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Abstract

Fludarabine (FA) is still considered as a first-line chemotherapy drug for hematological tumors related to B lympho-
cytes. However, it is worth noting that the non-specific distribution and non-different cytotoxicity of FA may lead

to irreversible consequences such as central nervous system damage such as blindness, coma, and even death.
Therefore, it is very important to develop a system to targeting delivery FA. In preliminary studies, it was found

that B lymphoma cells would specific highly expressing the sialic acid-binding immunoglobulin-like lectin 2 (known
as CD22). Inspired by the specific recognition of sialic acid residues and CD22, we have developed a supramolecular
prodrug based on polysialic acid, an endogenous biomacromolecule, achieving targeted-therapy of B-cell non-
Hodgkin's lymphoma (B-NHL). Specifically, the prepared hydrophobic reactive oxygen species-responsive FA dimeric
prodrug (F,A) interacts with the TPSA, which polysialic acid were modified by the thymidine derivatives, through non-
covalent intermolecular interactions similar to “Watson—Crick” base pairing, resulting in the formation of nanoscale
supramolecular prodrug (F@TPSA). Cell experiments have confirmed that F@TPSA can be endocytosed by CD22* B
lymphoma cells including Raji and Ramos cells, and there is a significant difference of endocytosis in other leukocytes.
Furthermore, in B-NHL mouse model, compared with FA, F@TPSA is determined to have a stronger tumor targeting
and inhibitory effect. More importantly, the distribution of F@TPSA in vivo tends to be enriched in lymphoma tissue
rather than nonspecific, thus reducing the leukopenia of FA. The targeted delivery system based on PSA provides

a new prodrug modification strategy for targeted treatment of B-NHL.
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Introduction

B-cell non-Hodgkin’s lymphoma (B-NHL) is a com-
mon malignancy, accounting for 70-85% of NHL [1].
Due to the distribution of the lymphatic system, surgi-
cal treatment is not feasible. Although immunotherapy
based on antibodies or CAR has recently brought new
hope for lymphoma patients [2—4], chemotherapy drugs
are still the first choice in clinical treatment due to the
high cost of antibody therapy and the different sensi-
tivity of patients [5]. The adenine nucleoside analogue
fludarabine (FA) is considered as a first-line chemo-
therapy agent in the treatment of B-NHL, and its main
mechanism of action is to promote apoptosis by inhibit-
ing DNA polymerase and RNA reductase [6, 7]. FA com-
bined with cyclophosphamide or rituximab for B-NHL
treatment has been widely used in clinical practice [8].
However, the non-specific distribution and undifferenti-
ated cytotoxicity of systemic FA administration will not
only cause severe leukopenia and affect subsequent bone
marrow transplantation, but also lead to irreversible
consequences such as blindness, coma and other central
nervous system damage or even death. Through clinical
and literature research, except for continuous monitoring
of hematological and non-hematological toxicity, there is
no clear plan to avoid the above toxic side effects of FA
[9].

Recently, drug delivery systems, especially targeted
drug delivery systems, have provided a favorable plat-
form to circumvent these shortcomings [10, 11]. It is
well known that B-NHL consists of five types, which can
be converted to each other, so there is an urgent need
for a universal and accurate B-NHL-specific targeted

F@TPSA

drug delivery systems [12]. Previous studies have found
that sialic acid binding immunoglobulin-like lectin 2
(Siglec-2, also known as CD22) is a marker of B cell
expression, especially malignant B cells [13]. Such a
restrictive expression and endocytosis make CD22 a
promising general therapeutic target for B-NHL [14]. For
example, CD22-specific antibodies and antibody-drug
conjugations (ADC) have shown clinical efficacy in the
treatment of invasive and follicular non-Hodgkin’s lym-
phoma, acute lymphoblastic leukemia, and diffuse large
B-cell lymphoma [15]. However, due to the strong affin-
ity of artificially designed monoclonal antibodies, these
antibodies/ADC often fail to distinguish between healthy
and malignant B cells, resulting in serious side effects
such as low blood counts, systemic cytotoxic effects, and
venous occlusive disease [16]. Fry and colleagues recently
reported that an anti-CD22 CAR-T induced a good rate
of cellular response in patients with acute lymphoblastic
leukemia. Nevertheless, CAR-T therapy faces the same
dilemma of tumor off-target toxicity [17, 18].

