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ABSTRACT

High-alkali treatment using sodium hydroxide (NaOH) injection can be a therapeutic
approach for killing tumor cells. Alkalization can damage cellular structures and lead to
cell death. Increased alkalinity can also enhance the efficacy of certain chemotherapeutic
drugs such as doxorubicin (DOX). In this study, NaOH-loaded starch implants (NST implants)
were used to induce hyperalkalization (increase pH) in the tumor environment, thereby
inducing necrosis and enhancing the effects of DOX. NaOH is a strongly alkaline substance
that can increase the pH when injected into a tumor. However, the administration of NaOH
can have toxic side effects because it increases the pH of the entire body, not just at the
tumor site. To overcome this problem, we developed an injectable NST implant, in which
NaOH can be delivered directly into the tumor. This study showed that NST implants could
be easily administered intratumorally in mice bearing 4T1 tumors and that most of the
NaOH released from the NST implants was delivered to the tumors. Although some NaOH
from NST implants can be systemically absorbed, it is neutralized by the body’s buffering
effect, thereby reducing the risk of toxicity. This study also confirmed both in vitro and in
vivo that DOX is more effective at killing 4T1 cells when alkalized. It has been shown that
administration of DOX after injection of an NST implant can kill most tumors. Systemic
absorption and side effects can be reduced using an NST implant to deliver NaOH to the
tumor. In addition, alkalinization induced by NST implants not only exerts anticancer effects
but can also enhance the effect of DOX in killing cancer cells. Therefore, the combination
of NaOH-loaded starch implants and DOX treatment has the potential to be a novel therapy
for tumors.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Extracellular pH of tumor cells is more acidic than that
of normal cells. The extracellular pH around tumor cells
typically ranges from 6.4 to 7.0, while the extracellular pH
of normal cells is generally within the range of 7.2 to 7.5
[1,2]. This difference in pH is due to the Warburg effect, a
phenomenon in which cancer cells produce lactate through
anaerobic glycolysis even when sufficient oxygen is available
[3,4]. Lactate production and poor tumor perfusion result in
the acidification of the extracellular tumor environment. The
low pH of tumors can negatively affect cancer treatment and
progression. For example, it can lead to drug resistance, as
some anticancer drugs are less effective at low pH. It can also
promote the spread of cancer cells (metastasis) and support
the growth of new blood vessels (angiogenesis) that feed the
tumor, making it harder to treat [5,6]. Therefore, the acidic
pH of tumors is a target for cancer treatment, and several
strategies are being developed to increase the pH and improve
the effectiveness of anticancer therapies.

Studies have shown that controlling the acidity of the
tumor microenvironment (TME) through alkalinization can
enhance antitumor effects. Sodium bicarbonate is an alkaline
substance that has been extensively studied for this purpose
[7-9]. Electrochemical therapy (EChT) is also a more direct
method of controlling the tumor’s microenvironment. It
involves the application of a direct current between multiple
electrodes, which generates both acids and bases in the tumor.
At the cathode, a high concentration of hydroxide ions is
generated, which can cause tumor necrosis by creating an
alkaline environment in the tumor [10-12].

NaOH is a strong, highly corrosive alkali that can cause cell
necrosis. Highly alkaline conditions lead to the inactivation
or denaturation of enzymes and structural proteins; cells
swell and break down, resulting in necrosis [13,14]. However,
NaOH solution injected directly into the body not only causes
necrosis at the injection site, but is also quickly absorbed
throughout the body and causes alkalinization of the whole
body, which can lead to toxicity. In this study, NST implants
were prepared to reduce the systemic absorption of NaOH and
to deliver it to the administration site.

Starch is the second most abundant biopolymer on Earth,
after cellulose chitin, and is cheap and readily available.
Starch can be used in a variety of biomedical materials
including drug delivery systems due to its biodegradability,
biocompatibility and low immunogenicity [15-17]. When heat
disrupts the crystalline structure of starch and leads to
gelatinization of the starch solution, it can absorb moisture
to generate a stable three-dimensional hydrogel network.
As a result of retrogradation during the drying process,
starch recrystallizes, and the resulting starch implants
become rigid enough for injection [18,19]. Furthermore, the
adaptability of starch implants in terms of shape and size
allows precise administration to the target site. Although
microneedles facilitate easy and painless administration,
their short length limits effective drug delivery to the surface
of the tumor [20]. However, starch implants can be tailored to
tumor size, which enables them to function as needle-type

implants facilitating effective drug delivery throughout the
tumor. These characteristics allow starch implants to deliver
drugs within tumors more uniformly and effectively than
microneedles, solutions, or hydrogels [15].

