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Abstract: Recombinant human endostatin (RHE) has been applied in treating non-small cell lung cancer via inhibiting tumor neovascu-
larization. In this study, a controlled release of RHE was proposed and manifested in a fluorescent view. In a mice model with NSCLC
xenografts, the prolonged pharmacokinetics curves and pharmaceutic concentrations in tumor contributed to the inhibition of neovascu-
larization that was proved with 68Ga-RGD PET, and finally reflected as the delayed tumor growth rate. Conclusively, the functional view on
the basis of molecular imaging can exhibit the procedure and outcome of the controlled release of RHE, which can effectively enhance

the therapeutic effects in treating NSCLC.
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Introduction

Recombinant human endostatin (RHE) is an anti-angio-
genic biological product developed for tumor therapy [1].
Its primary mechanism involves inhibiting the migration of
vascular endothelial cells [2], which suppresses tumor
neovascularization, blocks the nutrient supply to tumor
cells, and ultimately inhibits tumor proliferation and me-
tastasis.

Controlled drug release is a critical strategy to optimize
therapeutic efficacy. This can be achieved through vari-
ous systems, broadly categorized by mechanism into dif-
fusion-controlled, chemically controlled, and solvent-acti-
vated systems [3, 4]. Polymeric nanoparticles and nano-
liposomes are examples of nanocarriers whose drug-
release behavior is governed mainly by diffusion or sol-
vent activation [5, 6]. Controlled-release formulations are
convenient to administer and help maintain stable plas-
ma drug concentrations. By limiting drug accumulation,
these systems may reduce toxicity and adverse effects in
normal tissues, thereby improving therapeutic efficacy
[7-9].

The choice of drug-delivery route can affect both thera-
peutic efficacy and patient adherence. Intravenous infu-
sion ports provide long-term venous access for drug
administration, transfusion, and nutritional support.
Compared with peripherally inserted central catheters,
these devices may offer lower infection rates, improved
safety, and greater patient acceptance [10]. Treatment
efficacy also depends on the infusion regimen. Cell cycle-
nonspecific drugs are commonly administered as bolus
injections, whereas cell cycle-specific agents, such as

endostatin, are generally delivered by slow intravenous
infusion to maximize their therapeutic effects [11].

Advances in tumor biology have enabled more precise
treatment strategies. Vascular endothelial growth factor
(VEGF) regulates vasculogenesis and angiogenesis [12],
and its expression increases substantially in stromal cells
during tumor development [13]. Binding of VEGF to tyro-
sine kinase receptors, including VEGFR-1 and VEGFR-2,
promotes endothelial-cell migration, proliferation, and tu-
bule formation. It also increases vascular permeability
[14]. These effects make VEGF a suitable target for thera-
peutic intervention [15]. For instance, a meta-analysis by
Papathanassiou et al. showed that both topical instilla-
tion and subconjunctival injection of the anti-VEGF agent
bevacizumab significantly reduced corneal neovascular-
ization, with topical administration showing superior effi-
cacy [16]. Beyond VEGF inhibition, other endogenous
inhibitors are being explored. Canstatin, a recently identi-
fied angiogenesis inhibitor, has shown promise in preclini-
cal models. In a rat model of alkali burn-induced neovas-
cularization, daily intraperitoneal injections of recombi-
nant canstatin (5 mg/kg or 10 mg/kg for 14 days) inhib-
ited neovascularization and significantly decreased the
expression of VEGF and tumor necrosis factor-alpha (TNF-
o) [17].

Angiogenesis is fundamental to the growth, metastasis,
and prognosis of malignant solid tumors [18, 19]. There-
fore, strategies like controlled-release formulations of
endostatin and targeted inhibition of pathways like VEGF
represent a rational and effective approach to cancer
therapy.
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Scheme 1. Schematic procedure of the synthesis of RHE.