Fortunately, on the one hand, polysialic acid (PSA) is
non-immunogenic, has good biocompatibility and bio-
degradability [19], and is considered to replace polyeth-
ylene glycol (PEG) to improve the stability of protein
or peptide drugs in the body [20]. After polysialylation,
proteins such as catalase, asparaginase, natto kinase,
insulin, superoxide dismutase and antibody can prolong
their circulation time in the body while maintaining
the stability of biological activity [21-26]. On the other
hand, PSA or oligosaccharides containing sialic acid are
natural ligands of CD22 [27]. Recently, researchers have
genetically modified NK cells to express Sialyl Lewis X
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Fig. 1 The novel ROS responsive linker-based dimeric fludarabine prodrug (F,A) and thymidine derivatives-modified polysialic acid (TPSA) exhibit
an interaction similar to “Watson-Crick base pairing”in agueous solution. The supramolecular nanoprodrug (F@TPSA) is formed by hydrogen bond

and hydrophobic interaction

functionalized oligosaccharides as ligands for CD22, and
found that these modified NK cells can accurately tar-
get B-cell lymphoma [28]. Our research group has also
developed a PSA modified PLGA nanoparticles loaded
with MTO, which can effectively enrich B lymphoma tis-
sue through CD22 mediated selective endocytosis and
fully induce immunogenic cell death (ICD) and subse-
quent anti-tumor immune response [29]. These reports
all demonstrate that PSA is a material with potential for
targeted therapy of B-NHL.

However, we also found that these studies used PSA as
a surface-engineered accessory rather than the main skel-
eton, and the targeting efficiency of the system depends
on the degree of PSA modification. At the same time,
drug delivery systems based on traditional physical
encapsulation methods (represented by PLGA) are diffi-
cult to achieve high drug loading, and have shortcomings
such as extra targeted functionalization and unrespon-
sive release performance.

It is worth noting that the prodrug based delivery sys-
tems developed in recent years have significant advan-
tages in terms of drug response release, drug load, and
reduced excipient use [30]. Therefore, as shown in Fig. 1,
FA was transformed into a hydrophobic dimeric prodrug
(F,A) based on aromatic thioketal (ATK), a ROS respon-
sive linker previously developed by our laboratory. At
the same time, inspired by “Watson—Crick” base pair-
ing, a large number of thymine nucleoside analogues
(Thy-NH,) were grafted on PSA to form water-soluble
B-NHL-targeted biomaterials, namely TPSA. In aque-
ous solution, abundant hydrogen bonds like “A=T" are
formed between F,A and TPSA. In other words, F,A as
a small molecule crosslinking agent induces strong cross-
linking effects between TPSAs. Finally, due to appropri-
ate amphiphilicity, F,A and TPSA co-self-assemble into

hydrogen bonding based supramolecular nanoprodrug
(F@TPSA). Further, a series of in vitro and in vivo experi-
ments were conducted to investigate the responsive drug
release ability and the targeted therapy effect of F@TPSA
on B-NHL.