Because NaOH can degrade starch, it was added after
the creation of starch implants [21]. After manufacturing the
starch implant with a hole, NaOH was placed in the hole of
the starch implant (NST implant) and dried so that NaOH
could be absorbed by the implant. Because NaOH is dried, it
does not degrade the starch needles. Because the NaOH in the
NST implant is dried in the implant, it is released from the
body more slowly than the NaOH solution due to the time
it takes to dissolve. NaOH causes acid-base reactions with
acidic substances in the body, including tissues, proteins, and
other components [22]. In particular, tumors have a dense
structure and are composed of various acidic substances
[23,24]. Because the acid-base reaction is very fast, the NaOH
released from the NST implant reacts immediately with acidic
substances inside the tumor, avoiding systemic absorption.
This indicates that the NST implant can deliver NaOH to the
tumor more effectively than systemic absorption, depending
on the delayed release rate.

In addition, the body has a strong buffering effect. The
bicarbonate buffer system is one of the most important
buffer systems in the body, helping to maintain a stable pH
in the blood [23,25,26]. The bicarbonate buffer system can
rapidly neutralize excess hydrogen or hydroxide ions in the
blood by regulating the carbon dioxide in the body through
breathing. When there is an excess of hydroxide ions in
the blood (alkaline environment), the body can reduce the
rate and depth of breathing, allowing it to retain more CO,
[27]. This increases the concentration of carbonic acid in
the blood and produces more bicarbonate ions to neutralize
excess hydroxide ions, thereby reducing the blood pH. Most
proteins in the body act as buffers. Proteins are composed
of amino acids that contain positively charged amino groups
and negatively charged carboxyl groups, and can act as
buffers by combining with hydrogen and hydroxide ions
[28,29]. The buffer system of the human body is highly
effective and can adjust pH within seconds. Therefore, the
small amount of NaOH absorbed from the NST implant into
the body is neutralized by the body’s buffer system and is
nontoxic.

In addition, tumor alkalinization by NST implants can
generate synergistic effects with chemotherapeutic agents,
such as doxorubicin (DOX). DOX, an ionizable weakly basic
drug, can freely pass through cell membranes in its uncharged
form. However, in an acidic tumor environment, DOX, an
ionizable weakly basic drug, becomes charged, which inhibits
its permeability through cell membranes. This can lead to
a reduction in cellular uptake and potency [30-32]. NST
implants can enhance the therapeutic effect of DOX by
alkalizing the acidic environment of tumors.

This study demonstrated that the NST implant could
efficiently deliver NaOH to the tumor by controlling the
release rate of NaOH. Moreover, NST implants can induce
tumor necrosis through alkalinization and offer a new
treatment approach with synergistic effects when combined
with DOX (Scheme 1).
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Scheme 1 - Scheme of NaOH-loaded starch implant (NST implant) that can effectively deliver NaOH to tumors.

2. Materials and methods

2.1. Materials

Potato starch was purchased from Daejung Chemicals
(Gyeonggi-do, South Korea). Gelatin was purchased from
Sigma (St. Louis, MO, USA). 4T1 cells were purchased from the
American Type Culture Collection. Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were purchased
from Gibco (Dublin, Ireland). All other reagents were obtained
from Sigma-Aldrich unless otherwise specified.

BALB/c and ICR mice (male, 6 weeks old) were purchased
from Orient Bio. All the 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, Korea. All animal experiments
were approved by the Animal Ethics Committee of dongguk
(Gyeongju) University

2.2.  Preparation of NaOH-loaded starch implant (NST
implant)

The NST implant was prepared by modifying a previously
described method [15,16]. Potato starch (300 mg) was mixed
with 400 pl water and poured into a silicone mold. After
incubating the mixture for 20 min at 80 °C for gelatinization,
a 19 G needle was inserted into the center of the implant and
dried for 1d at 25 °C. After drying, the 19 G needle was removed

to fabricate starch implants with a central hole. NST implants
were prepared by adding 3 pl distilled water (DW) and 5 M,
10 M or 20 M NaOH solution per starch implant (ST implant,
2-NST implant, 10-NST implant, 20-NST implant) and drying
them for 1d at 25 °C.

2.3.  Characterization of NST implant

The 20-NST implants were photographed to measure size
and shape. To confirm delayed NaOH release, the 20-NST
implant or 3 pl of 20 M NaOH solution were immersed in
10 ml of 10 mM phosphate-buffered saline (PBS) (pH 7.4) and
PBS (pH 7.4) with 40 mg/ml of albumin, respectively, and pH
was measured at predetermined time points (0, 5, 10, 20,
30, 40, 50, 60, 80. 100, 120, 140, 160 and 180 s) using a pH
meter. The morphologies of ST, 10-NST and 20-NST implants
were analyzed using scanning electron microscopy (SEM).
The 20-NST implant was injected into the dissected tumor,
confirming that it could be injected into the tumor without
special equipment.