In the present study, we hypothesized that a Matrigel-
based sustained-release formulation of RHE would
achieve prolonged local retention and enhanced anti-
angiogenic efficacy compared with conventional daily ad-
ministration. To test this hypothesis, we employed multi-
modal molecular imaging - including fluorescence imag-
ing for pharmacokinetic assessment and °¢Ga-RGD/*8F-
FDG PET for functional evaluation of angiogenesis and
glucose metabolism - in an A549 NSCLC xenograft
mouse model. Our findings demonstrate that sustained
RHE release significantly inhibits tumor neovasculariza-
tion, reduces tumor glucose metabolism, and delays
tumor growth, providing functional evidence for the the-
rapeutic advantage of controlled-release anti-angiogenic
therapy.

Materials and methods
Materials and reagents

RHE injection (Shandong Xiansheng Biopharmaceutical
Co., Ltd., Lot No. 202208040), NHS-ICG (Meiluo Tech-
nology Co., Ltd. Lot No. 380201), Matrix gel (Corning
Incorporated, Cat# 354234).

Preparation of animal models

Human non-small cell lung cancer A549 cell line was pur-
chased from Shanghai Chuangiu Biotechnology Co., Ltd.
(Shanghai, China). The cells were seeded in T25 cell cul-
ture flasks containing 5 mL of F12K medium supplement-
ed with 10% fetal bovine serum (FBS). The flasks were
maintained in a humidified incubator at 37°C with 5%
CO,. Cell growth was monitored daily. Upon reaching the
exponential growth phase, the cells were harvested. The
cell suspension was then diluted with PBS to adjust the
final concentration to 1 x 108 cells/mL for subsequent
experiments.

All animal procedures were approved by the Animal Ethics
Committee of Baoding Second Central Hospital (approval
no. 2022-66) and were performed in accordance with
applicable guidelines and regulations. This study was
reported in accordance with the ARRIVE guidelines.
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Female athymic nude mice (aged 6-8 weeks) were ob-
tained from SPF (Beijing) Biotechnology Co., Ltd. Animals
were housed under specific pathogen-free conditions at
20-24°C with a 12-hour light/dark cycle and given at least
7 days for acclimatization before the experiment. Expo-
nentially growing A549 cells were harvested, resuspend-
ed in PBS, and mixed 1:1 (v/v) with Matrigel on ice. Each
mouse received a 100 uL subcutaneous injection of the
cell-Matrigel suspension into the right flank, correspond-
ing to 5 x 10° cells. Tumor growth was monitored daily,
and tumor volume (TV) was measured every two to three
days using a caliper. Tumor TV was estimated as V = 0.5
x L x W2, where L is the longest tumor diameter and W is
the perpendicular shorter diameter. When the mean TV
reached approximately 60 mm? (typically 10-14 days
post-inoculation), mice with uniform tumor size and
shape were selected for subsequent treatment experi-
ments. At this point, mice were randomly assigned to
different treatment groups based on TV to ensure com-
parable baseline tumor sizes across groups.

Fluorescence characterizes metabolism in vivo with dif-
ferent modes of administration

Conjugation of RHE with NHS-ICG (Scheme 1): RHE (200
uL, 5 mg/mL) was transferred to a 2 mL microcentrifuge
tube. Subsequently, 0.9 mg of NHS-ICG (dissolved in 50
uL of DMSO) was added to the tube. The conjugation reac-
tion was allowed to proceed overnight at room tempera-
ture with continuous stirring, protected from light. The
resulting NHS-ICG-labeled RHE was purified by ultrafiltra-
tion using a 10 kDa molecular weight cut-off (MWCO)
centrifugal filter unit to remove unbound dye. The puri-
fied ICG-RHE conjugate was then collected for subse-
quent experiments. The protein model prediction for RHE
was generated by SWISS-MODEL (https://www.expasy.
org/resources/swiss-model).

