | —@— PBS+ Laser (-)
. —@— ICG-NS implant (-) "
f"E 1200 { —@— ICG-NS implant (+) O g
£
~¢E-;1000 1 ICG-NS implant (-)
S 800 &
2 2@
g 600 1 Laser (808 nm) *%k | k%
ICG-NS implant (+)
§ 400 P=y e
200 -
04

0 2 4 6 8 10 12 14
Time (days)

Figure 8 (A) Tumor size in 4T| tumor-bearing mice treated with phosphate-buffered saline (PBS) and ICG-NS implant in the presence or absence of near-infrared laser
irradiation (808 nm, | W/cm? for 5 min). (B) Photographs of 4T| tumors resected from mice after treatment (n = 4, **P < 0.01).

tumor growth (tumor size > 1000 mm®) in the absence of NIR laser irradiation. This indicated that the ICG-NS implant
exhibited antitumor activity through the photothermal effect.

Conclusion

In this study, a needle-type starch implant was developed that can be easily injected into a tumor. Drug-encapsulated implants are
prepared with the desired size and shape using starch gelatinization and drying processes. In addition, a needle with sufficient
rigidity was injected into the tumor core without any special equipment or procedures, and the drug was continuously released
throughout the tumor. Compared with the conventional intratumoral injection method, NS implants have reduced systemic
absorption, enabling high-concentration drug delivery within the tumor. As NS implants can deliver high concentrations of
photothermal substances to tumors, they can exhibit an effective anticancer inhibitory effect through PTT. Intratumoral
administrable needle-type starch implants are expected to be a new strategy for effective drug delivery to tumors.
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