2.4.  Post-injection retention of Cy5-NST implant in the
liver

Livers obtained from dissected mice were used to verify the
post-implantation retention of the NST implants. An NST
implant loaded with Cy5 (Cy5-NST implant) was employed.
Potato starch (100 mg) was mixed with 400 pl water followed
by the addition of Cy5-carboxylic acid. Subsequently, the NST
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implant preparation (described in Section 2.2) procedure was
followed. Next, the Cy5-NST implant was injected into the
liver, and its retention was monitored using a fluorescence
device at specific intervals (0, 1 and 4 h).

2.5. In vitro cytotoxicity

The toxicity of NaOH, DOX and NST implants was evaluated
using the MTT assay. The 4T1 cells were cultured in
DMEM supplemented with 1% penicillin/streptomycin and
10% FBS [33]. First, to evaluate the toxicity according to the
concentration of NaOH and DOX, cells (10° cells/ml) were
cultured in a 96-well plate for 24 h (100 pl/well). Subsequently,
defined amounts of DOX (0, 1, 2, 4, 8 pg/ml) and NaOH (0, 2, 10,
20 mM) were added to the cells, which were incubated for 24 h.
After treatment incubation, cytotoxicity was assessed using
the MTT assay. To evaluate the toxicity of the NST implant and
DOX, the 4T1 cells (10° cells/ml) were cultured for 24 h in a 6-
well plate (2 ml/well). (I) ST implant, (I) 2-NST implant, (III) 10-
NST implant, (IV) 20-NST implant, (V) DOX, (VI) combination
of 20-NST implant and DOX (DOX 4 pg/ml) were added to
the cells and cultured for 24 h. After 24 h, cytotoxicity was
assessed using the MTT assay. To avoid inactivation of DOX in
an alkaline environment, DOX was administered 30 min after
20-NST implant administration in the (VI) combination of 20-
NST implant and DOX

2.6. In vitro cell pH

To measure the pH change in the cell culture medium after
NST implantation, the 4T1 cells (10° cells/ml) were cultured
for 24 h in a 6-well plate (2 ml/well). After cell culturing, (1)
2-NST, (1) 10-NST, (Ill) 20-NST implants, (IV) DOX, and (V)
combination of 20-NST and DOX (DOX 4 pg/ml) were added to
the cells. The pH of the cell culture medium was measured at a
specific time (0, 1, 4, 8,24 h) using a pH meter, and photographs
were taken.

2.7.  Cellular uptake of DOX at different pH

The intracellular uptake of DOX at different pH was confirmed
using confocal microscopy. Initially, 4T1 cells (10° cells/ml)
were cultured in an 8-well chamber for 24 h. The medium
was then replaced with a medium of pH 8.0, 7.4, 6.8 or
6.2, and DOX was added to achieve its final concentration
of 4 pg/ml. Cells were washed with PBS after 4 h of
treatment. DOX fluorescence was analyzed at 485/600 nm
(excitation/emission wavelengths). The cells were imaged
using a confocal microscope (LSM 800; Zeiss, Germany).

2.8.  In vivo toxicity and tumor necrosis of 20-NST
implant and NaOH solution

The toxicities of the 20-NST implant and NaOH solution were
evaluated in BALB/c mice. Then, 3 pl 20 M NaOH solution or
20-NST implants were subcutaneously injected into the mice.
After injection, the mice were observed and photographed
for 6 weeks. In addition, tumor necrosis by 20-NST implant
administration was confirmed. For this purpose, 4T1 cells were
injected into the flank of the mouse. Subsequently, the 20-NST

implant was injected into the tumor when its size reached
200-300 mm?; the mice were observed and photographed
before and after the treatment.

2.9. Distribution of NaOH in gelatin/agar/albumin gel
injected with NST implant

A gelatin/agar/albumin gel was used to check the distribution
of NaOH in the NST implant. First, an agar solution was
prepared by adding 1.5 g agar to 50 ml 10 mM PBS (pH 7.4)
and stirring at 100 °C for 30 min. Separately, a gelatin solution
was prepared by dissolving 4 g gelatin in 200 ml 10 mM PBS
(pH 7.4) at 37 °C for 30 min. Gelatin/albumin solution-1 was
prepared by dissolving 2 g albumin in 100 ml the gelatin
solution, followed by the addition of 500 pl universal indicator
and 80 mg mTG. Gelatin/albumin solution-4 was prepared by
dissolving 8 g albumin, 500 pl universal indicator, and 80 mg
mTG in 100 ml the gelatin solution.