RHE integrity was assessed using a SRT-C SEC 300A
chromatography column (4.6 x 300 mm, Sepax Te-
chnologies Co., Ltd., USA). RHE was detected separately
via HPLC with test conditions as below: mobile phase,
150 mM PBS (pH = 7.0); flow rate, 0.35 mL/min; detec-
tion wavelength, 214 nm; injection volume, 20 pL.
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Fluorescence verification of administration mode

Male athymic nude mice (5-week-old) were randomly
divided into three groups (n = 3 per group). Mice in
Group 1 (SC-Matrigel) received a subcutaneous injec-
tion of 100 pyL Matrigel containing RHE-ICG. Group 2
(SC-Saline) received a subcutaneous injection of 100 uL
normal saline containing RHE-ICG. Group 3 (IV-Saline)
received an intravenous injection (via tail vein) of 100 pL
normal saline containing RHE-ICG. At predetermined time
points post-injection (0.5, 1, 2, 4, 6, 24, 32, 48, 72, and
120 h), mice were anesthetized and imaged using the
VISQUE® Invivo Smart-LF small animal imaging system
(Vieworks Co., Ltd., Korea). The total fluorescence inten-
sity in the muscle region of interest (ROI) at each time
point was quantitatively analyzed using the VISQUE Invivo
Smart LF software.

Radiolabeling of RHE with 12°| for pharmacokinetic evalu-
ation

RHE was radiolabeled with Na*?®l using the chloramine-T
method. For radiolabeling, lodogen® solution (200 uL, 2
mg/mL in chloroform) was added to a glass tube and
evaporated under nitrogen to generate an lodogencoat-
ed surface. RHE (100 ug) and Na'?®l were added and
incubated at 37°C for 30 min.

Radiochemical purity (RCP) was evaluated by radio-thin-
layer chromatography (Radio-TLC) using instant TLC-SG
glass microfiber chromatography paper (Agilent Tech-
nologies, Santa Clara, CA, USA) with dichloromethane/
methanol (10:1, v/v) as the mobile phase. The R, value of
125|.RHE was approximately 0.8-1.0.

Pharmacokinetic study of 1?°I-RHE

For the pharmacokinetic study, tumor-bearing mice
received subcutaneous injections of *25-RHE either in
Matrigel (sustained-release group, n = 3) or in normal
saline (conventional group, n = 3). Blood samples were
collected from the tail vein at 0.25, 0.5, 1, 2, 4, 12 and
24 h post-injection. Radioactivity in each blood sample
was measured using a y-counter (JC-2101, Beijing PET
Technology Co., Ltd.). The measured counts were decay-
corrected to the injection time and converted to percent-
age of injected dose per gram of blood (%ID/g) to con-
struct the blood clearance curves.

Growth inhibition of NSCLC with sustained RHE-release

Athymic nude mice bearing A549 tumors (approximately
60 mm?) were randomly assigned to three groups: control
group (n = 4), SC-Matrigel group (n = 3), and SC-Saline
group (n = 3). The day of treatment initiation was desig-
nated as day 0. Group A received a subcutaneous injec-
tion of a mixture containing 24 pL of RHE stock solution
and 76 pL of Matrigel every 4 days. SC-Saline received a
daily subcutaneous injection of a mixture containing 6 uL
of RHE stock solution and 94 uL of normal saline. The
control group received an equal volume of normal saline
via the same subcutaneous route.
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General health status of the mice, including mental state,
activity level, body weight, and food/water intake, was
monitored daily throughout the study. Tumor growth was
monitored every three days starting from day 1 post-
treatment. TV was measured using a caliper. On day 25,
the TV inhibition rate (TIR) was calculated using the fol-
lowing formula: TIR (%) = [(mean TV -meanTV __ )/
mean TV x 100%.

control:|

Molecular imaging recording of sustained RHE-release

PET imaging tests were performed 15 days after admi-
nistration of RHE. *®F-FDG was obtained from Shanghai
Atom Kexing Pharmaceuticals Co., Ltd. 8Ga-RGD was
prepared in-house using a commercial labelling kit
(Shanghai Nice-Labeling Biotechnology Co., Ltd.).

