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Abstract 

Background  High-mobility group box-1 (HMGB1) released from the tumor microenvironment plays a pivotal role in 
the tumor progression. HMGB1 serves as a damaged-associated molecular pattern (DAMP) that induces tumor angio-
genesis and its development. Glycyrrhizin (GL) is an effective intracellular antagonist of tumor released HMGB1, but its 
pharmacokinetics (PK) and delivery to tumor site is deficient. To address this shortcoming, we developed lactoferrin-
glycyrrhizin (Lf-GL) conjugate.

Methods  Biomolecular interaction between Lf-GL and HMGB1 was evaluated by surface plasmon resonance (SPR) 
binding affinity assay. Inhibition of tumor angiogenesis and development by Lf-GL attenuating HMGB1 action in the 
tumor microenvironment was comprehensively evaluated through in vitro, ex vivo, and in vivo. Pharmacokinetic 
study and anti-tumor effects of Lf-GL were investigated in orthotopic glioblastoma mice model.

Results  Lf-GL interacts with lactoferrin receptor (LfR) expressed on BBB and GBM, therefore, efficiently inhibits 
HMGB1 in both the cytoplasmic and extracellular regions of tumors. Regarding the tumor microenvironment, Lf-GL 
inhibits angiogenesis and tumor growth by blocking HMGB1 released from necrotic tumors and preventing recruit-
ment of vascular endothelial cells. In addition, Lf-GL improved the PK properties of GL approximately tenfold in the 
GBM mouse model and reduced tumor growth by 32%. Concurrently, various biomarkers for tumor were radically 
diminished.

Conclusion  Collectively, our study demonstrates a close association between HMGB1 and tumor progression, sug-
gesting Lf-GL as a potential strategy for coping with DAMP-related tumor microenvironment.
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Graphical Abstract
HMGB1 is a tumor-promoting DAMP in the tumor microenvironment. The high binding capability of Lf-GL to HMGB1 
inhibits tumor progression cascade such as tumor angiogenesis, development, and metastasis. Lf-GL targets GBM 
through interaction with LfR and allows to arrest HMGB1 released from the tumor microenvironment. Therefore, Lf-GL 
can be a GBM treatment by modulating HMGB1 activity.

Background
Glioblastoma multiforme (GBM) is the most common 
primary malignant brain tumor, and the median survival 
is less than a year after diagnosis [1]. Current standards of 
care include surgical resection followed by radiation ther-
apy and chemotherapy, but only 3 to 5% of GBM patient 
survive beyond 5  years [2]. In general, GBM tissues are 
characterized by high expression levels of microvascu-
lar proliferation due to upregulation of pro-angiogenesis 
cytokines [3]. Therefore, anti-angiogenesis has been a 
priority strategy of drug development for GBM over the 
last decade. Angiogenesis is intricately linked with tumor 
progression due to a lack of nutrients and oxygen. In the 
tumor microenvironment, abnormal and functionally 
immature blood vessels are generated due to dysregulated 
factors such as angiogenesis inhibitors, angiogenic growth 
factors, and other molecules that may act as angiogenesis 
mediators [4]. Vascular endothelial growth factor (VEGF) 
is the most representative and well-known angiogenesis 
regulator in tumors that induces angiogenic intracellu-
lar signaling through the mediation of receptor kinases 
that stimulate pro-angiogenic activity and endothelial 
cell migration [5]. Bevacizumab, a recombinant mono-
clonal antibody targeting VEGF ligand A, had received 

accelerated approval for recurrent GBM in United States, 
but has not shown any survival benefit in newly diagnosed 
GBM patients in multiple large-scale phase 3 clinical trials 
[6]. Therefore, the search for novel angiogenesis modula-
tors and the pursuit of alternative GBM anti-angiogenic 
therapies have been demanded to date.

High-mobility group box-1 (HMGB1) is a ubiquitous 
non-histone nuclear protein that acts as an architectural 
chromatin binding factor [7]. However, once transported 
into cytoplasm or extracellular space, it participates as 
a damage-associated molecular patterns (DAMP) that 
binds to the receptor for advanced glycation end prod-
ucts (RAGE) [8]. Subsequently, it activates AKT and ERK 
signaling pathways and promotes tumor cell invasion 
[9, 10]. Recent clinical studies have shown that overex-
pressed HMGB1 is involved in GBM development, and 
its expression levels are closely related to the advanced 
stage of GBM and poor prognosis [11]. HMGB1 released 
from necrotic tumor cells, a natural phenomenon in 
tumor development, is expected to be highly involved 
in angiogenesis and tumor cell progression. Consistent 
with that expectation, either actively secreted or passively 
released HMGB1 has been reported to regulate angio-
genesis, including promoting endothelial progenitor cells, 
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homing them to tumor tissues, and inducing endothe-
lial cell sprouting and migration [12]. Given the tumor 
microenvironment, blockade therapy of HMGB1 binding 
to RAGE is considered a potent strategy to concurrently 
inhibit angiogenesis and tumor progression. Therefore, 
delivery of HMGB1-specific antagonists to the tumor 
microenvironment can efficiently inhibit tumorigenic, 
angiogenesis and GBM development.

Glycyrrhizin (GL), the active compound of licorice, 
is a direct antagonist of HMGB1. The inhibitory effect 
of GL on HMGB1 is manifested in two aspects [13]. 
GL blocks the release of HMGB1 into the extracellu-
lar space by interacting with the two shallow concave 
surfaces formed by the two arms of the HMG boxes. 
Also, it inhibits HMGB1 phosphorylation inside the 
cell, thereby reducing the secretion of HMGB1 and 
decreasing its overall expression. In addition, GL is 
found to suppress angiogenic activities of endothe-
lial cells by downregulating ERK angiogenic signaling 
pathway [14], and also elicits anti-tumor effects by 
downregulating the NF-κB signaling [15]. Therefore, 
considering the tumor microenvironment in which 
tumors deteriorate through HMGB1, GL, which has 
both antitumor and HMGB1 inhibitory effects, could 
play a pivotal role in GBM treatment. However, GL 
has poor bioavailability due to short biological half-life 
and lacks the GBM targeting ability, which hinders its 
clinical application. Therefore, the drug delivery sys-
tem is required for its therapeutic application to GBM.

Our previous studies demonstrated that the modi-
fication of drugs via lactoferrin (Lf ) can target GBM 
by penetrating the blood–brain barrier (BBB) and 
increasing their stability and half-life of blood cir-
culation [16, 17]. This was also possible because the 
lactoferrin receptor (LfR) is highly expressed in the 
blood–brain barrier (BBB) and GBM cells and on 
brain endothelial cells [18–21]. Moreover, Lf, a prod-
uct of exocrine glands that found in many parts of the 
human body, prevents the partial first-pass effects 
of hepatic metabolism and allow it to persist longer 
[22]. Therefore, to overcome the limitations of GL for 
GBM targeting, here we introduced lactoferrin (Lf ) as 
a targeting ligand for GL delivery. Collectively, Lf-GL 
conjugate was delivered to GBM, and it effectively 
regulated the tumorigenic activity of HMGB1 in the 
tumor microenvironment (Fig. 1a).

Materials and methods
Materials
Glycyrrhizin (ammonium salt, purity 95%), sodium peri-
odate (NaIO4), lactoferrin human (Lf ), sodium carbonate 
(Na2CO3), sodium bicarbonate (NaHCO3), sodium cyan-
oborohydride (NaBH3CN), fluorescein isothiocyanate 
isomer 1 (FITC), 2-mercaptoethanol and tetramethyleth-
ylenediamine (TEMED), and water (HPLC grade) wer.e 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
4′,6-diamidino-2-phenylindole (DAPI) was purchased 
from Vector Laboratories (Burlingame, CA, USA). NP40, 
cell extraction buffer, and Lysotracker® were purchased 
from Invitrogen (Waltham, MA, USA). Phenylmethyl-
sulfonyl fluoride (PMSF), acetonitrile, and methanol 
(HPLC grade) were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Paraformaldehyde (4%) was 
purchased by Wako (Kanto, Saitama, Japan). Protease 
inhibitor and Calcein AM (Cat #: BMD00064) were pur-
chased from Abbkine (Wuhan, China). Sodium dodecyl 
sulfate was purchased from Affymetrix (Waltham, MA, 
USA). Acrylamide solution (30%) and ammonium per-
sulfate (APS) were purchased by BIO-RAD (Hercules, 
CA, USA). Coomassie blue solution was purchased from 
Abcam (Cambridge, UK).

Experimental cell lines and animals
In vitro experiments were performed using the U87MG 
human glioma cell line (Korean Cell Line Bank, Seoul, 
Korea), human umbilical vein endothelial cell line 
(HUVEC; LONZA, NJ, USA), and the human epithelial 
colorectal cell line (Caco-2; Korean Cell Line Bank, Seoul, 
Korea). U87MG (passage numbers 2 to 5) and Caco-2 
cells were cultured using Dulbecco’s modified Eagle’s 
medium (DMEM; GenDEPOT, TX, USA) containing 
10% fetal bovine serum (FBS; GenDEPOT), 1% penicil-
lin–streptomycin (Thermo Fisher Scientific) in standard 
culture conditions at 37 °C and 5% CO2. HUVECs (pas-
sage numbers 2 to 4) were cultured using endothelial 
growth medium (EGM-2 bullet kit; LONZA, NJ, USA) 
in standard culture conditions at 37  °C and 5% CO2. 
In vivo experiments were carried out using seven-week-
old male Balb/c nude mice and Balb/c mice (Nara-Bio 
Company, Seoul, Korea). All animals were housed in spe-
cific pathogen-free conditions and maintained under the 
Institutional Animal Care and Use Committee (IACUC: 
2021-0108A) at Hanyang University.