Materials and methods

Materials, cell culture and animals

Polysialic acid (PSA, Mw=50 kDa) was pur-
chased from HIGRAND Biotech Co., Ltd. (China).
Poly(lactic-co-glycolic  acid) (PLGA, 75:25) was
obtained from Sigma-Aldrich (USA, Cat#430471).
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide Hydro-
chloride (EDCI, Cat#D1601) and N-Hydroxysuccinimide
(NHS, Cat#H0623) were purchased from TCI (Japan).
Fludarabine (FA, Cat#1025979) was obtained from Leyan
(Shanghai, China). N,N’-Carbonyldiimidazole (CD],
Cat#C109315) and 3’-Amino-2/3"-dideoxythymidine
(Thy-NH,, Cat#A122927) were purchased from Aladdin
(China). The aromatic thioketal (ATK, refer as 4,4’-((9H-
fluorene-9,9-diyl)bis(sulfanediyl))dibutyric acid) was pre-
pared by our lab [31, 32].

Dulbecco’s Modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and trypsin for cell culture were
purchased from Gibco (USA). Purified anti-human
CD22 antibody (Cat#382701), FITC-labeled anti-human
CD22 antibody (Cat#363508), Apotracker’" Green
(Cat#427403) and purified anti-human Ki-67 antibody
(Cat#350502) were purchased from Biolegend (USA).
Matrix-Gel™ Basement Membrane Matrix (Cat#C0383).
Cell Proliferation and Cytotoxicity Assay Kit based on
MTT (Cat#CO0009S) was purchased from Beyotime Bio-
technology Co. Ltd. (China). All the other reagents are
commercially available and used as received.
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Female CB17 SCID mice (6—8 weeks) were provided
by the Charles River Co. Ltd. (China). All experimental
procedures were approved and supervised by the Institu-
tional Animal Care and Use Committee of Sichuan Pro-
vincial People’s Hospital.

Synthesis and characterization of dimeric prodrug

of fludarabine (F,A)

Based on the ROS-responsive linker (ATK) developed by
our lab [31, 33], dimeric prodrug (F,A) was synthesized.
Briefly, ATK (600 mg, 1.5 mmol) and CDI (1220 mg,
7.5 mmol) were dissolved in anhydrous DCM and the
solution was continuously stirred at RT for 60 min. Add
10 mL DCM to the solution and transfer to the separa-
tor funnel, wash three times with 30 mL deionized water.
The organic phase was further washed with saturated
NacCl solution, dried with anhydrous Na,SO,, and con-
centrated by vacuum spin evaporation to obtain CDI-
activated ATK (ATK-CDI). Subsequently, the dimeric
prodrug F,A was obtained by coupling FA to ATK-CDL
Specifically, FA (710 mg, 2.5 mmol), TEA (100 uL) and
ATK-CDI (753 mg, 1.5 mmol) were dissolved in 8 mL
anhydrous DMF under nitrogen protection and stirred
overnight at RT. A large amount of cold anhydrous ether
was added to the mixed solution to produce white pre-
cipitate, which was centrifuged and dried to obtain the
final product F,A (987 mg, yield 84.3%). The structures
of ATK-CDI and F,A were confirmed by 'H NMR and
ESI-MS.

The ROS-responsiveness of F,A

The high performance liquid chromatography (HPLC)
was applied to analyze the composition of F,A sam-
ples incubated in different media. Briefly, 100 uL of F,A
methanol solution (5 mg/mL) was uniformly mixed with
1 mL of PBS or H,0, solution (10 mM) by vortex, and
then incubated under sustaining oscillation at 37 °C. At
predetermined time points, mixture was withdrawn and
detected with HPLC using mixture of methanol/water
(75:25, v/v) as mobile phase, to measure ROS-induced
degradation of F,A.

Synthesis and characterization of thymidine
derivative-grafted polysialic acid conjugate (TPSA)

PSA (100 mg, 0.34 mmol) and EDCI (260 mg, 1.36 mmol)
were dissolved in 10 mL deionized water. After stirring
for 30 min at RT, NHS (78 mg, 0.68 mmol) was added
for further activation for 30 min. The Thy-NH, (164 mg,
0.68 mmol) was added and react for 20 h. The reaction
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solution was added dropwise into a large amount of ace-
tone, centrifuged at 4000 rpm for 5 min to collect the
white precipitate. Washed with acetone for 3 times and
dried to obtain the final product TPSA (115 mg, yield
65.8%). The structure of TPSA was characterized and cal-
culated by '"H NMR.

