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Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a carcinogenic virus belonging to
the herpesvirus family (Ablashi et al. 2002; Schulz 2000). The virus can cause Kaposi’s
sarcoma (KS), which was the most common acquired immune deficiency syndrome
(AIDS)-related malignancy (Journo et al. 2021). Patients with AIDS are susceptible to
KSHYV, widespread human immunodeficiency virus (HIV) infection has caused an epi-
demic of KS (Labo et al. 2015; Wu et al. 2022). It is very necessary to control the patho-
genicity of KSHV.

At present, the main treatment methods of KS include surgery, radiation therapy and
chemical therapy (Iftode et al. 2020; Carbone et al. 2022; Yang et al. 2024). However,
these methods are mainly for the treatment of tumors, and are not direct anti-KSHV
treatment. The surgical treatment for patients leads to great trauma, and the tumor
metastasis would increase the risk and reduce the success rate of surgery (Ye et al. 2023).
Radiation therapy is a kind of local treatment, which is easy to produce toxic and side
effects on normal tissues and cause complications. Chemotherapy, including doxoru-
bicin, vincristine, bleomycin and other drugs, has great toxicity and great pain to the
patients (Krell and Stebbing 2014; Valantin et al. 2022; Chang and Ganem 2013; Delyon
et al. 2019). The above therapeutic methods are symptomatic treatments for the tumor
phenotype, but they are all indirect therapies, and cannot control the pathogeny KSHV
and thereby cannot inhibit the root cause of tumorigenesis and development.

Currently, the main available treatment for anti-KSHYV is the antiviral drugs, KSHV
DNA polymerase inhibitors including ganciclovir, acyclovir and cidofovir (Chou 2021;
Coen et al. 2014; Fang et al. 2022), which can act directly on the virus (Son et al. 2013;
Chen et al. 2020). Ganciclovir (GCV) is a 2’-deoxyguanine nucleotide derivative that
inhibits herpesvirus replication and is a broad-spectrum antiviral drug (Al-Badr and
Ajarim 2018). GCV triphosphate can inhibit viral DNA synthesis in the following ways:
first, it competes with guanosine triphosphate to inhibit viral DNA polymerase; second,
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incorporation into the DNA of the virus and the host cells, resulting in the termination
of viral DNA synthesis (Zhang et al. 2021; Mirtson et al. 2022). Compared with other
drugs, GCV was a widely used anti-KSHV drug in clinical practice. In KSHV-infected
patients, GCV has been shown to effectively reduce the viral load of KSHV in peripheral
blood (Morillo-Gutierrez et al. 2017) and reduce viral shedding in saliva (Casper et al.
2008). Although GCV can inhibit the DNA polymerase of KSHYV, it still faces the trouble
of being non-specific to the infection site and low transmembrane ability, which leads
to many toxic side effects, such as various types of thrombocytopenia, persistent mye-
losuppression, liver and kidney damage (Al-Badr and Ajarim 2018; Ho et al. 2021; Qin
et al. 2022). Therefore, it is a great clinical challenge to establish a GCV drug delivery
system that can increase the concentration of GCV in target cells.

The rapid development of nanotechnology and its interaction with multiple disciplines
have provided new ideas for the treatment of cancer (Merlin et al. 2023; Overchuk and
Zheng 2018; Tao et al. 2021). Metal-organic skeleton materials have attracted wide
attention in biomedical fields such as bioimaging, chemotherapy drug delivery, photo-
thermal therapy and photodynamic therapy due to their clear structure, large pore size,
specific surface area and adjustable skeleton (Jia et al. 2023; Ding et al. 2022; Wu and
Yang 2017; Liu et al. 2023; Feng et al. 2019). Zeolite imidazole salt framework-8 (ZIF-
8) is a biocompatible porous material constructed by the coordination of zinc ions and
2-methylimidazole (Jin and Shang 2021; Xie et al. 2022). ZIF-8 has a stable structure in
a neutral physiological environment. In a slightly acidic tumor environment (pH=4.5—
6.5), the ligand 2-methylimidazole chain in ZIF-8 can be protonated, destroying the
coordination between zinc ions and the imidazole ring, resulting in the gradual disinte-
gration of the ZIF-8 structure and the release of drugs. This unique pH response disin-
tegration property makes ZIF-8 a promising drug delivery vehicle (Shi et al. 2020; Ziqi
et al. 2023; Lu et al. 2023). Hyaluronic acid (HA) can be found in extracellular tissues
and plays an important role in many biological processes such as cell adhesion, growth,
migration, and differentiation (Serra et al. 2023). The HA receptor CD44 is specifically
overexpressed on a variety of tumor cells. Nanomedical drug delivery systems mediated
by the ligand HA and the receptor CD44 actively target tumor sites which provide more
options for the targeted delivery of a variety of drugs, and their good biocompatibility,
biodegradability and non-immunogenicity have also received extensive attention (Luo
et al. 2019; Kesharwani et al. 2022). Therefore, we envision to use nanomedicine delivery
systems as an effective strategy to solve the problem of delivery GCV.