For ®8Ga-RGD PET/CT, tumor-bearing mice were anaesthe-
tized with isoflurane and intravenously injected with 3.7
MBq of tracer per mouse. Body weight was recorded
immediately before each PET scan for SUV calculation.
Scans were acquired 45 min after injection using a clini-
cal PET/CT scanner (Biograph 64, Siemens, Germany).
Each PET acquisition was followed by low-dose CT imag-
ing. CT parameters were as follows: tube voltage: 120 kV;
tube current: 35 mA; pitch: 1.0; and reconstructed slice
thickness, 2 mm. Whole-body PET images were obtained
over two bed positions, with an acquisition time of 3 min
per bed. Images were reconstructed using the TrueD sys-
tem to generate axial, coronal, sagittal, and three-dimen-
sional projection images. Tumor regions of interest (ROI)
were manually delineated by a nuclear medicine physi-
cian. Provided maximum standardized uptake value
(SUV ) as the quantitative results. SUV___ was also cal-
culated as an additional quantitative metric alongside
SUV .., as SUV__ is less susceptible to partial volume
effects and noise compared with SUV__, particularly in
small-volume tumors. The standardized uptake value
(SUV) was calculated as the ratio of tissue radioactivity
concentration (kBg/mL) to the injected dose per body
weight (MBqg/kg). Body weight was measured immediate-
ly before each PET scan. A nuclear medicine physician
was responsible for identifying ROIs and measuring tu-
mor SUV__ and SUV___ .
18F-FDG PET/CT was performed with an interval of 8 h
during that the mice were kept fasting. The same acqui-
sition and reconstruction procedures used for ¢8Ga-RGD
PET/CT were applied, with the scanner configured for 18F
acquisition.

Histopathological analysis

On day 25, mice were anaesthetized with 3% pentobarbi-
tal sodium (70 mg/kg, intraperitoneal injection) and then
euthanized by cervical dislocation. Samples for histologi-
cal analysis were fixed in 4% paraformaldehyde, paraffin
embedded, and sectioned at 4 uym. Haematoxylin and
eosin (H&E) staining was performed to evaluate tumor
morphology.
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Figure 1. In vivo fluorescence imaging of RHE-ICG distribution following different administration routes. A. Representative fluorescence
images of NTG mice at indicated time points (0.5, 1, 2, 4, 6, 24, 32, 48, 72, and 120 h) post-injection. Group 1: subcutaneous injection
with matrigel (SC-Matrigel); Group 2: subcutaneous injection with normal saline (SC-Saline); Group 3: intravenous injection with normal
saline (IV-Saline). B. Quantitative analysis of mean fluorescence intensity in the muscle region of interest over time. Data are presented
as mean + SD (n = 3 per group). C. Pharmacokinetic profiles of *?°I-labeled RHE following SC-Matrigel or SC-Saline. D. AUC of **°|-labeled

RHE following SC-Matrigel or SC-Saline.

Immunohistochemical (IHC) staining was used to deter-
mine the expression of VEGF, TNF-a, Ki67, and BAX in
tumor tissues. Stained sections were examined using an
inverted fluorescence microscope. Images were analyzed
with Image-Pro Plus software, version 6.0.0.260 (Media
Cybernetics Corporation, USA). Relative protein expres-
sion was quantified as average optical density (AOD), cal-
culated by dividing the integrated optical density by the
total area of the ROI.

Statistical analysis

Statistical calculations and data analysis were performed
using GraphPad Prism (version 9.5.1; Graphpad Software,
USA). The data are presented as means + standard devia-
tions (SDs). Differences between two groups were anal-
ysed using Student’s t test, whereas one-way analysis of
variance was applied to comparisons involving multiple
groups. A two-sided P value of < 0.05 was considered sta-
tistically significant. All experiments were conducted in
triplicate.

Results

Evaluation of sustained-release effect based on fluores-
cence imaging

The successful conjugation of RHE with NHS-ICG was
confirmed by HPLC (Figure S1). To investigate the release
kinetics of RHE-ICG following different administration
routes, we monitored the fluorescence signal in the mus-
cle region over 120 h post-injection.