Preparation and characterization of supramolecular
nanoprodrug (F@TPSA)

The supramolecular nanoprodrug F@TPSA was pre-
pared by the crosslinking of F,A with TPSA following
a simulative “high temperature denaturation and low-
temperature annealing procedure”. Briefly, 200 pL of F,A
methanol solution (25 mg/mL) was slowly injected into
10 mL of TPSA aqueous solution (0.5 mg/mL). The above
solution was continuously ultrasonicated at 37 °C for
another 30 min. Then, the mixture temperature increased
to 70 °C maintaining for 10 min, followed by cooling to
37 °C and maintaining for 30 min under vigorous ultra-
sonication, to facilitate the formation of hydrogen bonds
between adenine structures of F,A and thymidine moie-
ties of TPSA. To eliminate residual organic solvent, the
solution was then concentrated under vacuum. Finally,
using a water Millipore filter (0.45 pm), F@TPSA nano-
formulation was obtained after filtration and stored at
4 °C for further study. The hydrodynamic nanoparticle
diameter and zeta potential of F@TPSA were measured
by a Malvern Zetasizer Nano ZS90 (Malvern Instru-
ments, Malvern). The morphology of dried F@TPSA
were investigated via transmission electron microscopy
(JEM-1400, JEOL).

The formation mechanism of F@TPSA

In order to illustrate the interaction between Thy-NH,
and FA, molecular docking simulation was carried out.
Draw the molecular formulas for Thy-NH, and FA using
ChemDraw Professional 16.0. The 2D molecular struc-
ture was stored as a 3D structure after energy minimi-
zation by Chem3D 16.0. Molecular docking was done
by AutoDock4.2, with the conformational search num-
ber set to 100 and other parameters left as default. The
conformation with the lowest Gibbs free energy was
selected as the optimal conformation for the combination
of Thy-NH, and FA, and the analysis of molecular dock-
ing results was completed by the visualization software
Pymol 2.4.

Further, real-time mass spectrum changes of mixed
solution during self-assembly was used to directly moni-
tor the existing hydrogen bonds interaction between
FA and Thy-NH,. Briefly, appropriate amount of physi-
cal mixture of FA with Thy-NH, (molar ratio=1:1) was
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completely dissolved in water. At different temperatures
(37 and 70 °C), the mass spectrum changes of mixed
solution were detected by mass spectrometer.

Cell culture and intracellular uptake of F@TPSA

Raji cells, RAW?264.7 cells and THP-1 cells were cul-
tured in RPMI-1640 with 100 IU/mL penicillin, 100 pg/
mL streptomycin, and 10% FBS. Ramos cells was cultured
in DMEM (High glucose) with 100 IU/mL penicillin,
100 pg/mL streptomycin, and 10% FBS. Cells were main-
tained in a 5% CO, humidified atmosphere at 37 °C. In
order to detect cell uptake by flow cytometry, Cy5 labeled
F@TPSA and F@PLGA were prepared.

For competition assay for cellular uptake, 1x10° cells/
well Raji cells were seed in 24 well plate with or without
35 mm glass-bottom cell culture dishes. After overnight
incubation, cells pre-incubated with purified CD22 anti-
body for 2 h, and change the medium with 8 pg/mL F@
TPSA for 1 h, and analyzed with Flowjo V10. A similar
flow cytometry test was also performed in RAW264.7
cells. In addition, Raji cells were cultured overnight on a
culture plate. Then, different concentration (0, 0.25, 0.5,
1, 2, 4, 8 pg/mL) of Cy5@F@TPSA was added into the
culture medium. After incubation for 1 h, Raji cells were
washed with PBS thrice. Intracellular Cy5 fluorescence
intensity was measured by flow cytometry.