Next, after mixing 50 ml gelatin/albumin solution-1
or gelatin/albumin solution-4 with 50 ml agar solution,
respectively, pour 10 ml the resulting mixture into a
silicone mold to create gelatin/agar/albumin gel-1 (albumin
concentration: 10 mg/ml) or gelatin/agar/albumin gel-4
(albumin concentration: 40 mg/ml). The gels were stored at
room temperature for 1 d and used the next day.

Gelatin/albumin/agar gel were incubated in 10 ml 10 mM
PBS (pH 7.4) containing both 100 mg albumin and 50 pl
universal indicator, while gelatin/agar/albumin gel-4 were
incubated in 10 ml 10 mM PBS (pH 7.4) containing both
400 mg albumin and 50 pl universal indicator at 37 °C. (I)
2-NST, (1) 10-NST, (III) 20-NST implants, and (IV) 3 ul NaOH
solution were injected into gelatin/agar/albumin gel-1 or
gelatin/agar/albumin gel-4. And the gels were observed at set
times (0, 1, 2, 4, 8 h).

2.10. 20-NST implant-induced alteration in pH of blood
and tumor

To explore the effects of the 20-NST implant on the pH of the
TME, 4T1 cells (1 x 10° cells) were injected into the flanks
of the mice. When the tumor size reached 200-300 mm?3, the
mice were treated with the 20-NST implant. Using a needle-
type pH meter (Eutech™ pHSpear pH Meter), we measured
the temporal change in pH in three regions: the tumor core,
the tumor periphery, and normal tissue (2 cm away from the
tumor). Additionally, the pH of the blood samples, collected
from the tail vein, was measured at set intervals using a pH
instrument (LAQUAtwin pH-11).

2.11. In vivo tumor therapy

To evaluate the anticancer effect of the 20-NST implant, DOX
and the combination of 20-NST implant and DOX, 4T1 cells
(1 x 10° cells) were injected into the flanks of mice. Mice were
treated through the intratumoral administration of (I) PBS,
(I) ST-implant (III) 20-NST implants, (IV) DOX (2.5 mg/kg), (V)
combination of 20-NST implants and DOX (2.5 mg/kg) when
the tumor size reached 200-300 mm?3. In the combination of
20-NST implants and DOX, to avoid inactivation of DOX in an
alkaline environment, DOX was administered intratumorally
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30 min after 20-NST implant administration. The tumor size
was measured every 2 d, On Day 16, the mice were euthanized,
and the tumors were dissected and photographed.

2.12. Hematoxylin and eosin (H&E) staining of organ

ICR mice were treated with (I) Cotnrol, (II) 20-NST implant, (III)
combination of 20-NST implant and DOX (2.5 mg/kg), and after
14 d, the major organs were dissected and collected (n = 3).
H&E staining of the organs was performed according to the
manufacturer’s protocol, and the results were evaluated using
a digital microscope.

2.13. Hematology, biochemical analysis

For hematological and biochemical analyses, ICR mice were
treated with PBS (control) or a combination of 20-NST
implant and DOX. Two weeks post-treatment, 300 pl blood
was collected and placed in EDTA tubes for hematological
analysis; several parameters, including white blood cell (WBC)
count, red blood cell (RBC) count, hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin
concentration (MCHC), hemoglobin (HGB), platelets (PLT) and
mean corpuscular hemoglobin (MCH), were measured. For
biochemical analysis, 600 pl blood was collected in the SST
tube and allowed to coagulate at room temperature for 1 h;
subsequently, it was centrifuged at 7000 rpm for 5 min
to obtain 200 pl serum, which was subsequently used for
biochemical analysis. The biochemical parameters included:
aminotransferase (ALT), aspartate aminotransferase (AST),
total protein (TP), albumin (ALB), blood urea nitrogen (BUN),
creatinine (CREA), globulin (GLB), and total bilirubin (TB), were
analyzed.

2.14. TUNEL assay and H&E staining of tumor

When tumors in BALB/c mice were 200-300 mm?, they were
treated with the (I) 20-NST implant, (II) DOX (2.5 mg/kg),
(I ST implant, (IV) combination of 20-NST implant and
DOX (2.5 mg/kg). After 2-d treatment, the tumors were

20-NSTimplant

dissected and collected. H&E staining and TUNEL assays
were performed according to the manufacturer’s protocol. The
results were then observed under a microscope.

2.15. Statistical analysis

All the statistical analyses were performed using Microsoft
Excel. Data were analyzed using the two-sample Student’s

t-test. Differences were considered significant at P < 0.05
(indicated by an asterisk in the figures).