As shown in Figure 1A, the three groups displayed differ-
ent fluorescence-retention patterns. The SC-Matrigel for-
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mulation maintained detectable fluorescence for up to
120 h, with signal intensity reaching a maximum at
approximately 6 h before gradually declining, consistent
with sustained release from the Matrigel depot. In com-
parison, fluorescence following subcutaneous saline in-
jection decreased rapidly and was nearly undetectable by
48 h, whereas intravenous administration produced an
earlier peak (1 h) followed by almost complete clearance
within 24 h. Modest inter-animal variability in fluores-
cence distribution was observed at 2 h, likely reflecting
differences in injection placement or local absorption
(Figure 1A).

Quantitative ROI analysis further showed prolonged local
retention of RHE-ICG in the SC-Matrigel group relative to
both saline-treated groups throughout the 4-120 h obser-
vation period (P < 0.01; Figure 1B), supporting the role of
Matrigel as an effective sustained-release depot for local
RHE delivery.

To further validate the sustained-release profile, pharma-
cokinetic analysis was performed using *?°I-labeled RHE.
As shown in Figure 1C, the Matrigel-based sustained-
release formulation significantly prolonged the blood cir-
culation time of *25I-RHE compared with the conventional
subcutaneous injection. The area under the curve (AUC)
was significantly greater in the sustained-release group,
indicating enhanced systemic exposure and prolonged
drug availability (Figure 1D). These findings provide direct
pharmacokinetic evidence that Matrigel encapsulation
effectively sustains the release of RHE, consistent with
the fluorescence imaging results.

Am J Nucl Med Mol Imaging 2026;16(4):186-195



Functional insights into control-released RHE therapy

A Coronal plane Transverse plane PET

o I I
o I I
- I I
B
—_ _ - _ *
X 0.04 ok § 0.03
£ £
2 >
7 0.031 2
;’ ~ 0.024
o
f“ X
< 0.024 8
5 g
a a 0.01-
O .
& 0.01 8
m [
O 3
€  0.00- < 0.00-
S . 3
S‘@ Q,Q' @‘5\ (,'% P
"oo q,c" K

SC-Matrigel

Coronal plane Transverse plane PET

SC-Saline

-
oz ~7

4
wF'FDG uPtake (suvmean) _ _ _

Control
% % %k
*okok —
1 *%
= 0.10 * %k %k
g 0.08
> .
3 0.08
73 0.06-
% 0.06
= 0.04
2 0.04-
[C]
2 0.02- 0.02
L
[++]
- 0.00- 0.00-
" ) > & )
2 O O & &
& £ S
(¢} %0 90' o

Figure 2. Molecular imaging assessment of angiogenesis and glucose metabolism on day 15 post-treatment. A. Representative %8Ga-
RGD PET/CT images of tumors from each group. B. Quantitative analysis of 8Ga-RGD uptake expressed as maximum standardized

uptake value (SUV,__ ) and mean standardized uptake value (SUV,

mean)'

group. D. Quantitative analysis of **F-FDG uptake expressed as SUV

C. Representative *®F-FDG PET/CT images of tumors from each
and SUV Data are presented as mean * SD (n = 3 per group).

mean”

*P < 0.05, **P < 0.01, and ***P < 0.001: differences between control and other groups.

Molecular imaging assessment of angiogenesis and glu-
cose metabolism

To investigate the functional basis of enhanced antitumor
efficacy, we performed PET imaging using %8Ga-RGD (tar-
geting integrin av3 as a marker of angiogenesis) and 8F-
FDG (assessing glucose metabolism) on day 15 post-
treatment initiation.
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Representative PET images and quantitative SUV__ anal-
ysis are presented in Figure 2. SC-Matrigel demonstrated
the lowest °®Ga-RGD uptake in tumors (SUV__: 0.019 *
0.003; SUV__, . 0.014 £ 0.002), which was significantly
lower than that of the control group (SUV__: 0.029 +
0.001; Suv___: 0.024 + 0.001) (P < 0.05). Although
SC-Saline also showed reduced uptake compared to the

control group (SUV__:0.024 + 0.005; SUV__ :0.021 +

Am J Nucl Med Mol Imaging 2026;16(4):186-195
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Figure 3. Antitumor efficacy of different RHE administration regimens in A549 tumor-bearing NTG mice. A. Tumor growth curves over 25
days post-treatment initiation. B. Tumor volume inhibition rate on day 25. C. Kaplan-Meier survival of different RHE administration. Data
are presented as mean + SD (control, n = 4; SC-Matrigel, n = 3; SC-Saline, n = 3).