Fig. 1  Schematic illustration and synthetic procedure for Lf-GL. a In the tumor microenvironment, HMGB1 secreted from GBM cells binds to 
RAGE and is involved in cancer development and angiogenesis. Lf-GL delivered to the tumor microenvironment through interactions with LfR 
overexpressed in BBB and GBM cells inhibits its activity with high binding affinity to HMGB1. Thereby, Lf-GL can inhibit GBM-mediated angiogenesis 
activated by HMGB1 while limiting tumor development. b Synthetic procedure of Lf-GL conjugation. NaIO4 refers to sodium periodate; NaBH3CN 
refers to cyanoborohydride; text under arrow refers to synthesis conditions. The illustration was created with BioRender.com

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Preparation of lactoferrin‑glycyrrhizin conjugate (Lf‑GL)
GL (50 × 10–3 M) was dissolved in distilled water and pH 
was adjusted using sodium carbonate (1.0  M) until the 
GL was fully dissolved into the solution. Next, sodium 
periodate (50 × 10–3  M) was dissolved in distilled water 
and the solution was kept in the dark. Then, the GL solu-
tion was slowly dropped into a SP solution to oxidize GL 
by stirring in the dark for 2 h at RT. Lf (0.0625 × 10–3 M) 
was dissolved in carbonate-bicarbonate buffer (CBS) 
(pH 10.5) at 4℃. The same volume of the Lf solution 
was added to the oxidized-GL solution in a drop-wise 
manner. The solution was reacted at 4℃ for 6 h. Finally, 
sodium cyanoborohydride solution (5  M, 10 μL) was 
added per milliliter. The reaction was allowed to proceed 
overnight at 4℃. The resulting solution was dialyzed with 
MWCO 50  kDa Centricon™ (Millipore, MA, USA) to 
remove unreacted substances. Then, it was lyophilized 
for 2 days to obtain the Lf-GL conjugate.

Characterization of Lf‑GL
Fourier transform infrared spectroscopy measurements 
(FT-IR, NICOLET IS50, Thermo Fisher Scientific) were 
conducted to identify the functional group of Lf-GL. 
The molecular weight of Lf-GL was determined by SDS-
PAGE (12%-gel) and matrix-assisted laser desorption/
ionization time-of-flight (MALDI TOF). MALDI-TOF 
was conducted at Seoul National University (Korea) 
using a MALDI-TOF Voyager DE-STR (Applied Biosys-
tems, MA, USA). A sinapinic acid (Sigma-Aldrich) aque-
ous solution containing about 30% acetonitrile in 0.15% 
trifluoroacetic acid (Millipore) was used as a matrix. 
High performance liquid chromatography (Alliance 
HPLC e2695, Waters, MA, UK) using a gel permeation 
chromatography (GPC) column was performed to verify 
GL content in the Lf-GL conjugate. The mobile phase 
was composed of methanol, acetonitrile, water, and ace-
tic acid in a ratio of 55:23.69:19.63:0.68. GL was dissolved 
in the mobile phase in different concentrations (2.5 to 
200 × 10–6 M), and Lf-GL (25 × 10–6 M) was also dissolved 
in the mobile phase. Ultrahydrogel 120 Column (Waters) 
was used as a column, and the flow rate was 1 mL min−1. 
Then, absorbance was measured at 254  nm, and the 
results were calibrated with Empower software (Waters).

Binding affinity against HMGB1
To confirm the binding affinity of Lf-GL to HMGB1, 
Surface Plasmon Resonance (SPR) was conducted at 
WoojungBSC (Korea). The Reichert SR7500DC system 
(Reichert technologies, NA, USA) and Scrubber2 soft-
ware (Biologic software, FRA) were used, and a CMDH 
chip (Cat #: 13,206,066, Reichert technologies) was used 
for immobilization of the human recombinant HMGB1 
protein (Abcam). HMGB1 protein was used as a ligand, 

and the analytes were HMGB1 antibody (Abcam), GL, Lf 
and Lf-GL conjugate. The immobilization buffer was S.A. 
(10 × 10–3  M, pH 4.5), and the running buffer was PBS 
(pH 7.4). The flow rate of the analyte was 30 μL min−1. 
The association and dissociation time were 3  min each, 
and measurements were conducted at room temperature. 
Results are expressed in response units (RU) over time.

Cell viability test
Cell viability was determined using a cell counting 
kit-8 (CCK-8). U87MG and HUVECs (seeding density: 
0.75 × 104 cells per well) in 96-well culture plates were 
treated with GL, Lf, or Lf-GL (25 to 200 × 10–6 M of GL 
equivalent concentration) and were incubated for dif-
ferent periods of time (24, 48, and 72 h). After washing 
with PBS, they were treated with a cell culture medium 
containing a CCK-8 assay kit (Abbkine) and were incu-
bated at 37 °C and 5% CO2 for 2 h. Then, absorbance was 
measured at 450 nm in a micro-plate reader (VLBL00D0, 
Thermo Fisher Scientific). Results were quantified using 
Sigma Plot (Systat Software, USA). To determine the 
effect of extracellular HMGB1 in GBM and endothelial 
cell proliferation, U87MG and HUVECs were seeded in 
96-well culture plates (seeding density: 0.75 × 104 cells 
per well) and GL, Lf, or Lf-GL (50 × 10–6 M GL equiva-
lent concentration) were added to cells with or without 
HMGB1 protein (U87MG: 0.1  μg  mL−1, and HUVEC: 
1 μg mL−1). Cells were incubated for different periods of 
time (24, 48, and 72 h).

Cell migration assay
A wound-healing scratch assay was performed in 
U87MG to evaluate the effect of GL, Lf and Lf-GL treat-
ment on the cancer cell migration. Cells were seeded in 
100 mm-cell culture dishes, 2.0 × 106 cells per dish. After 
the cells were grown to 80% confluence, a scratch was 
made through the cell monolayer with a 200 μL pipet 
tip, and it was washed with PBS. Photographs (4 ×) were 
taken in each of three different scratch areas, and their 
location on the dish was marked. GL (50 × 10–6  M), Lf 
(5 × 10–6  M) or Lf-GL (1 × 10–6  M) dissolved in serum-
free medium were added to cells with or without HMGB1 
protein (0.1  μg  mL−1). Then, cells were incubated for 
24 h, and the same areas were re-photographed. Migra-
tion distances were examined using the scale bar.

In vitro GBM cell uptakes of Lf‑GL
To verify cellular uptake of Lf-GL, U87MG cells (seeding 
density: 2.5 × 104 cells per well) in an 8 well Nunc™ Lab-
Tek II chambered coverglass (Thermo Scientific) were 
treated with FITC-tagged Lf-GL (1 × 10–6  M) for differ-
ent time periods (0 to 18 h). After washing with PBS, cells 
were treated with lysotracker (75 × 10–9 M) and incubated 
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for 2 h. Then, cells were fixed with 4% paraformaldehyde 
followed by DAPI mounting. Confocal laser scanning 
microscopy (SP8 X, Leica, Germany) was used to observe 
intracellular fluorescence, and images were processed 
using LAS X software (Leica).

HMGB1 ELISA
U87MG cells were seeded in 100 mm-cell culture dishes 
(2.2 × 106 cells per dish) and treated with GL, Lf, or Lf-GL 
(50 × 10–6 M GL equivalent concentration) for 48 h. After 
incubating, cells were collected using a cell scrapper 
and were centrifuged for 3  min at 150 × g. Supernatant 
was collected as cell culture medium, and pellets were 
washed with cold PBS twice and transferred into a micro-
centrifuge tube. Tubes were centrifuged, and then pel-
lets were resuspended in 500 μL 1X hypotonic buffer and 
incubated on ice. Then, 25 μL of NP40 was added and the 
mixture was agitated using a vortex mixer at the high-
est setting. Homogenates were centrifuged for 10 min at 
842 × g at 4℃. Supernatant was collected as the cytoplas-
mic fraction, and pellets were resuspended in cell extrac-
tion buffer (50 μL) and were incubated for 30 min on ice 
with vortexing at 10  min intervals. Then, homogenates 
were centrifuged for 30  min at 14,000 × g at 4℃. Super-
natant was collected as the nuclear fraction. The amount 
of HMGB1 in the samples was measured using a HMGB1 
ELISA kit (Abbkine), and absorbance was measured at 
450  nm in a micro-plate reader. A DNA assay (Quant-
iT™ dsDNA Assay Kit, Invitrogen) was also conducted to 
express HMGB1 concentrations in equivalent amounts of 
DNA.

Tube formation assay
A 24-well plate was coated with of Matrigel® (200 μL, 
Corning, NY, USA) and was incubated for 30  min in 
37℃ incubators. HUVECs were seeded upon a coated 
Matrigel® 24-well plate (seeding density: 5.0 × 104 cells 
per well). Subsequently, cells were treated with GL 
(50 × 10–6 M), Lf (5 × 10–6 M) or Lf-GL (1 × 10–6 M) and 
incubated for 24 h. Then, Calcein AM was added to each 
well, and the formation of tubes was observed using fluo-
rescence microscopy. These tubes were quantified using 
Image J.

Aorta ring assay
An aorta ring assay was conducted to confirm the anti-
angiogenesis effect of Lf-GL ex vivo. A 48-well plate was 
coated with of Matrigel® (100 μL) and was incubated 
for 30  min or more in 37℃ incubators. In the mean-
time, thoracic aortas of 7-week-old male SD rats were 
excised. Then, the fat layer and outer membrane were 
removed, and rings approximately 1 mm in length were 
prepared. The prepared aortic rings were seeded on 

a coated Matrigel® of 48-well plate and were covered 
with Matrigel®. (100 μL) Subsequently, the aortic ring 
was treated with a control (with or without 25 ng  mL−1 
of VEGF) or different concentrations of Lf-GL com-
plex. Medium was changed once every two days. Four-
teen days after treatment, optical images of sprouting 
microvessels were obtained using microscopy magnifi-
cation (× 40 or × 100). Sprouting microvessel area was 
quantified using Image J and Sigma Plot.

Western blot
Total cellular protein concentration was determined 
using a BCA Protein Assay Kit (Pierce, Rockford, IL, 
USA). Equal amounts of protein from cell lysates were 
loaded onto a 12% sodium dodecyl sulfate–polyacryla-
mide gel. After electrophoresis, proteins were transferred 
to polyvinylidene fluoride membranes blocked with 5% 
bovine serum albumin for 1 h at room temperature and 
were diluted 1:500 with the indicated primary antibod-
ies (rabbit anti-ERK1/2, anti-phospho-ERK1 and β-actin 
antibodies [Cell Signaling Technology, INC.]). Then, 
the membrane was washed 3 times for 15 min with tris-
buffered saline containing Tween 20 and was incubated 
with HRP-conjugated secondary antibody for 1  h at 
room temperature. After washing three times for another 
15 min with Tris-buffered saline with Tween 20, immune 
complexes were detected with an enriched chemilumi-
nescent reagent (EZ-Western Lumi Femto, DoGen, South 
Korea) and staining was quantified by densitometry anal-
ysis using an Alpha Imager 2200.