3. Result and discussion
3.1. Preparation and characteristics of NST implant

In the present study, injectable NST implant were
manufactured using silicone mold. The ST implant were
2 mm thick and 9 mm long, and were created with a hole in
the center using a 19 G needle (Fig. 1A). 3 pl NaOH solution
(2 M, 10 M or 20 M per implant) was absorbed into the starch
implant through the hole and dried. To confirm the slow
release of NaOH from the NST implant, PBS (pH 7.4) alone
and PBS with 40 mg/ml albumin (PBS and alb-PBS) were used.
First, when 3 pl of a 20 M NaOH solution was added to PBS
and alb-PBS, the pH immediately changed. When 20-NST
implants were added to PBS and alb-PBS, the pH changed
slowly over a period of 3 min. The 20-NST implants showed
smaller and slower changes in pH in alb-PBS than in PBS.
(Fig. 1C and 1D). These results showed that NaOH exhibited
a delayed release from the NST implant. They also show
that biological proteins, such as albumin, can neutralize pH
changes via a buffering effect.

It was confirmed that the NST implant had sufficient
rigidity to be injected in the form of a needle; therefore,
it could be easily injected into the tumor without special
equipment (Fig. 1B). The drug delivery system, when directly
administered, must remain at the site of administration.
A dissected mouse liver was used as an ex vivo model to
confirm the post-administration stability of the implant at

Pt
o

4h R

Fig. 1 - Photographs of (A) 20-NST implant and (B) 20-NST implant injection into the dissected tumors. pH change of NaOH
solution and 20-NST implant in (C) PBS and (D) alb-PBS (n = 3) (E) Fluorescence images of the dissected liver at different time

after Cy5-NST implant injection.
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ST implant

10-NST implant 20-NST implant

Fig. 2 - SEM images of ST implant, 10-NST implant, and
20-NST implant.

the site of injection. After the Cy5-NST implant was injected,
the fluorescence confirmed that it remained in the liver for
4 h (Fig. 1E). Furthermore, the gradual release of Cy5 at the
injection site was noticed. These findings suggested that the
Cy5-NST implant can persist at the injection site for extended
periods and effectively deliver the encapsulated drug to the
surrounding region

The structures of the NST implants were confirmed by
SEM. NST implant gelatinize during heating and recrystallize
via retrogradation during drying. NST implants produced by
this process exhibited a dense morphology. Even when the
implants were filled with 10 M and 20 M NaOH, the structure
of the starch implants did not show any difference (Fig. 2).
This result confirms that NaOH loading does not affect the
structure of the NST implants.
3.2.  In vitro cytotoxicity
The cytotoxicity and synergistic effect of NaOH and DOX were
evaluated through the MTT assay. When treated with NaOH
alone, little cytotoxicity was observed at a concentration of
10 mM, and when treated with 20 mM NaOH, significant
cytotoxicity was observed. The therapeutic effect of DOX was
proportional to its concentration. It was confirmed that the
effect of DOX greatly increased when used in combination
with NaOH. For example, when treated separately, 10 mM
NaOH and 2 pg DOX showed little cytotoxicity, but when

8 4
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100 4 v
& 804 g
= =
5 ol £
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2 1 0
(Hg)
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combined, they showed significant toxicity (Fig. 3A, viability;
only 10 mM NaOH: 91.37%, only 2 pg DOX: 83.34%, combination
of 10 mM NaOH and 2 ng DOX: 47.12%).

Additionally, cells were treated with (I) ST implant, (II)
2-NST implant, (III) 10-NST implant, (IV) 20-NST implant,
(V) DOX, (VI) combination of DOX and 20-NST implant.
The NST implant showed a strong anticancer effect as
the concentration of loaded NaOH increased, and the
combination of the 20-NST implant and DOX showed the most
effective cell therapy (Fig. 3B). This result confirms that NaOH
not only induces necrosis but also that alkalization by NaOH
can increase the therapeutic effect of DOX [31].

3.3.  Invitro cell pH

The change in pH due to NST implant was confirmed by
measuring the pH of the cell medium. Cells were treated with
DOX and NST implant at different concentrations (2-NST, 10-
NST and 20-NST implants), and pH was measured over time.
After 1 h of treatment, the pH value of the 2-NST implant
was 7.86, that of the 10-NST implant was 8.13, and that of
20-NST was 8.5. Alkalization by the NST implant was also
confirmed through a color change in the DMEM (Fig. 4A-4C)
The higher the concentration of NaOH in the NST implant, the
stronger the alkalinization of the cell medium. DOX caused a
change in pH that was not different from that of the control,
indicating that DOX did not significantly affect the pH of the
medium. Because the cell culture medium contains buffer
substances such as various proteins and amino acids that
show a pH buffering effect, the change in pH was smaller than
expected, even with a high-concentration NaOH treatment
[34].