Aiming at the non-specific, toxic and low transmembrane capacity of GCV in the
treatment of KSHV, we designed the nanomedical delivery system of GCV, nanocomplex
HA/GCV@ZIE-8, by in situ encapsulation and ligand interaction for targeted delivery of
GCV (Scheme 1). In vitro drug release experiments verified the pH response function of
HA/GCV@ZIE-8. In vivo and in vitro fluorescence imaging demonstrated the targeting
effect of drug-loaded nanocomplexes on KSHYV infection sites. A series of cell experi-
ments demonstrated the anti-KSHV effect of HA/GCV@ZIF-8 in vitro, and further
tumor formation experiments in nude mice demonstrated its anti-tumor effect in vivo.
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Scheme 1 Preparation of HA/GCV@ZIF-8 and schematic diagram of KSHV resistance

Materials and methods

Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), 2-methylimidazole (2-MIM), hyaluronic
acid (HA), new incyanine green (IR820), DMSO were obtained from Aladdin. GCV was
obtained from Adamas.

Methods for preparing GCV@ZIF-8 and HA/GCV@ZIF-8
Dissolved GCV (100 mg) in DMSO (2 mL) for ultrasonic. Added Zn(NOj;),-6H,0O
(240 mg) into 10 mL methanol, stirred and added 400 xL (20 mg) of GCV. And then
added 2-MIM (480 mg in 10 mL methanol), stirring for 12 h, washed with 50% etha-
nol and centrifuged for 3 times. The centrifugation speed and time were 8000 rpm for
10 min, and finally put into a vacuum drying oven at 40 “C. After drying for 12 h, the
white solid product GCV@ZIF-8 was obtained.

The synthesis method of ZIF-8 is the same as above, except that GCV is not added.

HA (90 mg) was ultrasonically dissolved in 30 mL ultra-pure water, and then GCV@
ZIF-8 (80 mg) was added to continue ultrasound until the mixture was uniform. After
24 h stirring at room temperature, ultra-pure water was washed and centrifuged for
3 times at 13,000 rpm for 10 min. Finally, the compound was freeze-dried in a freeze-
drying machine for 24 h. The white solid product HA/GCV@ZIF-8 was obtained.

Structural characterization of HA/GCV@ZIF-8

The morphology of HA/GCV@ZIF-8 was observed by the transmission electron
microscope (TEM, HT7700, Japan) and scanning electron microscope (SEM, SU8010,
Japan). Nanoplus-3 was used to detect the particle size and Zeta potential. X-ray dif-
fraction (XRD, Bruker D8 Advance, Germany), Fourier transform infrared spectrom-
eter (FTIR, VERTEX 70, Bruker, USA) and thermogravimetric analyzer (HP-TGA 75),
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the crystal structure, chemical structure and thermal stability of the product were
tested.

Drug loading rate and release experiment in vitro

Dissolved HA/GCV@ZIF-8 (1 mg) in PBS solution (pH=1), measured the absorbance
value (ODys,,), and tested the GCV mass through the standard curve (Figure S1).
Finally, calculated the GCV loading rate (LD) of HA/GCV@ZIF-8 according to the fol-
lowing formula:

LD %) = M6V | 100, 1)
Mpa
Mgy the amount of encapsulated GCV, and My, the amount of HA/GCV@ZIF-8.
Dispersed HA/GCV@ZIF-8 (10 mg) in the PBS solution (pH=7.4 and pH=5.0) and
transferred to the dialysis bag, then immersed in two PBS solutions (23 mL). Put them
in a shaker (37 °C, 100 rpm). Absorbed the supernatant (4 mL) at different times, and
then added fresh PBS solution (4 mL). Measured the OD value ,s; ,,,) to calculate GCV
release at each time point. The cumulative release rate of GCV (Er) as following:

Ve Z’fflci + Vocy
Megcy

Er(%) = x 100. (2)
Mgy the amount of encapsulated GCV, V, the volume per sample, ¢; the concentra-
tion of GCV in the i th sample, V, the total volume of buffer, and ¢, the concentration of
GCV in the n th sample.