HUVEC co‑cultured with U87MG
To evaluate the inhibitory effect of Lf-GL on neovas-
cularization in the tumor microenvironment in  vitro, 
U87MG cells were seeded in the Transwell® insert cham-
bers that were 6.5 mm in diameter and had 0.4 μm pore 
sizes (seeding density: 2.5 × 104 cells per well, Corning). 
HUVECs were seeded in the Transwell basal chamber 
(seeding density: 5.0 × 104 cells per well). GL, Lf, or Lf-GL 
(100 × 10–6  M of GL equivalent concentration) were 
added to the insert chamber, and cells were incubated for 
24 h. CCK-8 assay and HMGB1 ELISA were conducted at 
the basal chamber.

In vivo pharmacokinetics study of Lf‑GL
Balb/c mice were used for pharmacokinetics stud-
ies of GL and Lf-GL. Mice were administrated with GL 
equivalent concentration doses of 50  mg  kg−1 body 
weight through tail vein injection. After the GL and 
Lf-GL injection, blood samples (500 μL) were col-
lected by intra-cardiac puncture at time points of: 
1 min, 3 min, 5 min, 10 min, 30 min, 1 h, 2 h, 2.5 h, 6 h, 
12  h, 18  h, and 24  h. Blood samples were collected in 
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ethylene-diamine-tetraacetic acid (EDTA) tubes (Micro-
collect, GSMEDITECH, Korea), and then centrifuged 
for 30  min at 842 × g in 4℃. Then, supernatants (50 
μL) were mixed with methanol (100 μL). After vortex-
ing for 10  min, extracts were centrifuged for 10  min at 
10,000 × g. Thereafter, supernatants (100 μL) were mixed 
with the mobile phase solution (900 μL), which were then 
filtered with a syringe filter (0.22 μm). Samples were col-
lected in 2 mL HPLC vials (Screw top vial, Waters) and 
analyzed with HPLC. The GL standard samples for cali-
bration were also conducted using the same process. The 
absorbance of the samples was measured at 254 nm, and 
concentrations were calibrated through a GL standard 
curve.

In vivo fluorescence tracer image of Lf‑GL
For the fluorescence tracer images, Balb/c mice were 
administered either FITC-tagged GL or FITC-tagged 
Lf-GL at a GL equivalent concentration of 50  mg  kg−1 
body weight via tail vein injection. After 1, 10, 30, and 
60  min, the experimental mice were sacrificed, and the 
organs were extracted. The fluorescence signals of FITC-
tagged GL or FITC-tagged Lf-GL in organs were imaged 
using an in vivo imaging system (FOBI, CELLGENTEK, 
South Korea). The exposure time was fixed to 200  s for 
analyzing fluorescent signals from tissues. The quantified 
fluorescence signal of the brain at each time point was 
measured in terms of intensity units (IU, Intensity Min−1 
Gain−1).

In vivo analysis of GBM targeted‑GL by HPLC in orthotopic 
GBM modeled mice brain
Orthotopic GBM mice model mice were used for quan-
tification of GBM targeting efficacy. The brain tissue 
was homogenized in deionized water at a 33.3 w/v (%) 
using a FastPrep-24 5G (MP biomedical, South Korea). 
The GL were added to pooled brain homogenate to 
obtain seven-point calibration curves with a range of 
10–1000 ng mL−1. Then, homogenate (50 μL) was mixed 
with methanol (100 μL). After vortexing for 10  min, 
extracts were centrifuged for 10 min at 10,000 × g. There-
after, supernatants (100 μL) were mixed with mobile 
phase solution (900 μL), then filtered with a 0.22  μm 
syringe filter. Samples were collected in a 2  mL HPLC 
vial (Screw top vial, Waters, USA) and analyzed by HPLC 
at 254 nm. For the comparative study of GBM targeting, 
mice were administered GL and Lf-GL at a GL equivalent 
concentration dose of 50  mg  kg−1 body weight through 
tail vein injection. Mice were sacrificed and brain tis-
sues were collected 10 min after the GL and Lf-GL injec-
tion. The samples for quantification were also conducted 
using the same process as GL standard preparation. The 
absorbance of the samples was measured at 254 nm, and 

concentrations were calibrated suing the GL standard 
curve.

In vivo systemic toxicity evaluation in GBM mouse model
To establish the orthotopic GBM mice model, GBM 
cells (U87MG, inoculation density: 1.0 × 106 cells per 10 
μL) were stereotactically injected into the right striatum 
of Balb/c nude mice. Then, mice were randomly divided 
into four groups (n = 5): control, GL, Lf, and Lf-GL 
treated group. From the day after tumor transplantation, 
the mice were administrated the drugs with GL equiva-
lent concentration doses of 50  mg  kg−1 body weight 
through tail vein injection every other day. Mice were 
observed for four weeks, and body weights and survival 
rates were recorded. After four weeks, mice were sacri-
ficed, and organs were harvested and fixed with 4% para-
formaldehyde for further analysis.

In vivo histological study for Lf‑GL efficacy on GBM mouse 
model
GBM mice were prepared and grouped as in previous 
experiments, but drugs were administrated every day 
(GL equivalent concentration dose of 50  mg  kg−1 body 
weight through tail vein injection). After two weeks, 
mice were sacrificed, and the brains were harvested and 
fixed with paraformaldehyde (4%). Then, tissue process-
ing was automatically conducted using a Leica TP1020 
semi-enclosed Benchtop Tissue Processor (Leica Biosys-
tems, Wetzlar, Hesse, Germany), followed by embedding 
in paraffin blocks. Paraffin blocks were sliced into 5 μm 
thick slices using a Leica RM2145 Microtome (Leica Bio-
systems). Nissl staining was used to stain brain tissue 
slides with pre-warmed 0.1% Cresyl Violet Stain Solution 
(Abcam). TUNEL assays were conducted following the 
manufacturer’s instructions. For immunofluorescence 
staining; anti-HMGB1 antibody (Abcam), anti-Ki67 
antibody (Abcam), anti-CD31 antibody (Abcam), and 
anti-VEGF antibody (Abcam) were used as primary anti-
bodies, and goat anti-rabbit IgG-H&L Alexa Fluor 488 
and goat anti-rabbit IgG H&L Alexa Fluor 647 were used 
as secondary antibodies, followed by DAPI mounting.

Statistics
All data are presented as the mean ± standard error of the 
mean (S.E.M). Statistical analysis was evaluated by Stu-
dent’s t-tests or one-way analysis of variance (ANOVA) 
(Sigma Plot). P-values less than 0.05 are considered to be 
statistically significant.

Results
Synthesis and characterization of Lf‑GL conjugate
To construct Lf-GL conjugate, we first oxidized GL using 
sodium periodate, a strong oxidant that is also used for 
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opening glucose rings between vicinal diols [23], there-
fore aldehyde residues were exposed. Afterward, the 
aldehyde of oxidized-GL and amine of Lf undergo a 
Schiff-Base reaction to form a secondary amide bond. 
In this procedure, cyanoborohydride works as a reduct-
ant to reducing unstable secondary amide bonds to stable 
primary amide bond (Fig. 1b). The conjugation between 
GL and Lf was confirmed by FT-IR analysis, it exhibited 
amide I and amide II vibrations in both Lf and Lf-GL at 
1,520  cm−1 and 1,630  cm−1 (Fig. S1) [24]. The observed 
peak at 1,035  cm−1 in both GL and Lf-GL indicates the 
primary alcohol stretch of GL. Therefore, the observa-
tion of the characteristic peaks of each Lf and GL in 
the Lf-GL conjugate suggests that the Lf-GL conjuga-
tion proceeded as intended. In the SDS-PAGE result, 
the band of Lf-GL shifted upward compared to native 
Lf due to the increased molecular weight by conjugation 
(Fig. S2). Moreover, in HPLC analysis, GL was detected 
at 17 min, while Lf-GL was detected at 3.5 min (Fig. S3). 
The faster elution time of Lf-GL compared to GL indi-
cates that Lf-GL has a higher molecular weight than GL 
while maintaining sufficient GL content. MALDI-TOF 
was conducted to quantify the molecular weight of Lf-GL 
(Fig. S4). Average molecular weights of Lf and Lf-GL 
were 78,497.9 and 86,727.3 Da, respectively. Considering 
that the molecular weight of GL was 822.9 Da, the bind-
ing ratio between Lf and GL was 1:10.

Lf‑GL as a potent HMGB1 antagonist due to its high 
binding affinity to HMGB1
GL is one of the most potent inhibitors of HMGB1 
and is known to block the nucleocytoplasmic trans-
location of HMGB1, thereby inhibiting its extracel-
lular secretion and function as a DAMP in the tumor 
microenvironment [25, 26]. Therefore, we evaluated the 
respective binding affinities of different concentrations 
of GL, Lf, and Lf-GL to HMGB1 (Table 1 and Fig. S5). 
The KD value of GL was 540.0 ± 20 μM for the HMGB1, 
whereas the values of Lf, Lf-GL (1:4), Lf-GL (1:10) and 

Lf-GL (1:15) were 165.0 ± 3, 595 ± 5, 23.1 ± 0.1 and 
32.3 ± 0.2 nM, respectively. It is noteworthy that Lf and 
Lf-GL showed higher affinity for HMGB1 compared 
to the HMGB1 antibody (KD value of 1.0 ± 3.0  μM) as 
well as GL, which is known as an antagonist to HMGB1 
[13]. Among analytes, Lf-GL (1:10) showed the highest 
affinity with a KD value of 23.1 ± 0.1 nM, whereas that of 
Lf-GL (1:15) containing more GL was 32.3 ± 0.2 nM. In 
general, the structural mechanism by which GL binds to 
HMGB1 is known as an extended hydrophobic interac-
tion due to the formation of a concave surface formed 
by the two arms of HMG box A [27]. More specifically, 
the proximal glucuronic acid residue (attached to the 
terpenoid unit) of GL is key for the HMG interaction, 
in which hydrogen bonds and hydrophobic interac-
tions stabilize the HMGB1-GL complexes. The bond 
stability is then further increased through intramolec-
ular cysteine disulfide bonds. However, in our results, 
excessive amounts of GL (Lf-GL (1:15)) are shown to 
interfere with binding to HMGB1 by inducing inter-
molecular pi-pi stacking, hydrophobic interactions 
and hydrogen bonding [28]. In terms of solubility and 
activity, since pi-pi stacking occurs between the terpe-
noid unit structures of GL, conjugates with a reaction 
ratio of 1:10 or more show low solubility, and low sol-
ubility eventually leads to low activity. Taken together, 
Lf-GL (1:10) contains an adequate amount of GL with-
out physical interference for HMGB1 binding, and the 
contribution of Lf to HMGB1 binding leads to improved 
affinity. Therefore, Lf-GL (1:10) was determined to exert 
optimal pharmacological properties and was subjected 
to further experiments.