In addition, the alkalized culture medium tends to
neutralize over time. This is because the cell medium can be
neutralized with CO, via a bicarbonate buffer system. Because
the bicarbonate buffer system of the human body can regulate
the pH very quickly through respiration, the blood pH adjusted
by NST implant can be expected to quickly return to the
normal range and show low toxicity.
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Fig. 3 - In vitro cytotoxicity of (A) synergistic effect of NaOH and DOX at different concentrations (n = 8) and (B) ST implant,
2-NST implant, 10-NST implant, 20-NST implant, DOX, and the combination of 20-NST implant and DOX (n = 6, ***P <

0.001 **P < 0.01 *P < 0.05).



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 18 (2023) 100853 7

A
I Control
I 2-NST implant
8.8 q e @ 10-NST implant
[ 20-NST implant
8.6 - B 20-NST implant + DOX
' = Dox
8.4 - e
8.2 |
8.0
L
Q7.8 A
7.6
7.4 1
7.24
7.0

Oh 1h 4h 8h

B (@)

24h T 24 h

Fig. 4 - (A) pH changes of PBS (control), 2-NST implant, 10-NST implant, 20-NST implant, combination of 20-NST implant
and DOX, and DOX (n = 3). (B) Monitoring of color change of DMEM media of (a) PBS, (b) 2-NST implant, (c) 10-NST implant,
(d) 20-NST implant, (e) combination of 20-NST implant and DOX, and (f) DOX at 0 h and 24 h. The yellow circle indicates the
floating NST implant that absorbed the medium, and therefore, swelled.

3.4.  The cellular uptake of DOX at different pH levels

The uptake of DOX into cells varies with pH. An acidic
environment can inhibit the cellular uptake of DOX through
ionization. To validate this hypothesis, we examined the
intracellular uptake of DOX at different pH levels. The
strongest fluorescence signal indicating the maximum
cellular DOX uptake was detected at pH 8.0, and the
fluorescence dropped as the pH decreased (Fig. 5). These
results suggest the reduction in intracellular uptake of DOX
in the acidic environment, which can be increased through
alkalinization

3.5.  In vivo toxicity and tumor necrosis of 20-NST
implant and NaOH solution

The toxicity of the 20-NST implant and NaOH solutions
was evaluated by subcutaneous injection in mice. The NaOH
solution was rapidly absorbed throughout the body and
caused toxicity, resulting in death of the mice within 1 h.
In contrast, the 20-NST implant caused a wound only in the
surrounding tissue, which healed within 6 weeks (Fig. 6A).
The slower release of NaOH from the 20-NST implant allowed
an acid-base reaction to occur with the surrounding tissue,
which neutralized the released NaOH and prevented systemic
toxicity.

Unlike normal tissues, tumors possess a dense
extracellular matrix (ECM) and abnormal blood vessels.
As a result, drugs administered intratumorally tend to remain
within the tumor for extended periods. Consequently, when
the 20-NST implant was injected intratumorally, it was
observed that the majority of the necrosis was localized to
the tumor, sparing the normal tissue (Fig. 6B).

DOX Morphology

Merge

pH 6.8 pH 7.4 pH 8.0

pH 6.2

Fig. 5 - The cellular uptake of DOX at different pH (pH 8.0,
7.4, 6.8, and 6.2).

These results suggest that 20-NST implants may effectively
deliver NaOH to tumors and exert anticancer effects without
causing systemic toxicity. Starch can also be degraded in
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20-NaOH ST implant

0h 1h 4h 1D 3D 7D

Fig. 6 - Photograph showing the (A) in vivo toxicity and (B)
necrosis in the tumor after 20-NST implantation in mice.

vivo by enzymes such as amylases, glucoamylases and
glucosidases. In a previous study, we confirmed that starch
implants degrade in the body within a week [15].