Hemolysis and stability test in vitro
ZIF-8, GCV@ZIF-8, HA/GCV@ZIF-8 (2 mg/mL) solutions were prepared with PBS
solution. 0.1%Tritonx-100 and PBS were used as positive and negative group. Fresh
sterile defibrillated sheep blood (3 mL) was absorbed with PBS (10 mL) solution at
2000 rpm, centrifuged 3 times for 10 min/time, and then discarded the supernatant, thus
5%(v/v) erythrocyte suspension was prepared, and then added into 0.1% Tritonx-100 and
PBS to shake at 37 °C, 100 rpm for 2 h, and then centrifugated at 2000 rpm for 10 min.
The macroscopic hemolysis phenomenon of each group was recorded by taking photos,
sucked the supernatant of each group was tomeasure the ODg,,, .. value. Hemolysis rate
was shown as following (n)):
OD; — ODpps
n% = 70Dt ~ ODpgs x 100. (3)

OD; the sample group’s OD value, ODpz¢ the PBS group’s OD value, and OD, the
0.1%TritonX-100 group’s OD value.

GCV@ZIF-8 and HA/GCV@ZIF-8 (1 mg/mL) were dissolved in 50% FBS, respec-
tively, and added into 96-well plates, placed in a 37 °C incubator to measure the
OD (600 nm) Values. The changes of OD value can be seen as the turbidity change of drug-

carrying nanocomplex.
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Cell culture and cytotoxicity

The SK-RG and KMM cells were KSHV-positive cells, and the origin and culture meth-
ods described in our previous study (Li et al. 2024). The cytotoxicity of ZIF-8, HA/ZIF-
8, GCV@ZIF-8 and HA/GCV@ZIE-8 was detected by MTT assay. The cells were seed
at a density of 2000 cells/peer well and incubated for 12 h. Replaced the supernatant
with complete DMEM, and added into different concentrations of nanocomplex. After
48 h, MTT (20 uL, 5 mg/mL) was added and co-culture for another 4 h at 37 °C in the
dark, then removed the supernatant and added the dimethyl sulfoxide (DMSO, 100 xL)
to measure the OD value.

HA competition and cellular uptake experiment in vitro

Seeded the cells into 96-well plates at a density of 5000 cells per well, and then replaced
with complete media after culture adhesion, and mixed solution of free HA, HA/GCV@
ZIF-8. HA/GCV@ZIF-8 and free HA was added (the concentration of HA was 1 mg/
mL) for 48 h to measure the OD value at 490 nm.

For observation, we loaded fluorescent dye new indocyanine green (IR820) into
GCV@ZIF-8 and HA/GCV@ZIE-8. After cultured for 12 h in a 24-well plates (sterile
cover slides were placed in each well), GCV@ZIF-8 and HA/GCV@ZIF-8 were added
to co-culture for another 4 h, 4% paraformaldehyde was uesd to fix the KMM cells for
15 min and DAPI was uesd to stain for 10 min, 50% glycerin was sealed and observed by
confocal laser microscope (CLSM).

Cell proliferation, migration and scratch experiments

After culturing with GCV@ZIF-8 and HA/GCV@ZIF-8 for 24 h. The cells were seeded
into a 96-well plate and MTT solution was added from day 1 to day 3. A microplate
reader was used to detect the ability of cell proliferation.

After treated with GCV@ZIF-8 and HA/GCV@ZIF-8 for 24 h, the KMM and SK-RG
cells were collected and mixed in 150 4L of the pure DMEM (10,000 cells) and seeded
in the upper chamber of a transwell plate, and 800 yL of DMEM with 10% serum in the
lower chamber. After 36 h, the cells were fixed with paraformaldehyde for 20 min, and
then stained with 0.1% crystal violet for 15 min.

After the drug-carrying nanocomplex treatment KMM and SK-RG cells for 4 h, use
the 1 mL sterile pipette tip to streak a horizontal line at the bottom of the six-well plate,
and than added into 2 mL of medium. After culture, the scratches at the same position
were photographed at O h, 12 h, 24 h and 36 h.