In vitro anti-tumor effects of F@TPSA

MTT is used to monitor the cell viability of Raji cells.
Cells were planted at 1x10° cells/well in 96-well plates
for 24 h. Subsequently, cells were treated with the
medium containing Free FA or F,A or F@TPSA at vari-
ous concentrations (varying from 0, 0.0125, 0.025, 0.05,
0.1, 0.25, 0.5, 1, 2.5, 5, 10 pM [FA]) for 24 h. After the
incubation, the medium was replaced with fresh medium.
The MTT reagent and stop/solubilization solution were
sequentially added with a 3 h interval. The formazan
concentration was measured at 550 nm. The cell viability
was normalized to the absorbance of PBS-treated control
cells. The half inhibition concentration (ICy,) was calcu-
lated based on the results obtained.

Apoptosis analysis was conducted using Apotracker
Green (also known as Apo-15 peptide) probe accord-
ing to the manufacture’s protocol. Briefly, Raji cells were
treated with the medium containing Free FA or F,A or
F@TPSA at 1.5 pM [FA] for 24 h. Cells were washed
with cold BioLegend’s cell staining buffer, digested with
0.25 wt% trypsin, and collected by centrifugation. After
the cells were resuspended in 100 pL of staining buffer
with 5 pL of Apotracker™ Green diluted solution (1:10) at
1x10° cells/mL, they were vortexed gently and incubated
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in a dark room for 15 min. Finally, 400 uL of PBS was
added for analysis by flow cytometry. The Apotracker "
Green will be registered in the FITC channel of the flow
cytometer.

In vivo pharmacokinetics and biodistribution study of F@
TPSA

SCID mouse were subcutaneously (s.c.) injected in the
flank with Raji cells (2x10°) in 50% Matrix-Gel " Base-
ment Membrane Matrix on day 0. When the tumor size
reached > 100 mm?, the mice were randomly divided into
different groups.

Based on the B-NHL model, mice (n=6) were injected
with either FA or F@TPSA (100 mg/kg [FA]) through
the tail vein. For pharmacokinetic investigation, within
24 h after injection, venous blood was collected for
blood drug concentration analysis. Briefly, at predefined
time points (0.5, 1, 1.5, 2, 4, 8, and 24 h), blood samples
were collected. The whole blood samples were immedi-
ately centrifuged at 12,000¢ for 2 min to obtain plasma.
Then 800 pL of ice-cold methanol was added into 200 pL
of plasma to precipitate protein. After centrifugation
at 12,000g for 2 min, the supernatant was purged with
nitrogen, reconstituted with methanol, and detected by
liquid chromatography with mass spectrometry.

In vivo anti-tumor effects and myelosuppressive effect

of F@TPSA

Based on the B-NHL model, mice (n=6) were given intra-
venous injection of saline, free FA or F@TPSA (100 mg/
kg [FA]) once at day 14, 16 and 18, respectively. The
tumors were measured with calipers and tumor volume
was calculated using the formula: (lengthx width?)/2.
On the 40th day, the tumor tissue was collected, paraffin
embedded, and sliced for H&E staining and Ki-67 immu-
nohistochemical staining, respectively.

Leukopenia is a common side effect of FA. We evalu-
ated the effects of different FA formulations on the leu-
kocyte count of femur in tumor-bearing mice. In another
parallel experiment, each group of mice was sacrificed
after 40 days, unilateral femur was washed by PBS, and
lavage fluid was collected. The number of total leukocyte
was measured by hematologic counter.