3.6.  Distribution of NaOH in gelatin/agar/albumin gel
injected with NST implant

Tumors are composed of a densely structured TME [35-37].
Therefore, it is expected that when injected into the tumor,
NaOH released from the NST implant will react with the
TME around the NST-implant rather than being absorbed
systemically. To confirm this, a gel with a dense structure
was created using gelatin, agar, and (I) 2-NST, (II) 10-NST,
(IIf) 20-NST implants, and (IV) 3 pl NaOH solution were
injected [38-40]. A universal indicator was used to monitor
pH changes (Neutral: green color; Weak alkali: blue color;
Strong alkali: violet color). The results showed that the pH
change only occurred slowly around (I) 2-NST, (II) 10-NST,
(III) 20-NST implants and were limited to the gel (tumor
mimic), with no pH change observed in the external solution
(blood mimic) over a period of 8 h. Additionally, it was
confirmed that higher concentrations of NaOH cause greater
changes in the local pH (20-NST > 10-NST > 2-NST implant).
Moreover, the change in pH was less in gelatin/agar/albumin
gel-4 than in gelatin/agar/albumin gel-1 (Fig. 7). As the
albumin concentration is lower in gelatin/agar/albumin gel-1
(10 mg/ml) than thatin gelatin/agar/albumin gel-4 (40 mg/mL),
this result may be attributable to the buffering action of
albumin. Because other substances that can cause various
buffering actions, such as albumin, exist in the body, it can
be concluded that the effect of the released NaOH can be
neutralized in vivo. Overall, based on the pH changes observed
in the gel, it is expected that the implantation of the 20-NST
implant into a tumor will only result in local alkalinization
of the surrounding tumor without causing any systemic
toxicity. However, the NaOH solution diffused from the gel into
the external solution, which suggests that administration of
the NaOH solution can potentially induce systemic toxicity
owing to its tendency to spread rapidly. In addition, greater
alteration in the pH was detected in gelatin/agar/albumin gel-
1, containing less albumin, than in gelatin/agar/albumin gel-4

A NST implant(a) (b) (0)

ge\ann/agar/albumm

gelal in/agar/albumin

elal in/agar/albumin

gem n/agar/albumin

Q
@
Q

B NaOH solutlon

gelanrvaga w/albumin

gelatin/agar/albumin
gel-1

oh 1h 2h 4h 8h

Fig. 7 - NaOH distribution of (A) (a) 2-NST implant, (b)
10-NST implant, and (c) 20-NST implant and (B) NaOH
solution injected into gelatin/agar/albumin gel-1 and
gelatin/agar/albumin gel-4 at different time.

with a high albumin concentration; it indicates that proteins
in the body neutralize NaOH.

3.7.  20-NST implant-induced variation in pH of blood
and tumor

Before administration of the 20-NST implant, the pH values
recorded in the tumor core, tumor periphery, and normal
tissue 2 cm away from the tumor were 6.85, 6.87 and 7.38,
respectively (Fig. 8). A mild acidic environment was detected
in both the tumor core and its periphery. The pH of the tumor
core increased significantly (pH >10) up to the alkaline range
immediately after injecting the 20-NST implant; however, it
subsequently decreased over time. The pH of the peripheral
tumor tissue exhibited slight alkalinization but subsequently
decreased over time. Contrastingly, the pH of the blood and
normal tissue remained neutral, regardless of the 20-NST
implant injection. These results demonstrate that the 20-
NST implant can induce necrosis through high alkalinization
around the site of injection (tumor core) and enhance
DOX activity through alkalization of the acidic peripheral
tumor tissue. As DOX exhibits greater intracellular uptake
at an alkaline pH than in an acidic environment, 20-
NST implant-induced alkalization of the tumor periphery
enhances cellular DOX absorption. This phenomenon can
enhance the therapeutic effect in the peripheral areas of the
tumor, not directly affected by the necrotic action of NaOH
from the implant. Additionally, the stable pH of the blood
and normal tissue suggests that the NaOH released from
the 20-NST implant was not absorbed into the body and
neutralized within the tumor. These outcomes suggest that
the 20-NST implant can effectively deliver NaOH to the tumor,
yielding therapeutic benefits, with reduced risk of systemic
side effects.

3.8.  Invivo tumor therapy

To assess the anticancer effects, 4T1 tumor-bearing mice were
used. When the tumors reached a size of 200-300 mm?3, the
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Fig. 8 - (A) Scheme of tumor core and tumor pheriphery, (B) pH change in the tumor core and tumor periphery, (C) normal
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Fig. 9 - (A) Photographs of tumors excised from (a) PBS, (b) ST implant, (c) DOX, (d) 20-NST implant, and (e) combination of
20-NST implant and DOX. (B) Tumor volumes in 4T1-bearing mice with different treatment groups (n = 4, ***P < 0.001 ** P

< 0.01).

mice were treated with (I) PBS, (II) ST-implant (III) 20-NST
implants, (IV) DOX, (V) combination of 20-NST implants and
DOX. The results showed that the ST implant-treated group
had a tumor size of 1507.68 + 219.35 mm?3, which was similar
to that of the PBS-treated group (1558.49 + 174.41 mm3),
indicating that the ST implant itself was not toxic. The
group treated with DOX showed slight growth inhibition,
with a tumor size of 909.10 + 182.63 mm?. In contrast,
the 20-NST implant-treated group had a tumor size of
66.87 + 94.3004 mm?, demonstrating a significant treatment
effect (Fig. 9). When combined with DOX, the 20-NST implant
completely eliminated tumors. These findings suggest that
20-NST implants can effectively induce tumor necrosis
through alkalization. Furthermore, the combination of 20-
NST implant and DOX can kill residual tumors through a
synergistic effect with 20-NST implant and DOX