0.005), no statistically significant difference was obser-
ved between SC-Matrigel and SC-Saline (Figure 2A, 2B).
This indicates that sustained-release RHE formulation
more effectively inhibited tumor neovascularization. The
reduced °8Ga-RGD signal correlates with the observed
tumor growth inhibition, consistent with the anti-angio-
genic mechanism of endostatin.

18F-FDG PET imaging revealed a similar pattern, with SC-
Matrigel showing the lowest tumor glucose metabolism
(Suv__:0.022 +0.001; SUV__ :0.014 + 0.003), followed
by SC-Saline (SUV,__: 0.030 + 0.003; SUV__ - 0.032 +
0.008) and control group (SUV__: 0.071 + 0.009; SUV___ -
0.066 + 0.010) (P < 0.01, Figure 2C, 2D). The reduced
metabolic activity in SC-Matrigel likely reflects the con-
sequences of impaired vascular supply and subsequent
tumor cell starvation.

Enhanced antitumor efficacy of sustained-release RHE
formulation

To evaluate whether the sustained-release profile trans-
lates into improved therapeutic outcomes, we compared
the antitumor efficacy of RHE administered via different
regimens in A549 tumor-bearing NTG mice.

As shown in Figure 3, tumor growth curves revealed
significant differences among the treatment groups.
SC-Matrigel (n = 3) exhibited the most pronounced tu-
mor growth inhibition, with mean tumor volume reaching
477.00 + 5.67 mm? on day 25, compared to 547.00 +
8.21 mm? in SC-Saline (n = 3) and 724.00 + 8.55 mm? in
the control group (n = 4) (P < 0.01, Figure 3A). The TIR on
day 25 was 34.12% for SC-Matrigel and 24.45% for
SC-Saline (Figure 3B). Kaplan-Meier survival analysis was
performed over the 25-day treatment period. All animals
(control, n = 4; SC-Matrigel, n = 3; SC-Saline, n = 3) sur-
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vived until day 16 regardless of treatment. On day 19, the
survival rate dropped to 25% (1/4) in the control group,
whereas both the SC-Matrigel and SC-Saline groups main-
tained 67% (2/3) survival. At the study endpoint (day 25),
the survival rates were 33% (1/3) for both treatment
groups, compared to 25% (1/4) for the control group,
suggesting a potential survival benefit associated with
RHE treatment (Figure 3C).

Longitudinal monitoring of general health status showed
no significant differences in body weight, food intake, or
activity levels among the three groups throughout the
study period, suggesting that both treatment regimens
were well-tolerated.

Histopathological and IHC analysis

Histopathological examination on day 25 revealed distinct
morphological differences among the groups (Figure 4A).
H&E staining showed extensive areas of cellular necrosis
and cavity formation in tumor tissues from SC-Matrigel
and, to a lesser extent, SC-Saline. In contrast, tumors
from the control group exhibited relatively intact cellular
architecture with minimal necrosis.

VEGF staining was more intense in both treatment gr-
oups than in the control group, with the strongest signal
observed in SC-Matrigel tumors (Figure 4A). Consistent
with this result, VEGF AOD was significantly higher in both
treatment groups than in controls (P < 0.001), and was
greatest in the SC-Matrigel group (Figure 4B). Increased
VEGF expression after antiangiogenic treatment may
reflect a compensatory response to hypoxia within the
tumor microenvironment. Reduced vascular supply can
restrict nutrient availability and may induce tumor cells to
increase angiogenic-factor expression.