RT-PCR

The extraction of RNA and synthesize of cDNA was accorded to the kit instructions
(Takara, Japan). The method of real-time PCR was described in our previous study (Li
et al. 2023) and the primer is shown in Table S1.

Tumor model building and in vivo fluorescence imaging
All animal experiments were conducted according to the protocol approved by the Insti-
tutional Animal Care and Use Committee of Shihezi University. The tumor model of
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female nude mice was established by injecting KMM (3.0 x 10®/mL, 150 uL) cells into the
subcutaneously. The internal fluorescence of IR820 (2 mg/kg) was used to monitor the
distribution of drug-carrying nanocomplex in vivo. When the volume of tumor is close
to 200 mm?, HA/GCV@ZIF-8 and GCV@ZIF-8 were injected the peritumoral. The
nude mice were photographed with the small animal fluorescence and bioluminescence
imaging system (Vieworks Smart-LF, Korea) at 1 h, 2.5 h, 8 h and 24 h. After killing, the
tumor bodies and major organs were taken for photography.

In vivo anti-tumor experiment

The nude mouse tumor model was established. When the tumor volume close to
100 mm?, divided nude mice into PBS, free GCV, ZIF-8, HA/ZIF-8, GCV@ZIE-8, and
HA/GCV@ZIF groups randomly, and were treated with peritumoral injection every
4 days (GCV dose: 2.0 mg/kg). Tumor volume and body weight of nude mice were
measured before each injection. After 21 days, the nude mice were killed and HE

staining was performed on tumors and major organs.
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Statistical analysis

SPSS 13.0 and Origin 2018 software were used to analyze the experimental data
and P<0.05 was considered statistically significant and the data were expressed as
mean =+ standard deviation.

Results and discussion

Preparation and characterization of GCV@ZIF-8, HA/GCV@ZIF-8

HA/GCV@ZIF-8 was prepared according to Scheme 1, and GCV was loaded into ZIF-8
by the in situ encapsulation. The morphologies of ZIF-8, GCV@ZIF-8 and HA/GCV@
ZIF-8 were observed by SEM and TEM. As shown in Fig. 1a, b, ZIF-8 and GCV@ZIF-8
exhibit a dodecahedral structure. GCV@ZIF-8 further coated by HA, the angular edges
of the dodecahedron become rounded and no longer exhibit a dodecahedral shape
(Fig. 1c). At the same time, it is also obvious in the TEM of HA/GCV@ZIF-8 that the
outer surface of GCV@ZIF-8 was coated with a film-like substance (Fig. 1d—f), indicat-
ing that HA was successfully coated on GCV@ZIF-8. In addition, it can be found that
the dodecahedron shape does not change after loading GCV with ZIF-8.

To further verify whether GCV was encapsulated inside ZIF-8 and whether HA was
successfully coated, we tested GCV, ZIF-8, GCV@ZIEF-8, HA, HA/GCV@ZIF-8 using
the infrared absorption spectroscopy. And found that the absorption spectrum of ZIF-
8, 3134 cm™! and 2928 cm™! were C—H bond stretching vibration peaks on imidazole
rings, 1582 cm™! was C—C bond stretching vibration peaks, and 1432 cm™* was C-N
bond stretching vibration peaks. The infrared absorption peak of GCV@ZIF-8 was
mainly characterized by the characteristic absorption peak of ZIF-8, which indicated
that ZIF-8 had enclosed GCV (Fig. 1g). Therefore, there is basically no characteristic
absorption peak of GCV in the absorption spectrum of GCV@ZIF-8. 1649 cm™ and
1064 cm™! were, respectively, the stretching vibration peaks of the C=0 bond of HA
and the stretching vibration peaks of C—OH (Fig. 1h). The infrared absorption peak of
HA/GCV@ZIF-8 was composed of GCV@ZIF-8 and HA, which also indicated that HA
was coated on GCV@ZIF-8.