In vitro, Attenuation of GBM proliferation by Lf‑GL 
treatment
A cell viability assay showed that Lf-GL more signifi-
cantly reduced the number of GBM cells (U87MG) com-
pared to Lf- and GL-treated groups at all GL equivalent 

Table 1  Binding affinity for HMGB1 according to the respective dissociation constants

a) Association rate constant
b) Dissociation rate constant
c) Equilibrium dissociation constant (KD = Kd Ka

−1)



Page 9 of 23Kim et al. Biomaterials Research           (2023) 27:52 	

concentrations of 25 μM to 200 μM (Fig. 2a and Fig. S6). 
Since the non-toxic concentration of Caco-2 cells con-
sidered normal cell was less than 100 μM while sufficient 
anti-tumor effect achieved above 25 μM (Fig. S7), further 
experiments were set at 50  μM. The inhibitory effects 
of GL, Lf and Lf-GL on cell growth were measured for 
72  h (Fig.  2b). After 48  h treatment, GL, Lf and Lf-GL 
reduced the number of cells to 93.4 ± 4.8, 69.6 ± 5.7 and 
44.1 ± 6.3% of the original count, respectively. Thereafter, 
cell number of the GL- and Lf-treated groups increased 
sharply over the next 24  h. In contrast, the Lf-GL-
treated group efficiently attenuated the growth rate to 
68.7 ± 15.9%. Considering the U87MG doubling time of 
30.8 ± 2.5 h [29], it is anticipated that Lf-GL inhibits pro-
liferation through cell division.

A major problem of chemotherapy is that high pres-
sure in solid tumors reduces drug diffusion from blood 
vessels to tumor cells, resulting in poor penetration 
[30]. Therefore, anti-proliferative effect of Lf-GL on the 
three-dimensional (3D) structure of solid tumor-like 
glioma spheroids was investigated for 6 days (Fig. S8a). 
Morphological changes of spheroids including surface 
collapse or 3D structure destruction were not observed 
in the Lf-GL treatment. However, it sufficiently 
impeded the growth of tumor spheroids. The aver-
age volume of the control group increased gradually, 
which was 294% at day 6 compared to day 0 (Fig. S8b). 
In Lf-GL (1:4) and Lf-GL (1:15), spheroids increased in 
volume at day 6 by 185% and 179%, respectively, and 
moderate confinement effect was observed. Intrigu-
ingly, spheroids treated with the Lf-GL (1:10) increased 
by 156% at day 6, which was the slowest growth rate 
among other treatment groups. Furthermore, live/
dead assay was conducted to determine the mechanism 
of Lf-GL in its tumor suppressive effect (Fig. S9). As 
a result, the growth of tumor spheroids was inhibited 
by anti-proliferation rather than by cell death such as 
apoptosis or necrosis. Consistently, the ratio of annexin 
V ( +)/PI ( +) cell population in the Lf-GL treatment 
group was 0.28%, which was lower than 1.40% in the 
control group (Fig. S10).

HMGB1-mediated GBM cell proliferation and its 
inhibitory effect of Lf-GL were investigated for 3  days. 
HMGB1 upregulated tumor growth by 110.7 ± 8.2, 
133.4 ± 1.3 and 140.7 ± 5.2% on days 1, 2 and 3, respec-
tively, compared to controls not treated with HMGB1. 
In this system, Lf-GL resulted the most robust inhibitory 
effect over 3 days (Fig. 2c). In the wound healing scratch 
assay, the HMGB1-treated cell (noted as HMGB1 ( +)) 
migrated 121.3 ± 42.8  μm more than the HMGB1-non-
treated cell (noted as HMGB1 (-)) at 24 h (Fig. 2d). Simi-
lar to the above results, Lf-GL inhibited cell migration in 
the absence of HMGB1, but its effect was more dominant 
in the presence of HMGB1 (Fig.  2e). This could be the 
direct evidence that HMGB1 induces rapid tumor growth 
and metastasis, but Lf-GL can refrain HMGB1-mediated 
tumor progression with high affinity.

Downregulation of cytoplasmic‑HMGB1 level 
by LfR‑mediated endocytosis of Lf‑GL
The cellular uptake of Lf-GL was investigated to determine 
the cause of the lethal inhibitory effect on the prolifera-
tion of tumor cells. As a result, Lf-GL gradually internal-
ized into U87MG cells up to 84.5% over 18 h (Fig. S11). To 
examine the endocytic mechanism of Lf-GL, the cellular 
uptake of FITC-tagged Lf-GL was monitored through flow 
cytometry in the presence of the Lf or Pitstop®, which is 
an inhibitor of clathrin-mediated endocytosis. After 2  h 
incubation, the cellular internalization of Lf-GL-FITC 
decreased about 17% in the presence of Lf, whereas it 
was not affected in the Pitstop® treatment. This result 
indicates that Lf-GL internalizes cells via the Lf recep-
tor (LfR), but its endocytic pathway does not follow the 
clathrin-mediated pathway. Colocalization of Lysotracker 
and FITC-tagged Lf-GL was not fully identified in the 
overall images collected between 2 and 18  h, which cor-
roborate the notion of clathrin-independent internaliza-
tion of Lf-GL through LfR, a conclusion that is consistent 
with our previous studies (Fig. 2f) [16, 17, 31, 32]. More-
over, it was observed that even after 18  h of incubation, 
Lf-GL was remained in the cytoplasm, which indicates 

(See figure on next page.)
Fig. 2  In vitro inhibitory effect of Lf-GL on GBM progression. a Relative viability of U87MG cells treated with GL equivalent concentrations of 25 μM 
to 200 μM, respectively, in GL-, Lf-, and Lf-GL- treated groups. Data are expressed as mean ± S.E.M (n = 6). ***P < 0.001 versus GL-treated group. b 
Monitoring tumor progression for 3 days in GL-, Lf-, and Lf-GL- treated U87MG cell. Data are expressed as mean ± S.E.M (n = 6). ***P < 0.001 versus 
GL-treated group. c Investigation of HMGB1-mediated GBM cell proliferation and its inhibitory ability of GL and Lf-GL for 3 days. Data are expressed 
as mean ± S.E.M (n = 8). d Wound healing assay to investigate HMGB1-mediated GBM cell migration and its inhibitory effect of GL, Lf, and Lf-GL. 
Data are expressed as mean ± S.E.M (n = 3). Red dashed lines indicate starting point. Blue dashed lines mark the location where the U87MG cells 
migrated over 24 h. Scale bar: 500 μm. e Inhibitory effect on tumor migration distance of Con-, GL-, Lf- and Lf-GL treatment groups according to 
the presence or absence of HMGB1. HMGB1 (-) indicates absence of HMGB1 treatment. HMGB1 ( +) indicates the presence of HMGB1 treatment. 
Data are expressed as mean ± S.E.M (n = 3). **P < 0.01 and ***P < 0.001. f Mechanism of cellular uptake of Lf-GL-FITC for 18 h by co-staining with DAPI 
and Lysotracker. g HMGB1 concentration in the medium of U87MG cells in different treatment groups. Data are expressed as mean ± S.E.M (n = 3). 
*P < 0.05, **P < 0.01, and ***P < 0.001Data are expressed as mean ± S.E.M (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001
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Fig. 2  (See legend on previous page.)
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that it was protected from lysosomal degradation and 
expected to retain its functionality in inhibiting HMGB1. 
As a result, the concentration of HMGB1 released into 
the medium of U87MG cells was significantly lower in the 
Lf-GL treatment group (74.0 ± 0.9 ng mL-1) compared to 
the control, glycyrrhizic acid (GL), and lactoferrin (Lf) 
treatment groups, which had HMGB1 concentrations of 
131.8 ± 11.4, 80.7 ± 4.5, and 114 ± 3.4 ng mL-1, respectively 
(Fig. 2g). This reduction in HMGB1 release was attributed 
to the ability of internalized Lf-GL to capture cytoplas-
mic HMGB1, which plays a critical role as a DAMP, and 
thereby inhibit its activity. The increased cellular uptake of 
Lf-GL facilitated this process and improved the efficiency 
of HMGB1 inhibition.

Anti‑angiogenic effect of Lf‑GL
Angiogenesis is a fundamental event in solid tumor pro-
gression, where inhibition of neovascularization is con-
sidered a beneficial therapeutic approach. Therefore, we 
investigated the anti-angiogenic effects of Lf-GL on the 
neovascularization activities of endothelial cells. Cell 
viability assays showed that Lf-GL reduced the number 
of HUVEC the most (Fig. 3a, Fig. S12). Contrary to the 
mechanism in GBM cells, Lf-GL severely induced apop-
tosis and necrosis of endothelial cells (Fig. S13). Further-
more, the inhibitory effect of Lf-GL on endothelial cell 
proliferation, which is essential for angiogenesis, was 
monitored for 3  days. As a result, Lf-GL significantly 
inhibited endothelial cell growth compared to either 
the GL- treated or the Lf- treated groups for the entire 
time (Fig. 3b). To further investigate the contribution of 
extracellular HMGB1 to tumor angiogenesis, HMGB1 
protein were treated to HUVEC to mimic the activity of 
HMGB1 in tumor microenvironment. HMGB1 indeed 
increased angiogenic potential of HUVEC by 108.2 ± 7.9, 
137.9 ± 12.3 and 169.8 ± 18.1% on day 1, 2 and 3, respec-
tively (Fig.  3c, viability comparison between control 
and HMGB1 ( +) control groups). Due to the high bind-
ing affinity of Lf-GL against HMGB1, it successfully 

attenuated the angiogenic effect triggered by HMGB1. 
It is known that HMGB1 triggers an angiogenic gene 
expression in endothelial cells and is involved in auto-
crine and paracrine cycle mechanisms resulting in posi-
tive enforcement of HMGB1 expression and that of its 
receptors like toll-like receptor 4 (TLR4) and RAGE [10, 
33]. To this respect, Lf-GL may break this vicious cycle 
leading to endothelial cell sprouting and migration.