Am J Nucl Med Mol Imaging 2026;16(4):186-195
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Figure 4. Histopathological and IHC analysis of tumor tissues on day 25. A. Representative images of H&E staining, and IHC staining for
VEGF, Ki67, and BAX in tumor sections from each group. Scale bar = 100 um. B. Quantitative analysis of VEGF expression expressed as
AOD. C. Quantitative analysis of Ki67 proliferation index expressed as AOD. D. Quantitative analysis of BAX expression expressed as AOD.
Data are presented as mean + SD. Statistical comparisons were performed using one-way ANOVA. *P < 0.05, **P < 0.01, and ***P <
0.001 indicate significant differences between control and other groups. AOD was calculated by dividing the integrated optical density by
the total area of the region of interest, reflecting the relative expression level of each target protein.

Ki67 staining differed across the three groups. In
SC-Matrigel tumors, proliferative activity was concentrat-
ed at the tumor periphery. In the SC-Saline group, Ki67-
positive foci appeared at both the margins and central
regions. Control tumors showed diffuse, high Ki67 expres-
sion throughout the tissue (Figure 4A). This heteroge-
neous distribution may be related to differences in drug
penetration and regional treatment response. Ki67 AOD
was significantly lower in the SC-Matrigel group than in
controls (P < 0.01), whereas the SC-Saline group showed
an intermediate level (Figure 4C).

BAX staining was most prominent in SC-Matrigel tumors,
particularly near necrotic regions. SC-Saline tumors sh-
owed moderate BAX expression, while control tumors
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showed little apoptotic signal (Figure 4A). Quantitative
analysis confirmed that BAX AOD was significantly higher
in SC-Matrigel tumors than in control tumors (P < 0.001;
Figure 4D). Together, these findings suggest that the sus-
tained-release RHE formulation inhibits angiogenesis and
promotes tumor-cell apoptosis.

Discussion

Recombinant human endostatin has been clinically
applied for non-small cell lung cancer treatment through
its anti-angiogenic mechanism [1, 20-22]. However, the
short half-life of RHE necessitates frequent administra-
tion, which may impact patient compliance and thera-
peutic consistency. In the present study, we developed

Am J Nucl Med Mol Imaging 2026;16(4):186-195
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a Matrigel-based sustained-release formulation of RHE
and evaluated its pharmacokinetic profile and therapeutic
efficacy using multimodal molecular imaging appro-
aches.

Our fluorescence imaging results show that Matrigel-
encapsulated RHE-ICG exhibits significantly prolonged
local retention compared to conventional subcutaneous
or intravenous administration. The sustained release pro-
file, with detectable signals persisting up to 120 h, mat-
ches the design principles of long-acting drug delivery sys-
tems that maintain therapeutic drug levels within the opti-
mal concentration window [23-25]. Matrigel, as a base-
ment membrane matrix, provides a biodegradable depot
that gradually releases encapsulated proteins through
diffusion and matrix degradation [12]. This was further
confirmed by our *?°|-RHE pharmacokinetic study, which
demonstrated significantly increased AUC in the sus-
tained-release group, providing direct evidence that
Matrigel encapsulation effectively prolongs RHE circula-
tion. This approach addresses a major limitation of anti-
angiogenic proteins, their short biological half-life and the
need for frequent administration [13].

The improved antitumor efficacy observed in SC-Matrigel
(Matrigel formulation administered every 4 days) com-
pared to SC-Saline (daily conventional injections) shows
that sustained release, rather than cumulative dose
alone, determines therapeutic outcome. Although the
total RHE dose over 25 days was comparable between
groups (150 pL in SC-Matrigel vs. 150 yL in SC-Saline),
the sustained-release formulation achieved superior
tumor growth inhibition. This finding supports the con-
cept that maintaining continuous angiogenic suppression
is more effective than intermittent high-concentration
exposure [26, 27]. Previous studies have similarly shown
that prolonged endostatin therapy can maintain tumors
in a state of dormancy [22].