Statistical analysis

Data were presented as the mean +standard deviation
(SD). Statistical analysis was assessed using One-way
ANOVA test. A value of p<0.05 was considered statisti-
cally significant.
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Results and discussion

Synthesis and characterization of the dimeric prodrug F,A
We have previously reported an aromatic thioketal
(ATK), which can be used as ROS-responsive linker to

prepare multiple prodrugs [31, 33] or carriers [32]. In
consideration of the carboxyl and hydroxyl groups of
ATK and FA, respectively, the dimeric prodrug F,A was
prepared by CDI-mediated esterification. As shown in
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Fig. 2A, CDI activates the two carboxyl groups of ATK to
form acyl imidazole derivative ATK-CDI. The successful
synthesis of ATK-CDI was confirmed by 'H NMR (Fig-
ure S1) and ESI-MS spectrum (Figure S2). In the second
step, the intermediate ATK-CDI undergoes a substitution
reaction with FA to obtain the final product, named F,A.
To demonstrate the exact chemical structure of F,A,
multiple characterization methods were employed. The
UV-VIS spectrum shows that compared to ATK, both
FA and F,A exhibit stronger absorption at around 260 nm
(Fig. 2B). This is caused by the double bond in the base
group of FA, which serves as a nucleic acid analogue. This
proves that FA and ATK are coupled. In order to more
intuitively examine whether F,A is a dimeric prodrug,
we used ESI mass spectrometry. Figure 2C shows the
ESI-MS spectrum of F,A. ESI-MS m/z: calculated for
F,A (Cy4HyoF,N1040S,) [IM+H]' 937.964, found 938.29;
calculated for fragmentary peak of F,A (C,,H,:FN:O:S")
550.585, found 550.05. These data were consistent with
theoretical calculation. Moreover, it can be seen from the
results that all the 'H NMR peaks can be assigned to F,A,
and the ratio of protons represented by each peak is also
consistent with the chemical structure of F,A (Fig. 2D).
The above characterization results all prove that the
dimeric prodrug F,A has been successfully prepared.

The ROS-responsive hydrolysis process of F,A

According to our previous reports related to ATK [31,
33], we proposed the possible hydrolysis process and
products of F,A in ROS-containing media (Fig. 3A).

To verify this hypothesis, HPLC was used to verify the
stability and response performance of the F,A (Fig. 3B, C
and Figure S3). As shown in Fig. 3B, only one substance
F,A was detected in PBS (pH 7.4) regardless of incuba-
tion for 12 h, 24 h or 72 h, which proved the excellent
stability of F,A. However, additional substances such as
FA, 9-fluorenone and y-thiobutyrolactone are detected
after incubation in 1 mM H,0O, for only 15 min. Moreo-
ver, with the extension of incubation time, the detected
concentration of F,A gradually decreases while the
concentration of other products gradually increases
(Fig. 3C). After incubation for 1 h, the peak of F,A basi-
cally disappeared, indicating that F,A was completely
degraded into other products, including the prototype
drug FA. These results support our conjecture that F,A
has H,0O,-responsive drug release properties.

Synthesis and characterization of TPSA

Aiming to introduce massive thymine structures into
PSA, Thy-NH, was selected as thymine donor. TPSA was
efficiently prepared by coupling Thy-NH, with PSA in
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Fig.5 Molecular dynamics simulations and mass spectrometry were used to study the interaction between FA and Thy-NH,. A Molecular dynamics
simulation of the interaction between FA and Thy-NH,. B The MALDI-TOF MS spectra for FA, Thy-NH,, and mixed solution of FA and Thy-NH,

aqueous solution through EDCI/NHS mediated amida-
tion reaction (Fig. 4A).

It can be seen from Fig. 4B that the UV-vis spectrum
of PSA presents a single peak with A, of 200 nm, while
TPSA is slightly blue shifted to about 190 nm. Thy-NH,
has a relatively broad absorption peak around 210 nm
and 260 nm respectively, similar to Fig. 2B, which is con-
sistent with its characteristics as a nucleoside analogue.
As expected, the TPSA sample also exhibits an absorp-
tion peak at 260 nm, indicating the presence of Thy-NH,
groups in TPSA.