In the study of capillary tube formation, newly gener-
ated micro-vessels were increased by 21.0 ± 2.1% upon 
exposure to HMGB1 (Fig. 3d and e, comparison of angi-
ogenic tube number between HMGB1 (-) control and 
HMGB1 ( +) control groups). In this regard, Lf-GL sig-
nificantly decreased the tube formation in both absence 
and presence of HMGB1 treatment, respectively. The 
ERK and phosphorylated-ERK (p-ERK) signaling mol-
ecules, which are critically involved in endothelial cell 
proliferation, were investigated to gain further insight 
into the relationship between HMGB1 and HUVEC pro-
liferation (Fig. 3f ). After 24 h of treatment with HMGB1, 
the p-ERK level was significantly increased by 2.3 times 
compared to non-treatment of HMGB1 (Fig.  3g). How-
ever, Lf-GL reversed the ratio of p-ERK to ERK induced 
by HMGB1, inhibited most ERK phosphorylation, and 
showed substantial anti-angiogenic ability of Lf-GL.

Aortic rings obtained from rats were treated with GL, 
Lf and Lf-GL for 14 days to examine the anti-angiogenic 
effect under conditions where endothelial cells, progeni-
tor cells, and other angiogenic factors are interacting 
(Fig. 3h) [34]. Vascular endothelial growth factor (VEGF) 
was used as a positive control group, and the outgrowth 
of endothelial tubules increased by 51.1 ± 105.2%. Fur-
thermore, the vascular development from the intima/
subintima of the aorta, sprouting from the initial ves-
sels, and new micro-vessels formation was found in con-
trol (Fig. S14) On the other hand, Lf-GL decreased the 
sprouted area of the micro-vessel by 80.2 ± 4.5%, degen-
erated pre-existed blood vessels and suppressed new 
micro vascularization (Fig. 3i).

Fig. 3  In vitro anti-angiogenic capacity of Lf-GL. a Relative viability of HUVEC cells treated with GL equivalent concentration of 25 μM to 200 μM, 
respectively, in GL-, Lf-, and Lf-GL- treated group. Data are expressed as mean ± S.E.M (n = 6). ***P < 0.001 versus GL-treated group. b Monitoring 
endothelial cell proliferation for 3 days in GL-, Lf-, and Lf-GL- treated HUVEC. Data are expressed as mean ± S.E.M (n = 6). ***P < 0.001 versus 
GL-treated group. c Investigation of HMGB1-mediated HUVEC proliferation and inhibitory ability of GL, Lf, and Lf-GL for 3 days. Data are expressed 
as mean ± S.E.M (n = 8). d Capillary tube formation assay to investigate HMGB1-mediated angiogenesis and its inhibitory effect of GL, Lf, and Lf-GL. 
Scale bar: 200 μm. e Quantification of tube formation in the absence or presence of HMGB1 in control, GL, Lf, and Lf-GL groups. HMGB1 (-) indicates 
absence of HMGB1 treatment. HMGB1 ( +) indicates the presence of HMGB1 treatment. Data are expressed as mean ± S.E.M (n = 3). *P < 0.05 and 
***P < 0.001. f Western blot analysis for phospho- and total ERK levels in cell lysates. g Densitometric analysis of the related bands was expressed as 
the relative optical band density, which was corrected using total ERK proteins as a loading control and normalized against the untreated control. 
HMGB1 (-) indicates the absence of HMGB1 treatment. HMGB1 ( +) indicates the presence of HMGB1 treatment. Data are expressed as mean ± S.E.M 
(n = 3). *P < 0.05 and **P < 0.01. h Rat aortic ring assay to evaluate anti-angiogenic effect of GL, Lf, and Lf-GL under condition where endothelial cells, 
progenitor cells, and other angiogenic factors are interacting. Scale bar: 200 μm. i Quantification of micro-vessel sprouting. Data are expressed as 
mean ± S.E.M (n = 6). *P < 0.05

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Inhibition of tumor progression by Lf‑GL in the tumor 
microenvironment
To clarify the influence of tumor released-HMGB1 on 
endothelial cell proliferation, we mimicked the tumor 
microenvironment with a co-culture system using 0.4 μm 
pore size trans-well plates. In this model, HUVECs 
were seeded in the basal chamber and U87MG cells 
were seeded in the apical compartment (Fig.  4a). As 
a result, the proliferation and viability of endothelial 
cells, which are essential for angiogenesis and micro-
vascular sprouts, were increased by 31.6 ± 1.8% in the 
co-culture system (Fig.  4c). Accordingly, the HMGB1 
concentration in the medium increased from 165.6 ± 16.6 
to 217.8 ± 5.9  ng  mL−1 in the co-culture condition 

(Fig.  4d, comparison between HUVEC only and con-
trol of HUVEC/U87MG co-cultured). This suggests that 
HMGB1 secreted from tumor is a key regulator for angi-
ogenesis and that glioma and endothelial cells may have 
reciprocal effects through HMGB1. By arresting tumor 
secreted-HMGB1, GL, Lf and Lf-GL reduced endothelial 
cell proliferation by 10.7 ± 2.9, 8.2 ± 2.9 and 13.0 ± 0.7%, 
respectively (Fig.  4c), and HMGB1 level decreased to 
190.7 ± 19.0, 177.3 ± 3.6 and 176.1 ± 4.9 ng mL−1, respec-
tively (Fig.  4d). Furthermore, the results demonstrate 
that GL, Lf, and Lf-GL are able to reduce endothelial cell 
proliferation and HMGB1 secretion, although there were 
no significant differences among the treatment groups. 
It is possible that the lack of significant differences in 

Fig. 4  In vitro attenuation of GBM progression and tumor angiogenesis in the tumor microenvironment by Lf-GL modulating HMGB1 activity. 
a Schematic illustration of tumor microenvironment Transwell model in which HMGB1 released from U87MG affects the angiogenic properties 
of endothelial cells cultured in a basal chamber. b Schematic illustration in which Lf-GL effectively arrests tumor-released HMGB1 in the apical 
compartment and inactivates angiogenesis-related functions. The illustration was created with BioRender.com. c Quantification of HUVEC viability 
in the absence or presence of U87MG co-culture condition and the inhibitory effect of GL, Lf, and Lf-GL on HUVEC proliferation. Data are expressed 
as mean ± S.E.M (n = 4). **P < 0.01 and ***P < 0.001. d Quantification of HMGB1 concentration in the absence or presence of U87MG co-culture 
condition and the HMGB1 arresting effects of GL, Lf, and Lf-GL. Data are expressed as mean ± S.E.M (n = 4). *P < 0.05 and **P < 0.01
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the treatment groups may be due to the relatively short 
treatment duration or the limited sample size. Further-
more, the two bioactive molecules in the Lf-GL conjugate 
not only possess HMGB1 binding affinity but also have 
anti-cancer effects. Therefore, in this closed system, all 
the treatments were found to mitigate tumor-derived 
HMGB1 secretion, which has a reciprocal effect on angi-
ogenesis. Based on the data, it can be inferred that GL, 
Lf, and Lf-GL have the potential to inhibit tumor angio-
genesis by targeting HMGB1, which is known to be a cru-
cial mediator of this process [12].

Pharmacokinetics profiles and GBM targeting efficacy 
of Lf‑GL
Pharmacokinetic studies of Lf-GL were carried out 
by administering a single dose (equivalent GL con-
centration dose of 50  mg  kg−1 body weight) and 
were compared with free GL injected into healthy 
Balb/c mice intravenously. The plasma clearance of 
free GL and Lf-GL followed biexponential kinetics 
(Fig. 5a). Free GL was rapidly cleared from circulation 
150  min after administration with a value of AUC​last 
of 6109.5 ± 3695.5 μgmin mL−1, and its half-life (T1/2) 
was approximately 3.8 ± 0.2  min. In contrast, Lf-GL 
remained high for longer periods (until 720  min), and 
its AUC​last increased by tenfold to 71,255.2 ± 45,319.5 
μgmin mL−1 (Table 2).

To evaluate the GBM targeting efficacy of Lf-GL, the 
fluorescence of FITC-tagged-GL and FITC-tagged-Lf-
GL was traced after intravenous injection (Fig. S15). 
As a result, the fluorescence intensities of both GL and 
Lf-GL were maximized at 10  min after injection and 
then gradually decreased after 1 h. However, due to the 
enhanced PK properties of GL by conjugating to Lf, the 
fluorescence intensity in the brain at 10  min increased 
from 7,914 to 15,234 intensity units (I.U.). Moreover, the 
fluorescence signal of Lf-GL in the brain was detected 
up to 60  min, whereas GL all disappeared after 10  min 
(Fig. 5b and c). In a study of the quantification of brain 
target-GL after 10 min injection, the GL concentrations 
detected in mice brain homogenates were 9.8 ± 2.3 and 
19.3 ± 1.6 µg  mL−1 in the GL and Lf-GL groups, respec-
tively (Fig. 5d). This can be interpreted as the EPR effect, 

which is generally arise by abnormal angiogenesis and 
tumor pressure in GBM [35, 36]. However, the amount 
of GL that permeated the BBB and accumulated in GBM 
was significantly higher for Lf-GL, demonstrating that 
GBM targeting depends on the interaction between Lf 
and LfR expressed in BBB and GBM.

Extension of survival rate with minimal systemic toxicity 
through Lf‑GL treatment
Survival and systemic toxicity studies were performed 
by intravenous administration of daily doses (equiva-
lent GL concentration dose of 50  mg  kg−1 and Lf con-
centration dose of 5  mg  kg−1) to GBM-mice model for 
28  days (Fig.  5e). As a result, PBS vehicle-administered 
(Control) began to die on day 21 and none survived 
until day 25. The GL had a modest effect on long-term 
survival in that survived 4 more days. Interestingly, the 
Lf or Lf-GL-treated mice had an additional 5 days in the 
overall survival rate. Moreover, 25% and 87.5% of the 
mice in the Lf-and Lf-GL-treated groups survived up to 
28 days, respectively (Fig. 5f ). Weight loss an important 
parameter in repeated-dose toxicology studies [37], were 
measured throughout the experiment to investigate the 
systemic toxicity of Lf-GL upon long-term repeated dos-
ing (daily administered for 28 days) (Fig. 5g). There was 
no difference in body weight in all experimental groups 
until day 21, the time of death due to tumor develop-
ment. The spleen weight/body weight ratio was evaluated 
to investigate whether spleen enlargement occurred due 
to unwanted immune stimulation after repeated admin-
istration. As expected, there was no significant difference 
between groups (Fig.  5h). Histopathological analyses of 
the heart, liver, lung, spleen, and kidneys were conducted 
and there was no detection of immune responses lead-
ing to histological lesions composed of inflammatory 
cells such as neutrophils, macrophages, and B lympho-
cytes in all groups (Fig. S16). Therefore, we inferred that 
repeated administration of Lf-GL itself does not cause an 
unnecessary immune response to the reticuloendothelial 
system (RES) and has no systemic toxicity. Furthermore, 
the pharmacokinetic (PK) properties of Lf-GL were 
improved compared to free-GL (as shown in Table  2), 
which led us to anticipate that Lf-GL would be a suitable 