3.9.  H&E staining

The toxicity of PBS, 20-NST implant, and the combination
of 20-NST implants and DOX was evaluated using H&E
staining (n = 3). ICR mice were divided into three groups:

control, 20-NST implant, and combination of 20-NST implant
and DOX, each consisting of n = 3. After H&E staining, no
toxicity was demonstrated in the liver, kidneys, lungs or
heart treated with NaOH and the 20-NST implant. However,
spleens treated with NaOH showed slight extramedullary
hematopoiesis. Additionally, treatment with a combination of
20-NST implant and DOX moderately showed extramedullary
hematopoiesis, and slightly increased megakaryocytes and
red pulp (Fig. 10). This reaction is believed to result from
tissue damage due to NaOH released from 20-NST implant
and DOX treatment. To manage the toxicity of starch needles
with added NaOH, follow-up studies that include NaOH and
DOX dose-adjustment tests, as well as long-term toxicity and
recovery tests, are considered necessary.

3.10. Hematology and biochemical assay

To assess the toxicity and immunogenisity of the combination
of 20-NST implant and DOX, we evaluated hematology,
biochemical assays. We used ICR mice because toxicity is
commonly assessed in this species. As shown in Table 1,
we obtained values from the hematology and biochemical



10 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 18 (2023) 100853

Heart Kidney Liver Lung Spleen

PBS

20-NST implant

20-NST implant
+00X

Fig. 10 — H&E staining of major organs with different
treatment groups (scale bar: 50 pm).

PBS ST implant Dox

20-NST implant

7

20-NST implant
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Fig. 11 — H&E staining and TUNEL assay images of tumors
with different treatment groups (scale bar: 60 pm).

Table 1 - Results of hematological and biochemical
analyses 2 weeks after treatment of mice using PBS or a

combination of 20-NST implant and DOX (n=4, P> 0.05
for all markers).

Combination of 20-NST

Markers PBS (control) implant and DOX
Hematology

BC(103 cells/jl) 23+1.2 28415

RBC(106 cells/ y1l) 5.0+ 0.9 46406

HGB(g/dl) 83+16 7.5+09

HCT(%) 279+438 248 +238

MCV(fL) 558+ 1.2 541+ 1.0

MCH(pg) 16.6 £ 0.5 16.3 + 0.4

PLT(103 cells/ pl) 1158.8 + 84.4 1169.7 + 197.9

MCHC(g/dl) 29.8 + 0.5 30.1+0.2
Biochemical

TP (g/dl) 3.9+04 41401

ALB (g/dl) 25+0.2 26401

BUN (mg/dl) 16.6 + 1.2 14.5 + 2.3

CRE (mg/dl) 0.26 + 0.03 0.25 + 0.03

TBIL (mg/dl) 0.063 £ 0.013 0.060 =+ 0.048

AST (U/]) 120.1 £18.5 110.9 £ 31.5

ALT (U/) 106.0 + 52.3 94.0 +22.7

assays. The data showed no statistically significant difference
between the NST implant-treated mice and the control group.
These results suggest that the combination of 20-NST implant
and DOX does not induce systemic toxicity or immune
response at hematology and biochemical assay.

3.11. TUNEL assay of tumors

H&E staining and the TUNEL assay was used to confirm
cell death in tumor cells. The groups treated with 20-NST
implants and the combination of 20-NST implants and DOX
showed significantly more TUNEL-positive cells than the
groups treated with PBS, ST implants, and DOX. Similarly,
H&E staining results showed stronger necrosis in the 20-NST
implant and the combination of 20-NST and DOX than in the
other treatment groups (Fig. 11).

These results indicated that 20-NST implants and the
combination of 20-NST implants and DOX have significant
anticancer effects on tumors.

4, Conclusion

In summary, we developed an NaOH-loaded starch implant
(NST implant). The NST implant demonstrated a delayed
release of NaOH, which allowed for localized alkalization of
the TME and induced necrosis, resulting in the improved
cytotoxicity of DOX. In addition, the NST implant did not cause
any specific toxicity to the organs, whereas the rapid uptake of
the NaOH solution caused systemic toxicity, killing the mice
within 1 h. The slow release of NaOH from the NST implant
resulted in neutralization through an acid-base reaction with
the surrounding tissue, thereby preventing systemic toxicity.
These findings suggest that NST implant have great potential
as a novel method for delivering NaOH to tumors and
improving the therapeutic efficacy of chemotherapy.
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