XRD proved that the crystal structures of HA/GCV@ZIEF-8, GCV@ZIF-8 and ZIF-8
were basically similar (Fig. 1i), which indicated that the crystallinity of ZIF-8 was not
affected by the inclusion of GCV and HA. However, the diffraction peak intensity of
HA/GCV@ZIF-8 decreases after HA modification, which may be due to the fact that
the amorphous HA coated on GCV@ZIF-8 had a certain effect on the crystal structure.
HA contains a large number of carboxyl groups, which can be coated on GCV@ZIF-8
through coordination interaction with Zn?** in ZIF-8. The potential value of ZIF-8 was
17.93+2.03 mV, and after loading GCV, the potential value becomes 25.97 +0.79 mV
(Fig. 1j), which also indicated that GCV was loaded into ZIF-8, and the result was con-
sistent with that confirmed in Fig. 1g. In addition, after further coating HA, the potential
value directly changes from 25.97 +0.79 mV to — 9.63 +4.50 mV, because HA contains a
large number of carboxyl groups as negatively charged substances. When the carboxyl
group of HA is coordinated with Zn*" in GCV@ZIF-8, its negative charge cancels out
the positive charge in GCV@ZIF-8. This also proved that GCV@ZIF-8 is successfully
coated and consistent with those confirmed in Fig. 1¢, f, and h.
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Meanwhile, we tested the particle size of ZIF-8, GCV@ZIF-8 and HA/GCV@ZIF-8
to determine whether they were easy to enter cells and found that ZIF-8 was 209.5 nm.
After loading GCV, the particle size changesd slightly and increased to 223.4 nm. After
further coating of HA, the particle size increased to 237.7 nm (Fig. 1k). TGA curves of
ZIF-8, GCV@ZIF-8 and HA/GCV@ZIF-8 are observed in Fig. 11 showing that when
the temperature rises to about 600°C, the weight of ZIF-8 and GCV@ZIF-8 begins to
decrease. This is due to the removal of the organic ligand (2-MIM) of ZIF-8 and the
organic small molecule drug GCV loaded in ZIF-8 by heating. When the temperature
is about 300°C, the weight of HA/GCV@ZIF-8 tends to decline, which is faster than that
of GCV@ZIE-8, the reason is caused by the HA covering GCV@ZIF-8. All the above
results indicated that HA/GCV@ZIF-8 was successfully prepared with the weak nega-
tive potential and suitable particle size for the endocytosis.

Analysis of GCV loading rate and release performance in vitro

ZIF-8 was often used as a drug carrier because of its pH response to decomposition. To
explore whether HA/GCV@ZIF-8 can serve as a pH-responsive drug delivery system,
we conducted in vitro experiments simulating the release of GCV in the tumor microen-
vironment in response to pH (Fig. 2a). The drug loading rates of GCV@ZIF-8 and HA/
GCV@ZIF-8 were calculated by formula (1) to be 7.2% and 5.6%, respectively. It is worth
noting that after further coating HA, the GCV loading rates did not change greatly. The
1.6% reduction of HA/GCV@ZIF-8 may be caused by the loss during washing centrifu-
gation, which further proved that GCVwas loaded onto the carrier by encrusted inside
ZIF-8. If GCV was loaded only on the outer surface, it is easy to be washed out, resulting
in a great change in drug loading rate.

Next, we futher detect the cumulative release rate of GCV by formula (2) in vitro.
When pH was 7.4, it reached about 26.91% and stabilized at 12 h (Fig. 2b), which proved
that HA/GCV@ZIE-8 can be stable and drugs do not leak prematurely in the blood
circulation, which has the effect of improving drug utilization rate. When pH was 5.0,
it reached to 60.67% at 12 h, and 65.87% at 18 h (Fig. 2b). The GCV release trend was
higher than it at pH 7.4, which may be mainly due to the release of GCV caused by the
decomposition of ZIF-8 in a slightly acidic environment. In order to more intuitively
monitor the drug release ability of HA/GCV@ZIF-8, it was incubated in PBS solution
(pH=5.0) for different times and its morphology changes were observed (Fig. 2c). With
the increase of incubation time, the shape of HA/GCV@ZIF-8 gradually changed irregu-
larly after 6 h, and it was acid-lyzed into fragments after 12 h, but some of it was still not
completely acid-lyzed, and basically all of it was acid-lyzed after 24 h, and its acid-lyzing
trend was basically consistent with the cumulative drug release results in Fig. 2b. All
these results suggest that HA/GCV@ZIF-8 can be used as a pH-responsive drug delivery
system, which has the potential to release drugs at the tumor site for anti-KSHV and
eventually be eliminated through the kidney.