Fig. 5  In vivo, the improved bioavailability of Lf-GL extended survival rate without systemic toxicity in orthotopic GBM mice model. a 
Pharmacokinetic study of GL and Lf-GL administered at a GL equivalent concentration of 50 mg kg.−1 investigated for 1440 min. Data are expressed 
as mean ± S.E.M (n = 8). b Fluorescence tracer images of GL and Lf-GL 10 min after intravenous injection in all organs. White dashed line indicates 
the detected fluorescence signal in the brain. c Quantification of fluorescence intensity at each time point in the brain of mice treated with GL or 
Lf-GL intravenously. Data are expressed as mean ± S.E.M (n = 4). **P < 0.01 and ***P < 0.001 versus GL at each time point. N.D: non-detectable. d GL 
concentration detected in brain homogenate 10 min after drug injection. Data are expressed as mean ± S.E.M (n = 4). e Schematic illustration of 
treatment plan. f Survival rate of PBS-vehicle- (Control), Lf-, GL-, and Lf-GL- treated group for 28 days. Data are expressed as mean ± S.E.M (n = 8). 
g Body weight transformation of PBS-vehicle- (Control), Lf-, GL-, and Lf-GL- treated group for 28 days. Data are expressed as mean ± S.E.M (n = 8). 
h Spleen weight (mg) / body weight of PBS-vehicle- (Control), Lf-, GL-, and Lf-GL- treated group after 28 days of treatment. Data are expressed as 
mean ± S.E.M (n = 5)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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formulation to enhance tumor targeting by increasing 
bioavailability. In contrast, free-GL is rapidly eliminated 
from the body without being effectively metabolized [38], 
which may limit its efficacy as a therapeutic agent for 
tumor treatment.

Reduction of biomarkers related to tumor development 
by inhibition of HMGB1 activity
The restriction effect of Lf-GL on tumor development 
was assessed with intravenous administration of daily 
doses (equivalent GL concentration dose of 50  mg  kg−1 
and Lf concentration dose of 5  mg  kg−1) up to 14  days 
after GBM modeling (Fig.  6a). The mean fluorescence 
intensity (MFI) of HMGB1 was highest in the PBS 
vehicle-administered (control) group, with a value of 
15.3 ± 1.7. In contrast, the GL-, Lf-, and Lf-GL- admin-
istration group reduced the MFI of HMGB1 to 6.2 ± 0.8, 
7.9 ± 1.4, and 1.7 ± 1.0, respectively, and the distribution 
area was relatively narrow (HMGB1 immunofluores-
cence staining in Fig. 6b and c). This could be interpreted 
as Lf-GL arrests the tumor-released HMGB1 at an early 
stage and prevents aggressively worsening tumor growth. 
Furthermore, HMGB1 promotes vascular endothelial 
growth factor (VEGF) secretion in a RAGE-dependent 
manner and is also known to stimulate endothelial pro-
genitor cells homing to tumor tissue [39]. Therefore, the 
control group, which had a high MFI value of HMGB1, 
also showed the highest MFI value of VEGF among the 
experimental groups but it gradually decreased by the 

treatments (VEGF immunofluorescence staining in 
Fig.  6b and d). GBM is a tumor in which angiogenesis 
actively occurs, although a marked imbalance between 
angiogenesis-promoting factors and anti-angiogenic fac-
tors in the tumor microenvironment results in abnor-
mal blood vessels. To this end, tumor vascularization 
of CD31, an endothelial cell marker, was investigated. 
Expression of CD31 associated with abnormal blood 
vessels was detected high in the control group with an 
MFI value of 14.7 ± 1.4. Moreover, its CD31-positive 
blood vessels dispersed throughout the GBM lesions. In 
contrast, the MFIs of CD31 in the GL-, Lf-, and Lf-GL- 
administered group decreased by approximately 4-, 2-, 
and sevenfold, respectively (CD31 immunofluorescence 
staining in Fig.  6b and e). Consistent with the CD31 
staining results, tumor cell proliferation marker Ki67 was 
also expressed abundantly in the control group, but treat-
ments decreased similarly to CD31(Ki67 immunofluores-
cence staining in Fig. 6b and f ).

Significant GBM therapeutic effect by Lf‑GL treatment 
in orthotopic GBM mouse model
The GBM/normal brain ratio was determined through 
Nissl staining. GL-, Lf-, and Lf-GL-administered 
group reduced the ratio to 26.4 ± 5.7, 29.7 ± 3.3, and 
8.9 ± 3.2, respectively. On the other hand, the PBS vehi-
cle-administered group (Control) showed the highest 
ratio of 37.5 ± 2.3 (Fig.  6g and i, Nissl staining). In the 
H&E results, the tumor tissue had a dense structure 

Table 2  Pharmacokinetics parameters of intravenously administered glycyrrhizin and Lf-GL

(See figure on next page.)
Fig. 6  In vivo effective antitumor and anti-angiogenesis of Lf-GL in orthotopic GBM mouse model. a Schematic illustration of treatment plan. b 
Immunofluorescence staining of HMGB1, VEGF, CD31, and Ki67 in GBM tissues after 14 days of treatment. Scale bar: 100 μm. c Quantification of 
HMGB1 mean fluorescence intensity (MFI). Data are expressed as mean ± S.E.M (n = 3). **P < 0.01 and ***P < 0.001. d Quantification of VEGF mean 
fluorescence intensity (MFI). Data are expressed as mean ± S.E.M (n = 3). *P < 0.05 and **P < 0.01. e Quantification of CD31 mean fluorescence 
intensity (MFI). Data are expressed as mean ± S.E.M (n = 3). **P < 0.01 and ***P < 0.001. f Quantification of Ki67 mean fluorescence intensity (MFI). 
Data are expressed as mean ± S.E.M (n = 3) **P < 0.01 and ***P < 0.001. g Nissl and H&E staining. White dashed lines in Nissl staining represents the 
GBM area of the whole brain. Red dashed line in H&E staining represents the boundary between the tumor and normal regions. Scale bar: 100 μm. 
h TUNEL assay of PBS-vehicle- (Control), Lf-, GL-, and Lf-GL-treated group. Red dashed line represents the boundary between the tumor and normal 
regions. Red arrows indicate tumor infiltration into surrounding tissues. Scale bar: 100 μm. i Proportion of GBM in the brain after treatment. Data are 
expressed as mean ± S.E.M (n = 4). ***P < 0.001 versus Control. j Counts of necrotic areas on the H&E staining. Data are expressed as mean ± S.E.M 
(n = 4). ***P < 0.001. k Quantification of TUNEL mean fluorescence intensity (MFI). Data are expressed as mean ± S.E.M (n = 4). **P < 0.01 and 
***P < 0.001
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Fig. 6  (See legend on previous page.)
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and consisted of polymorphic cells with oval nuclei 10 
to 20 μm in diameter. A large number of necrotic areas 
were observed in the GBM region of the control groups, 
whereas it significantly decreased in the GL-, Lf-, and Lf-
GL-administered groups (Fig. 6g and j, H&E staining). It 
was noteworthy that hemorrhage and thrombosis were 
observed in the GBM region of the Lf-GL-administered 
group (Fig.  6g, green dashed line in Lf-GL group). This 
is because Lf-GL limits tumor vascularization through 
apoptosis in endothelial cells, leading to oxygen and 
nutrient deprivation.

TUNEL assays are widely used for the detection of apop-
totic events by terminal deoxynucleotidyl transferase (TdT), 
which labels blunt ends of double-stranded DNA frag-
ments. Therefore, a TUNEL-positive signal should not be 
found in the GBM region because the anti-apoptotic mech-
anism is abnormally upregulated in tumors, which enables 
cancer cells to avoid apoptosis [40]. However, over the past 
decade, numerous shortcomings have been pointed out in 
the evaluation of apoptosis through the TUNEL assay [41]. 
Many reports claim that TUNEL staining is non-specific 
in that it labels all free 3’-hydroxyl ends, irrespective of the 
molecular mechanism designed as planned. For this reason, 
it also labels non-apoptotic cells such as necrotic degen-
erative cells [42]. Therefore, the morphology should be 
assessed concurrently when performing the TUNEL assay 
to differentiate between apoptotic cells and necrotic cells. 
Consistent to recent claims, TUNEL-positive cells were 
predominant in the innermost GBM region where a large 
number of necrotic cells were observed in the H&E results. 
On the other hands, the TUNEL signal was not detected in 
the normal brain regions (Fig. 6h). In this respect, TUNEL-
positive cells can be considered as necrotic tumor cells 
that play a catalytic role in tumor progression and aggres-
siveness. As results, the PBS-vehicle administered group 
(control) had the most TUNEL-positive cells among the 
experimental groups with an MFI value of 28.5 ± 4.8. More-
over, those TUNEL-positive cells invaded normal areas and 
metastasized to surrounding tissues. Meanwhile, the MFI 
of GL-, Lf-, and Lf-GL- administration group decreased 
to 16.3 ± 2.8, 9.4 ± 1.6, and 9.1 ± 0.9, respectively, (Fig.  6h 
and k) and most of them were confined to the tumor site 
without migration to the normal region (Fig. 6h, images of 
tumors and normal areas separated by red dashed line).

Discussion
In this study, we demonstrated that the extracellular 
HMGB1 protein, recognized as a DAMP in the tumor 
microenvironment, plays a critical role in tumor angio-
genesis and development. The HMGB1 released from 
the necrotic tumor executes alarmin functions, activat-
ing tumor growth signaling via binding to a variety of 
receptors including TLR2/4, RAGE, and C-X-C motif 

chemokine receptor 4 (CXCR-4) [43, 44]. Moreover, it 
is known that tumor cells secrete HMGB1 to recruit 
endothelial cells and facilitate a tumor vascular system by 
the crosstalk [45, 46]. To this respect, a few small mole-
cules such as GL, acetylcholine, and GTS-21 (also known 
as DMBX-A) have been characterized as HMGB1 inhibi-
tors, binding directly to inactivate its function or expres-
sion. GL is known to be a potent inhibitor of HMGB1, 
which of the equilibrium dissociation constant (KD) 
value was previously reported to be 170 ± 3 μM for box 
A and 140 ± 3 μM for box B [13]. However, a small mol-
ecule, GL, suffers from poor pharmacokinetics (PK) and 
pharmacodynamic (PD) properties, resulting in deficient 
delivery to the site-of-action.