The molecular imaging results provide functional insights
into the mechanisms underlying improved efficacy. ¢Ga-
RGD PET, targeting integrin avp3 expressed on activated
endothelial cells, acts as a non-invasive biomarker of
angiogenesis [28-30]. The significantly reduced %8Ga-RGD
uptake in SC-Matrigel tumors shows more effective sup-
pression of neovascularization by the sustained-release
formulation. The inclusion of SUV__ ~as an additional
quantitative metric, which is less susceptible to partial
volume effects, further supports the robustness of this
finding. This finding corroborates previous reports that
continuous endostatin exposure achieves greater anti-
angiogenic effect than intermittent administration. The
concomitant reduction in *¥F-FDG uptake reflects the
metabolic consequences of vascular inhibition, as tumor
cells deprived of adequate blood supply exhibit decreas-
ed glucose utilization [31]. The combination of both trac-
ers allows us to establish a mechanistic link between
angiogenic inhibition and tumor metabolic response,
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strengthening the evidence that sustained RHE release
exerts its antitumor effect through vascular disruption
rather than direct cytotoxicity.

The IHC findings reveal complex adaptive responses with-
in the tumor microenvironment. Increased VEGF expres-
sion in treatment groups, despite effective angiogenesis
inhibition, likely represents a hypoxia-driven compensa-
tory mechanism. Tumor cells responding to vascular sup-
pression upregulate pro-angiogenic factors in an attempt
to restore perfusion, a phenomenon previously described
in anti-angiogenic therapy. In SC-Matrigel tumors, Ki67-
positive cells were mainly confined to the tumor margins.
This distribution may be consistent with improved drug
penetration and more uniform suppression of prolifera-
tion in central tumor regions following sustained RHE
release, compared with conventional administration.

The higher number of BAX-positive cells in SC-Matrigel
tumors suggests that sustained RHE release may pro-
mote apoptosis in addition to its antiangiogenic activity.
Endostatin can induce apoptosis directly in endothelial
cells and indirectly in tumor cells through vascular disrup-
tion [32], which may contribute to the improved antitumor
efficacy of the sustained-release formulation.

Although this study provides proof-of-concept evidence
for this sustained delivery strategy, several limitations
should be noted. A Matrigel-only control group was not
included, so carrier-related effects could not be assessed
directly. However, the antitumor effects observed in this
study are unlikely to be explained by the carrier alone, as
consistent treatment responses were observed across
tumor growth, PET imaging, and histological analyses.
The survival analysis involved few animals and a short
follow-up period; therefore, the findings should be inter-
preted cautiously. Nevertheless, the survival trend was
consistent with the overall therapeutic responses ob-
served in tumor growth, PET imaging, and histological
analyses. Use of a clinical PET scanner for small-animal
imaging may have affected absolute SUV quantification
through partial-volume effects. Because identical imag-
ing and reconstruction protocols were applied across
groups, relative comparisons between treatments remain
informative. Finally, although Matrigel was an effective
proof-of-concept depot, its biological origin limits clinical
translation. Future studies should focus on clinically
translatable sustained-release biomaterials.

Notwithstanding these limitations, our study shows that
molecular imaging provides a powerful tool for visualiz-
ing and quantifying the functional consequences of con-
trolled-release drug delivery. The integration of fluores-
cence imaging for pharmacokinetic assessment and PET
imaging for pharmacodynamic evaluation offers a com-
prehensive platform for optimizing drug formulation stra-
tegies.
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Conclusion

In conclusion, sustained local delivery of recombinant
human endostatin through a Matrigel-based depot signifi-
cantly enhanced antitumor efficacy compared with con-
ventional daily administration without increasing the total
drug dose. Prolonged local retention resulted in sustained
suppression of tumor angiogenesis, suggesting that treat-
ment efficacy depends more on continuous anti-angio-
genic pressure than on cumulative drug exposure. Fur-
thermore, multimodal molecular imaging enabled dynam-
ic, noninvasive evaluation of both drug retention and
therapeutic response, providing complementary informa-
tion that cannot be obtained from tumor volume measure-
ments alone. These findings not only support sustained-
release strategies for anti-angiogenic therapy but also
highlight molecular imaging as a valuable tool for the
development and optimization of controlled-release drug
delivery systems.
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Figure S1. High-performance liquid chromatography profile of NHS-ICG (A) and ICG-RHE (B).
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