In vitro biosafety analysis

The emergence and development of nanomedicine delivery system is mainly for better
use in vivo to play a specific function. The physiological environment of the human
body is extremely complex, so it is very necessary to conduct biosafety analysis of
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ZIF-8 and HA/ZIF-8 with KSHV-positive SK-RG and KMM cells at different concentrations for 48 h. Data are
presented as mean +SD (n=3)

nanomaterials before entering the blood. Among them, the hemolysis rate after the
interaction between the nanocore and the red blood cells in the blood is an impor-
tant index to evaluate its biosafety. It can be intuitively seen in Fig. 2d that when the
concentrations of ZIF-8, GCV@ZIF-8, and HA/GCV@ZIF-8 were 1 mg/mL, the
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supernatant color as same as the negative control group (PBS). The red blood cells
deposited at the bottom, and did not show the same hemolysis phenomenon as the
positive control group (0.1% Triton-100). Their hemolysis rates were 2.88%, 2.76% and
0.83%, all within the safe range of hemolysis (< 5%). Compared with ZIF-8 and GCV@
ZIF-8, HA/GCV@ZIF-8 has a lower hemolysis rate, indicating that the modification
of HA can improve the blood compatibility of the material.

Nanocarriers are easy to interact with serum proteins in the blood vessel, and once
the nanocarriers adsorb too much serum proteins, it is easy to cause cytotoxicity. There-
fore, we tested the serum stability of drug-carrying nanocomplexes by detecting their
turbidity changes in serum. When GCV@ZIF-8 was incubated with serum, the tur-
bidity changed slightly within 30 h (Fig. 2e), while the absorbance of HA/GCV@ZIF-8
remained basically unchanged, which may be mainly due to the potential value of HA/
GCV@ZIE-8 being — 9.63 +4.50 mV. Most of the serum proteins in the blood are also
negative potentials, and adsorption between them is not easy, so that the turbidity is
more stable.

To further verify the biosafety, we tested the cell survival rate after incubation with
empty vectors for 48 h. There were less toxic to SK-RG cells when the concentration was
about 80 pg/mL of ZIF-8 and 60 pg/mL of HA/ZIF-8 (Fig. 2f). For KMM cells (Fig. 2g),
the concentrations of ZIF-8 and HA/ZIF-8 was near 40 pg/mL produced less toxicity.
When the concentration was greater than 60 pg/mL, it will produce significant toxicity,
but the concentration will not be used in practical applications. It can be concluded that

SK-RG cells b KMM cells
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Fig. 3 Cytotoxicity. a, b Cell viability maps of GCV incubated with SK-RG and KMM cells at different
concentrations for 48 h; ¢, d cell viability graphs of GCV@ZIF-8, HA/GCV@ZIF-8 incubated with SK-RG and
KMM cells for 48 h (where the horizontal concentration was the concentration of GCV in GCV@ZIF-8 and HA/
GCV@ZIF-8). Data are presented as mean+SD (n=5)
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empty vector was cytocompatible. In summary, all the results proved that the nanocarri-
ers have good biocompatibility and can be used for GCV delivery.

Toxicity analysis of the drug-carrying nanocomplex

To investigate the toxicity of nanocarriers on KSHV-positive cells, we seted up free GCV
group, GCV@ZIF-8 group and HA/GCV@ZIF-8 group with targeted substances for
experiments. First, we tested the cell survival rate of free GCV incubated with SK-RG
cells and KMM cells at different concentrations for 48 h. When GCV concentrations
ranged from 0 to 100 pg/mL, the survival rate of SK-RG cells still remained above 95%
(Fig. 3a) and that of KMM cells remained at 80% (Fig. 3b). This suggests that free GCV
itself has a low transmembrane capacity and is hard to enter the cell and play the role
of resist KSHV. Then, we investigated the cell survival rates of GCV@ZIF-8 (Fig. 3c and
d) and HA/GCV@ZIF-8 (Fig. 3c and d) incubated with SK-RG cells and KMM cells for
48 h. In both GCV@ZIF-8 group and HA/GCV@ZIF-8 group, the cytotoxicity increased
with the increase of concentration, showing obvious drug concentration dependence.
Among them, the IC,; of SK-RG and KMM cells in GCV@ZIF-8 was 1.813 pg/mL and
2.789 pg/mL, respectively. And in the HA/GCV@ZIF-8 group was 1.304 pg/mL and
1.410 pg/mL, respectively (Table S2). This also suggested that GCV can produced signif-
icant therapeutic effects at a very low concentration if it can enter into cells. Meanwhile,
it is worth noting that under the same concentration condition, the cytotoxicity of HA/
GCV@ZIF-8 group with targeted substance to SK-RG and KMM cells is higher than that
of GCV@ZIF-8, indicating that HA modification not only increase the targeted delivery
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Fig. 4 HA competition experiment and cellular uptake in vitro. a, b Cell survival rate of SK-RG and KMM cells
treated with mixture of free HA, HA/GCV@ZIF-8, HA/GCV@ZIF-8 + free HA group for 48 h. ¢ CLSM images of
KMM cells after treating with GCV@ZIF-8, HA/GCV@ZIF-8 for 4 h (scale bar=20 um). Data are presented as
mean +SD (n=5), *p<0.05, **p<0.01, **p<0.001
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effect of drug-carrying nanocomplex, but also enable GCV to play its curative effect with

the least dose.