To address this unmet clinical application, we estab-
lished a novel Lf-GL conjugate with a ligation ratio 
of 1:10 (Fig.  1b). Notably, we found for the first time 
that Lf has high affinity for HMGB1 with a KD value of 
165.0 ± 3  nM, which is approximately ~ 10 folds higher 
than that of HMGB1 antibody (KD value of 1.0 ± 3.0 μM) 
(Table  1). In the case of protein–protein interactions 
(PPIs), the combination of hydrophobic interactions, 
van der Waals forces, and metal or ion bridges at specific 
binding domains on each protein are all significant fac-
tors. These domains can be small binding clefts or large 
surfaces of the protein. In this context, Lf is an iron-
binding protein consisting of two connected lobes, each 
with a binding site located in a cleft. Assuming the bind-
ing of Lf to the HMGB1 protein, it is expected that Lf, 
a globular glycoprotein with a molecular mass of about 
80  kDa, would participate in many non-covalent inter-
actions with HMGB1. Thereafter, the two arm-structure 
of HMGB1 and each lobe of Lf undergo a conformation 
change to become a stable complex. It is a valuable find-
ing that Lf exhibits significant affinity for HMGB1, but 
more structural information of this complex must be fur-
ther investigated by specific analysis such as NMR spec-
troscopy and thermodynamic characterization. Taken 
together, the exceptional contribution of Lf to HMGB1 
binding resulted in a significant affinity with a KD value 
of 23.1 ± 0.1 nM when conjugated between Lf and GL at 
a ratio of 1:10.

The observation that Lf-GL treatment shows some 
cytotoxicity to cancer cells in the absence of HMGB1 is 
an interesting finding that highlights the potential com-
plexity of the Lf-GL complex’s mechanism of action. 
While the cytotoxic effects of Lf-GL were only observed 
at relatively high concentrations, it is still important to 
understand the underlying mechanism of this effect, as 
it may have implications for the safety and efficacy of 
Lf-GL as a therapeutic agent. The observed cytotoxic-
ity may reflect the unique properties of the Lf-GL com-
plex, which is composed of two bioactive molecules with 
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diverse mechanisms of action. Lactoferrin, for example, 
has been shown to interact with a variety of cell surface 
receptors and signaling pathways that modulate cell pro-
liferation, differentiation, and apoptosis [47]. Similarly, 
glycyrrhizin has been shown to interact with a variety of 
signaling pathways, including the NF-κB pathway, which 
plays a critical role in regulating cell survival and apop-
tosis [48]. However, further research is needed to fully 
understand the mechanism underlying the observed 
cytotoxic effects of Lf-GL treatment. It is possible that 
Lf-GL interacts with additional signaling pathways or 
receptors in a way that induces cytotoxic effects, or that 
the observed cytotoxicity is due to the accumulation of 
Lf-GL in cancer cells. Moreover, it is important to deter-
mine whether the observed cytotoxicity is clinically rel-
evant, as the concentration of Lf-GL required to induce 
these effects may be difficult to achieve in vivo. Overall, 
the observation of cytotoxicity in the absence of HMGB1 
highlights the need for further investigation into the 
unique properties and mechanisms of action of the Lf-GL 
complex. While the primary focus of this study is on the 
anti-angiogenic effects of Lf-GL, these additional obser-
vations underscore the potential complexity of this thera-
peutic approach, and the need for further preclinical and 
clinical studies to fully understand its safety and efficacy.

Behalf of the high binding affinity to HMGB1, Lf-GL 
(1:10) exerted dominant antitumor activity in both 2D 
and 3D tumor cell spheroid culture system (Fig. 2d and 
e). Tumor cell migration and invasion, a critical factor in 
tumor progression and metastasis, were effectively atten-
uated in the presence of HMGB1 (Fig. 2). It is important 
to arrest HMGB1 in terms of tumor malignancy because 
extracellular HMGB1 is known to bind RAGE, which is 
overexpressed in high grade tumors [49]. Once RAGE is 
engaged by HMGB1, several signaling pathways such as 
MAPK and NF-KB become activated, thereby reprogram-
ming cellular properties and progress to tumor migration 
and proliferation. In our study, Lf-GL arrested HMGB1 
not only in the extracellular but also in the cytoplasmic 
fraction (Fig.  2g). This was attributed to the interaction 
between Lf and LfR that expressed on GBM cells, and 
we further explored the endocytosis mechanisms. As 
results, Lf-GL sufficiently internalized GBM cells (84.5%) 
via Lf receptor (LfR), but its endocytic pathway was not 
dependent on the clathrin-mediated pathway (Fig.  2f ). 
The mechanism of internalization of Lf through GBM 
cell remains controversial. There is evidence that inter-
nalization of nanoparticles functionalized with Lf is 
partially (40%) decreased by inhibitors of clathrin-medi-
ated endocytosis of mannitol (200  mM) [20], which is 
not consistent with our result. However, the endocytic 
pathway also depends on the physical, chemical, and 
geometrical properties of the molecules. Studies have 

shown that Lf-bindable receptors include such as CD14 
[50], LDL receptor-related protein-1 (LRP-1/CD91) [51], 
intelectin-1 (omentin-1) [52], toll-like receptor 4 (TLR4) 
[53], cytokine receptor 4 (CXCR4) [54], as well as hep-
aran sulfate proteoglycans (HSPGs) [55]. These HSPGs 
are macromolecules that exist on the cell surface and 
extracellular matrix, consisting of a core protein deco-
rated with covalently linked glycosaminoglycan (GAG) 
chains. As Lf can bind to a range of multiple receptors, 
it presents a challenge in determining whether Lf under-
goes endocytosis through a clathrin-dependent pathway. 
Therefore, it can be concluded that the unique properties 
of Lf-GL may not heavily rely on the clathrin-mediated 
endocytic pathway. Due to the independence of clathrin-
mediated endocytic pathway which can circumvent lyso-
somal protein degradation [56], Lf-GL was capable to 
arrest HMGB1 in the cytoplasm of GBM cell. Arresting 
HMGB1 in the cytoplasmic fraction is regarded as sig-
nificant because the function of HMGB1 is dominated by 
its subcellular location. In general, HMGB1 is localized 
in the nucleus, which regulates DNA stability and repair. 
However, the translocated HMGB1 from the nucleus 
governs the tumor cell proliferation, invasion, and metas-
tasis [57]. It has been reported that the translocation of 
HMGB1 from the nucleus to the cytoplasm actively pro-
motes autocrine, which is governed by post-translational 
modification such as phosphorylation [58]. Then, phos-
phorylated HMGB1 is transported to the cytoplasm and 
subsequently secreted out of the cells, where it plays a 
pivotal role in tumor progression [59, 60]. Therefore, we 
hypothesized that enhanced cellular uptake of Lf-GL pro-
vided more benefit in arresting nuclear-to-cytoplasmic 
translocated-HMGB1 as an important factor in the dis-
turbance of tumor cell proliferation compared with other 
treatment groups.

In the tumor angiogenic environment, HMGB1 is 
known to act as a proinflammatory cytokine that stim-
ulates the expression of vascular endothelial growth 
factor (VEGF) and triggers migration and sprouting of 
endothelial cells [61]. Multiple sources of HMGB1 exist 
in the tumor microenvironment; 1) necrotic tumor cells 
passively release HMGB1 into the peripheral space; 2) 
tumor-associated macrophages (TAMs) actively secrete 
HMGB1 and other vascularization growth factor [62]; 
3) it also has been shown that endothelial cells secrete 
HMGB1 after activation and re-activate themselves 
upon exposure to that of previously secreted HMGB1 
[61]. To this end, we constructed tumor microenviron-
ment-mimic model to investigate the restriction effect 
of Lf-GL on HMGB1, which plays a critical role in 
crosstalk between tumor and endothelial cells (Fig. 4). 
As results, Lf-GL arrested HMGB1 secreted by GBM 
cells, attenuating angiogenic functions and inhibiting 
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migration to endothelial cells. Therefore, the prolifera-
tion and motility of endothelial cells were efficiently 
inhibited in the tumor microenvironment (Fig.  4b). 
Taken together, Lf-GL efficiently targeted the GBM 
through interactions with LfR, inhibited GBM cell pro-
liferation and growth, and arrested HMGB1, which is 
considered as a key factor for tumor growth and angio-
genesis. Therefore, in the tumor microenvironment, 
Lf-GL appears to be a potent anti-tumor and anti-angi-
ogenesis therapeutic agent.

GL, a small molecule used for anticancer treatment, 
often suffers from poor pharmacokinetics (PK) and phar-
macodynamic (PD) properties due to its small size. Small 
molecules typically exhibit short half-lives and broad 
distributions, making them difficult to target at the site 
of action for long periods of time [63]. In addition, the 
small size of the pharmacophore often results in non-
specific binding, resulting in narrow therapeutic indices. 
In this regard, protein conjugates are generally reported 
as a strategy for improving the PK-PD properties of 
small molecules, which may significantly increase their 
therapeutic potential. Targeted protein conjugates, devel-
oped primarily from antibodies, antibody derivatives, or 
endogenous proteins, are designed to improve delivery 
to the site of action and thereby enhance the therapeutic 
index of the agent [64]. Our results suggest that the con-
jugation of Lf, an autocrine endogenous protein, to GL 
significantly improved the PK properties of the molecules 
and increased its delivery to GBM (Table 2 and Fig. 5a-d). 
The enhanced PK properties of Lf-GL enabled targeting 
of LfR expressed in BBB and GBM cells, and the accu-
mulated amount was twofold higher than GL without Lf 
conjugation (Fig. 5b-d).

Clinically, the development of necrotic cores in cancer 
patients is correlated with high-grade disease, increased 
tumor size, and poor prognosis [65]. More specifically, 
tumor necrosis, a common occurrence in malignant 
brain tumors, begins with cell swelling and releases cyto-
plasmic contents such as HMGB1 into the extracellular 
space through plasma membrane rupture. These released 
molecules promote tumor progression by recruiting 
immune cells that can trigger an inflammatory response, 
increasing the possibility of epigenetic changes or proto-
oncogenic mutations, and inducing angiogenesis, can-
cer cell proliferation and invasion. In this respect, the 
released HMGB1 plays a critical role in regulating the 
epithelial mesenchymal transition (EMT), which initi-
ates tumor invasion and metastasis [66]. Consistent to 
clinical view, in our study, necrotic tumor cells sustain-
edly secreted HMGB1 and triggered cascade response, 
leading to persistent necrosis of the lesion. Moreover, 
HMGB1 released into the extracellular environment 
infiltrates into the surrounding brain tissue to proliferate 

the surrounding tumor cells, causing the regeneration 
of small blood vessels to promote spreading and tumor 
growth [67]. At this point, Lf-GL, which has a high bind-
ing affinity for HMGB1, eliminate the activity involved in 
tumor development and metastasis by arresting HMGB1. 
Thus, it prevents infiltration of tumor cells into surround-
ing tissues, which occurs through tumor necrosis.