As a polysaccharide, the difference between TPSA and
PSA can be detected by 'H NMR. Specifically, 'H NMR
can reflect more detailed proton information. Figure 4C
shows the comparison of '"H NMR spectra of PSA, Thy-
NH, and TPSA. Excitingly, all the characteristic peaks of
PSA and Thy-NH, can be found in the spectrum of TPSA
and are accurately assigned to each proton. It was con-
firmed that Thy-NH, was successfully grafted onto PSA.
Furthermore, by performing integral analysis on the peak

area of the 'H NMR spectrum of TPSA (Fig. 4D), it can
be concluded that there are about 50 Thy-NH, in every
100 SA units, that is, the grafting rate of Thy-NH, in
TPSA is about 50%.

It is worth noting that the grafting rate of Thy-NH,
increases with the increase of feed ratio, reaching up to
about 50% (data not shown). In order to ensure that the
thymidine structure can form sufficient “Watson—Crick”
base pairing (A =T)-like hydrogen bond with more F,A,
and induce strong cross-linking between TPSA, the
TPSA molecule with the highest grafting rate (50%) was
selected for subsequent experiments.

Preparation, characterization and formation mechanism

of supramolecular nanoprodrug (F@TPSA)

According to our hypothesis, the adenine structure of the
dimeric prodrug can produce hydrogen bonds with the
thymine structure of TPSA. In brief, simulating the pro-
cess of “high temperature denaturation and low tempera-
ture annealing” can promote the formation of hydrogen
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bonds. However, since the highly complex '"H NMR spec-
tra of TPSA are almost impossible to be fully identified,
Molecular dynamics simulation and mass spectrometry
were used to verify the hydrogen bond between FA and
Thy-NH,.

Figure 5A shows the molecular dynamics simulation
results of the interaction between FA and Thy-NH,. It
can be seen that there are two hydrogen bonds similar
to “A=T" between FA and Thy-NH,, with distances of
3.39 A and 3.94 A respectively. In Fig. 5B, a new peak at
m/z 527.1304 appeared in the mass spectrum of mixed
solution of FA and Thy-NH, (molar ratio=1:1) in PBS
(pH 7.4), while completely disappeared at pH 5.0. This
result indicated the formed hydrogen bonds would keep
relatively stable under neutral, while be effectively broken
under acidic environment (pH 5.0).

Inspired by Watson—Crick base pairing, supramo-
lecular nanoprodrug F@TPSA was prepared by non-
covalent cross-linking between dimeric prodrug F,A
and functional material TPSA. As shown in the digi-
tal photographs and TEM images of Fig. 6A, F@TPSA
was dispersed in PBS (pH 7.4) solution to form a col-
loidal system with obvious Tyndall effect and regular
sphericity observed, while the PBS solution of TPSA
was transparent, and there was no Tyndall effect (Fig-
ure S4). Although the particle size distribution of F@

TPSA measured by DLS in aqueous solution is rela-
tively broad, it still maintains a unimodal distribution
trend (Fig. 6B), and the average hydrodynamic size is
about 166.6 +3.9 nm (Fig. 6C), which is also consistent
with TEM results. Notably, F@TPSA lost the Tyndall
effect when dispersed in 1 mM H,O, or PBS (pH 5.0)
media. The irregular sphericity was observed by TEM,
while the multi-modal particle size distribution was
measured by DLS. The average hydrodynamic size also
decreased to 110.1+2.6 nm and 61.0+2.5 nm, respec-
tively. In contrast, it seems that PBS (pH 9.0) does not
cause changes in mean particle size, and particle size
distribution. This suggests that F@TPSA can remain
stable under physiological or alkaline conditions, while
structural damage occurs in acidic or ROS environ-
ments, entirely due to the properties of hydrogen bond-
ing and ROS-responsiveness of ATK. Meanwhile, in
Fig. 6D, TPSA as the shell, provides a significant nega-
tive (-potential for F@TPSA, which guarantees the
biocompatibility of F@TPSA in vivo. The drug loading
content of F@TPSA is 32.5%.