In vitro targeting analysis and cell uptake of the drug-carrying nanocomplex

Tumor cell membranes can overexpress CD44 receptors, which can bind to HA specifi-
cally, and then target tumor cells through CD44 receptor-mediated endocytosis (Figure
S3a). So we detect the expression of CD44 protein in SK-RG and KMM cells by west-
ern blot, and found that these cells can express CD44 protein (Figure S3b). In addition,
HA competition experiment was used to futher verify the targeting ability of HA/GCV@
ZIF-8. Free HA has no killing effect on SK-RG and KMM cells, while HA/GCV@ZIF-8
has killing effect on these two cells (Fig. 4a and b). However, when HA/GCV@ZIF-8 is
incubated with free HA, the cell activity is enhanced. This indicates that free HA can
bind to the CD44 receptor on the cell surface more quickly, occupying the active site
of the receptor, resulting in weakened targeting of HA/GCV@ZIF-8. This result is con-
sistent with the results of cytotoxicity experiments, and proves that HA indeed plays a
targeting role.

To further investigate the cellular uptake ability, KMM cells were treated with GCV@
ZIF-8 and HA/GCV@ZIF-8 for 4 h, and then observed by CLSM. It can be clearly that
GCV@ZIF-8 showed weak red fluorescence intensity distributed around the nucleus,
while HA/GCV@ZIF-8 group had a stronger intensity (Fig. 4c and Supplement S2). This
proved that HA-modified can be easier to deliver GCV.

Effect of HA/GCV@ZIF-8 on the cell proliferation, migration, and wound healing
The effects of GCV, GCV@ZIF-8, HA/GCV@ZIF-8 on the proliferation of SK-RG and
KMM cells shown that at day 2, compared with the blank control group, GCV, GCV@
ZIF-8 and HA/GCV@ZIF-8 all inhibited the proliferation of SK-RG cells (Fig. 5a).
Among them, HA/GCV@ZIE-8 had the best inhibitory effect on SK-RG cells prolifer-
ation. Essentially the same results were shown in KMM cells (Fig. 5b). In conclusion,
the results suggest that HA/GCV@ZIF-8 can inhibit the proliferation of KSHV-positive
SK-RG and KMM cells.

Cell migration is closely related to tumor metastasis, so inhibiting cell migration can
effectively inhibit tumor progression. Transwell assay was used to evaluate the inhibi-
tory effect of drug-loaded nanocomplexes in vitro (Fig. 6a). The number of KMM and
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Fig.5 Cell proliferation. a Effect of GCV, GCV@ZIF-8, HA/GCV@ZIF-8 on the proliferation of SK-RG cells and b
KMM cells. Data are presented as mean +SD (n=5), *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001
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SK-RG cells in the free GCV group, GCV@ZIF-8 group, and HA/GCV@ZIF-8 group
treated for 36 h was reduced than the control group, demonstrating a significant inhibi-
tory effect, and the inhibitory effect of HA/GCV@ZIF-8 group was stronger than that in
other groups (Fig. 6¢). It can also be visually seen from the quantitative analysis results
that the number of cell migration after treatment of KMM and SK-RG cells in the HA/
GCV@ZIFE-8 group is the smallest (Fig. 6b), which also indicates that the modification
of HA increases the uptake of drugs by cells, thus playing a better role in inhibiting cell
migration. We also evaluate the migration ability of HA/GCV@ZIF-8 by wound healing
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assay and found that scratches in the control group gradually narrowed, and GCV group
was similar to the control group, but GCV@ZIF-8 showed certain inhibitory effect on
wound healing of KMM cells, it was not very obvious (Fig. 6d). Scratches in HA/GCV@
ZIF-8 group converged more slowly over time than those in other groups, showing obvi-
ous inhibition of wound healing. In general, HA/GCV@ZIF-8 can inhibit the migration
ability of KMM cells.