As mentioned in the manuscript, HMGB1 is a pro-tum-
origenic factor that can promote tumor growth, angiogen-
esis, and inflammation. However, recent studies have also 
shown that early DAMP signals such as HMGB1 can play 
a role in recruiting tumor infiltrating lymphocytes (TIL), 
which can be beneficial for additional immunotherapy 
[68]. This raises the question of whether Lf-GL treatment 
could reduce the population of TIL in the tumor micro-
environment. Nevertheless, lactoferrin has been shown to 
enhance the immune response by promoting the activa-
tion and proliferation of immune cells, including T cells 
and natural killer cells [69]. This immune-enhancing 
effect may counteract the downregulation of TILs caused 
by anti-angiogenic therapy. Consequently, Lf-GL has the 
potential to mitigate immunosuppression resulting from 
HMGB1 downregulation in the tumor microenvironment. 
However, further research is required to fully comprehend 
lactoferrin’s role in addressing TIL downregulation and its 
complementarity with anti-angiogenic therapy. Secondly, 
combining anti-angiogenic therapy with other treatments 
such as immunotherapy or immune checkpoint blockade 
may help mitigate concerns related to immunosuppres-
sion and may increase TIL infiltration [70]. Recent studies 
have shown promising results with combination thera-
pies in preclinical models of GBM, suggesting that such 
approaches may be a promising avenue for future research 
[71]. However, further investigation is needed to deter-
mine the optimal combination therapies for treating GBM 
and to fully understand the effects of Lf-GL treatment on 
TIL populations in the tumor microenvironment. Overall, 
combination therapies hold great promise for improving 
the efficacy and safety of anti-angiogenic therapy in GBM 
and other cancers and may provide a path forward for 
addressing some of the key challenges facing cancer treat-
ment today.

Conclusion
In this study, we developed Lf-GL with a high bind-
ing affinity for HMGB1 that acts as a tumor-promoting 
cytokine and is involved in angiogenesis and tumor pro-
gression in the tumor microenvironment. The binding 
affinity of Lf-GL to HMGB1 was 45-fold higher than that 
of the HMGB1 antibody. Lf of the Lf-GL improved target-
ing to GBM through interaction with LfR, allowing Lf-GL 
to arrest released HMGB1 present in the extracellular 
space as well as in the cytoplasmic fraction. Therefore, 
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Lf-GL effectively inhibited the cascade (tumor angio-
genesis, tumor progression, infiltration into surrounding 
tissues, etc.) induced by HMGB1 secreted from necrotic 
tumor. Furthermore, Lf addressed the unfavorable PK 
property of GL, delivering it to the site of action. Thus, in 
the orthotopic GBM mice model, Lf-GL significantly pro-
longed the survival period and reduced the tumor volume 
by 32% compared to the untreated group. Consequently, 
our findings suggest a new HMGB1 inhibition approach 
to comprehensive GBM treatment and may offer a novel 
platform for the treatment of HMGB1-related disorder.
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Additional file 1: Figure S1. FT-IR spectra of GL, Lf and Lf-GL respectively. 
The conjugation between GL and Lf was confirmed by Fourier transform 
infraredanalysis. The amide I and amide II vibrations observed at 1,523 
cm-1 and 1,630 cm-1 in both Lf and Lf-GL. The 1,035 cm-1 indicates primary 
alcohol stretch of GL. Figure S2. SDS-PAGE result of Lf and Lf-GL. The 
successful synthesis of Lf-GL could be assumed from the sodium dodecyl 
sulfate polyacrylamide gel electrophoresisresults as a molecular weight-
rise in the band above 80 kDa, the MW of native Lf. Figure S3. HPLC result 
of GL and Lf-GL. High performance liquid chromatographyusing gel 
permeation chromatographycolumn was performed to verify GL content 
in Lf-GL conjugate. Mobile phase is composed of methanol, acetonitrile, 
water, and acetic acid in a ratio of 55:23.69:19.63:0.68. GL was dissolved 
in mobile phase in different concentrationand Lf-GLwas also dissolved in 
mobile phase. Ultrahydrogel 120 Columnwas used as column, flow rate 
was 1 mL min-1. Then, absorbance was measured in 254 nm and results 
were calibrated with Empower software. Figure S4. MALDI-TOF result of 
Lf and Lf-GL. MALDI-TOF was conducted at Seoul National Universityusing 
MALDI-TOF Voyager DE-STRand sinapinic acidaqueous solution containing 
about 30% acetonitrile in 0.15% trifluoroacetic acidwas used as a matrix. 
Average molecular weight of Lf-GL is 86,727.3 ± 98.1 Da. Considering the 
molecular weight of Lf is 78,497.9 Da and GL is 822.9 Da, binding ratio of 

Lf:GL is 1:9.6. Figure S5. Binding affinity against HMGB1. Surface Plasmon 
Resonancewas conducted at WoojungBSC. The Reichert SR7500DC 
systemand Scrubber2 softwarewere used and the CMDH chipwas used 
for immobilization of the human recombinant HMGB1 protein. HMGB1 
protein was used as ligand and analytes were HMGB1 antibody, GL, Lf and 
Lf-GL conjugate. Immobilization buffer was 10 mM S.A.and running buffer 
was 1× PBS. The flow rate of the analyte was 30 μL min-1. The associa-
tion and dissociation time were 3 min each and conducted at room 
temperature. Results are expressed in response unitsover time. Figure 
S6. Live and dead assay of U87MG in the Control, GL, Lf, and Lf-GL group. 
The cells were treated with GL equivalent concentration of 200 μM for 
24 h. Thereafter, cells were treated with 1 μM of Calcein AM and EthD-1. 
Magnification: X100. Figure S7. Cell viability assay of intestinal epithelial 
celltreated with GL, Lf, and Lf-GL, respectively.Optical image of Caco-2 
cell that treated with GL equivalent concentration of 50 μM for 24 h. Scale 
bar: 500 μmCell viability of Caco-2 cell that treated with GL equivalent 
concentration of 25 μM to 100 μM for 24 h. Data were expressed as mean 
± S.E.M. Figure S8. GBM spheroid growth inhibition of Lf-GL. To form 
U87MG spheroid, cells were seeded at density of 1X105 cells in concave 
mold. After spheroids were formed, they were transferred to 24-well plate 
coated with 2% agarose gel. The constructed spheroids were treated with 
conditioned medium at 2 days interval after a washing step with PBS.Mor-
phology of U87MG spheroid treated with Lf-GL of GL equivalent concen-
tration of 50 μM on day 0, 2, 4 and 6, respectively. Scale bar: 200 μmGBM 
spheroids time-related volume after treated with Lf-GL of GL equivalent 
concentration of 50 μM. Data were expressed as mean ± S.E.M. **P <0.01 
versus Control. Figure S9. Non-apoptotic GBM spheroid growth inhibition 
of Lf-GL. Live and dead staining of GBM spheroids on day 6 that treated 
with GL equivalent concentration of 50 μM. Scale bar: 200 μm. Figure 
S10. Non-apoptotic U87MG growth inhibition of Lf-GL. Annexin V-DY-634 
/ PI apoptosis staining to detect the apoptosis and necrosis in the Control, 
GL, Lf, and Lf-GL treated group at all GL equivalent concentration of 50 
μM for 24 h. However, the cell population of annexin V/PIin the Lf-GL 
treatment group was 0.28%, which was even lower level to 1.40% in the 
Control group. Figure S11. Significant cellular uptake of Lf-GL in U87MG.
Flow cytometry to evaluate cellular uptake of FITC tagged-Lf-GLin U87MG 
for 2,6, and 18 h. The 2 h pre-treatment of Lf and Pitstop® were treated 
in the concentration of 500 nM and 75 nM, respectively.Quantification 
of cellular uptake for 18 h. Data were expressed as mean ± S.E.M. Figure 
S12. Live and dead assay of HUVEC in the Control, GL, Lf, and Lf-GL group. 
The cells were treated with GL equivalent concentration of 100 μM. for 24 
h. Thereafter, cells were treated with 1 μM of Calcein AM and EthD-1. Mag-
nification: X100. Figure S13. HUVEC growth inhibition of Lf-GL. Annexin 
V-DY-634/PI apoptosis staining to detect the apoptosis and necrosis in the 
Control, GL, Lf, and Lf-GL treated group at all GL equivalent concentration 
of 100 μM for 24 h. Figure S14. Significant inhibitory effect of Lf-GL in 
aortic ring angiogenesis. Optical images of vessel regression in aortic ring 
with Lf-GL treatment. Aortic ring assay was carried out in 48-well plate 
coated with Matrigel. VEGF-non treated control represents that aortic ring 
incubated with normal medium. VEGF-treated control represents that aor-
tic ring incubated with 25 ng mL-1 VEGF-conditioned medium. GL, Lf and 
Lf-GL groups represents that aortic ring incubated with VEGF-conditioned 
medium containing GL, Lf, and Lf-GL with GL equivalent concentration of 
200 μM, respectively. Magnification: X100. Scale bar: 100 μm. Figure S15. 
Fluorescence tracer images of intravenously injected GL and Lf-GL. Balb/c 
mice were administered either FITC-tagged GL or FITC-tagged Lf-GL at a 
GL equivalent concentration of 50 mg kg-1 body weight via tail vein injec-
tion. The fluorescence signals of FITC-tagged GL or FITC-tagged Lf-GL in 
organs were imaged using an in vivo imaging system. The exposure time 
was fixed to 200 sec for analyzing fluorescent signals from tissues. The 
quantified fluorescence signal of brain at each time point was measured 
with Intensity Unit. Figure S16. Histopathological analysis of heart, liver, 
lung, spleen, and kidney after 28 doses. The tissues were histologically 
analyzed after intravenous administration of daily dosesto GBM-modeled 
mice for 28 days. Scale bar: 50 μm.
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