RT-PCR detected the level of KSHV-related genes

Like other herpesviruses, after infecting cells, KSHV exists in two different states to
encode and express different disease-causing genes (Chen et al. 2019). So we further
detected the level of KSHV latent genes latency-associated nuclear antigen(LANA) 2019,
viral FLICE inhibitory protein (v-FLIP) and viral G protein coupled receptor (v-GPCR),
K8.1A to verify whether HA/GCV@ZIF-8 can effectively inhibit KSHV expression. After
treatment with HA/GCV@ZIF-8, the mRNA expression levels of lytic gene v-GPCR,
K8.1A and latent gene LANA and v-FLIP were great decrease (Fig. 7a and b), which
indicted that HA/GCV@ZIF-8 can inhibit KSHYV replication and play the role of antivi-
ral function effectively.

In vivo fluorescence imaging and anti-tumor effect

Fluorescence imaging is a method of detecting drug distribution in the body, so we used
IR820 to monitor the distribution of HA/GCV@IR820@ZIF-8 in vivo. Firstly, nude mice
were injected with KMM cells to construct tumor model, and then GCV@IR820@ZIF-8
and HA/GCV@IR820@ZIF-8 were injected peritumoral to observe the distribution, as
shown in Fig. 8a, after injection of 1 h, we could see the fluorescence and the intensity
was strongest after 8 h at the tumor site. After 24 h, the fluorescence intensity of HA/
GCV@IR820@ZIF-8 was still higher, indicating that the active targeting of the tumor
site mediated by HA enables the enrichment of drug-carrying nanocomplex. To further
illustrate these results, we continued to observe the fluorescence signals of the drug-car-
rying nanocomplex in anatomical organs (heart, liver, spleen, lung, kidney) and tumors,
the fluorescence intensity of HA/GCV@IR820@ZIF-8 in tumors was higher than that
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of GCV@IR820@ZIF-8 (Fig. 8b). These results indicate that HA-modified drug-carrying
nanocomplex can better enrich in tumor sites.

We further evaluated the therapeutic effect in vivo as shown in Fig. 8c. The weight and
tumor volume of nude mice were recorded during treatment to evaluate the safety and
anti-tumor effect. After treatment of nude mice in each group, the body weight did not
decrease (Fig. 8d), indicating that there was no obvious toxicity in all sample groups. The
curve of tumor volume size is shown in Fig. 8e, compared with the blank control group,
all treatment groups had different degrees of tumor inhibition within 21 days, among
which the HA/GCV@ZIF-8 group had the best inhibitory effect on tumor growth,
which was mainly attributed to the enhanced enrichment of GCV at the tumor site by
HA-modified drug-carrying nanocomplex, followed was GCV@ZIF-8 group, which had
a better inhibitory effect than free GCV group. The tumor tissue images of each group
after 21 days in Fig. 8f also visually showed anti-tumor effects, which were basically con-
sistent with the results in Fig. 8e, HA/GCV@ZIF-8 showed good anti-tumor effects.
In addition, after the end of the experiment, major organs of nude mice were collected
for tissue sections and HE staining showing no obvious physiological abnormalities in
Fig. 8g, which also proved that the empty carrier and drug-carrying nanocomplex had

good biocompatibility.

Conclusions

In conclusion, a nano-drug delivery system loaded with antiviral drugs was successfully
prepared for the treatment of KSHV-associated malignancies by “one-pot method” The
HA/GCV@ZIF-8 potential was — 9.63 +4.50 mV, which had good stability in serum for
30 h. Under the simulated tumor slightly acidic condition, the GCV’s release rate of HA/
GCV@ZIE-8 reached to 65.87%, which proved its pH response to drug release character-
istics. ZIF-8 uses its biological properties to support GCV and improve the transmem-
brane ability. Hemolysis experiment, cytotoxicity experiment, in vitro HA competition
and cell uptake experiment all showed that HA modification not only reduce the hemol-
ysis rate and improve the stability of drug-carrying nanocomplex, but also increase the
uptake of cells, reduce the toxic side effects of GCV. Further cell experiments showed
that drug-carrying nanocomplex could inhibit the proliferation, cell migration, and
reduce the level of KSHV-relate genes, thus playing an effective anti-KSHV role. The
most important thing is that the drug-carrying nanocomplex also showed better inhibi-
tory effect on tumor growth in nude mice. These findings may provide potential applica-
tion value for the treatment of KSHV-related malignancies.
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