From the above results, it can be inferred that hydro-
gen bonding forces dominate the formation of supramo-
lecular nanoprodrug F@TPSA. The two terminal adenine
structures of F,A can effectively form hydrogen bonds
with a large number of thymine structures in TPSA and
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induce tight cross-linking between TPSAs. This supra-
molecular aggregate with appropriate hydrophobicity—
hydrophilicity balance can further self-assemble into
compact nanoparticles. The hydrophobic F,A is located
in the core, while the TPSA chain serves as a hydro-
philic shell. F@TPSA has a unique drug loading method
and strong cross-linking enhanced stability, which can
improve the water solubility and stability of F,A. Further-
more, due to the characteristics of hydrogen bonding and
the ROS responsiveness of ATK, F@TPSA can achieve
structural dissociation and drug release in acidic or oxi-
dative stress environments. This provides a foundation
for the subsequent application of F@TPSA.

F@TPSA specifically targets CD22* B lymphoma cell lines

The above results all prove that the supramolecular
nanoprodrug F@TPSA has been successfully prepared.
Next, it is necessary to confirm whether F@TPSA can
be specifically uptake by CD22 positive B lymphoma cell
lines. Since F@TPSA has no fluorescent properties, F@
TPSA needs to be labeled. Therefore, the hydrophobic
small molecule Cy5 NHS ester can be embedded with
the formation of F@TPSA and is named Cy5@F@TPSA.
Similarly, Cy5@F@PLGA (note: not containing PSA) was
prepared as a control. Two B lymphoma cell lines (Raji
cells and Ramos cells) and two other lymphoid cell lines

(RAW264.7 cells and THP-1 cells) were stained using
FITC-labeled CD22 antibodies. The CD22 expression
levels of two B lymphoma cell lines were significantly
higher than those of the other two monocyte lines meas-
ured by flow cytometry (Figure S5). Especially, the aver-
age expression level of CD22 in Raji cells is the highest,
30.3 times that of RAW264.7 cells, indicating a significant
difference in CD22 expression levels between the two
cell lines. Therefore, Raji cells and RAW264.7 cells were
selected as the study subjects for comparison of cellular
uptake.

Figure 7A shows the flow cytometry of Raji cells or
RAW?264.7 cells after co-incubation with Cy5@F@TPSA.
However, as can be seen from Fig. 7B, the proportion of
Cy5@F@TPSA positive Raji cells reached 80.26 £1.55%,
which was significantly different from 45.11 +1.32% posi-
tive rate in RAW264.7 cells. This suggests that F@TPSA
is more likely to be taken up by B lymphoma cell lines
than RAW?264.7, thereby forming specific targeting of
CD22% cells.

To further demonstrate the cell selectivity of F@TPSA,
the uptake levels of Cy5@F@TPSA and Cy5@F@PLGA
in RAW264.7 cells was compared (Fig. 7C and Figure
S6). Obviously, there was no difference in the uptake of
Cy5@F@TPSA and Cy5@F@PLGA by RAW264.7 cells,
which ruled out the possibility that CD22-negative cells
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had an uptake preference for F@TPSA. Remarkably, the
uptake of Cy5@F@TPSA by Raji cells was about 2.3 times
that of Cy5@F@PLGA (Fig. 7D, E). Dramatically, the
uptake of Cy5@F@TPSA by Raji cells was significantly
inhibited after pre-incubation of CD22-neutralizing anti-
body (a«CD22). This further confirms that the specific tar-
geting of F@TPSA to B lymphoma cell lines is mediated
by CD22, which is also consistent with previous reports
[29]. Furthermore, from Fig. 7F, G, it can be observed
that under the same incubation time condition, Cy5 flu-
orescence intensity in Raji cells gradually increases with
the increase of F@TPSA concentration, indicating that
CD22-mediated endocytosis is concentration-dependent.

In vitro tumor inhibition effects of F@TPSA in different cell
lines

After demonstrating the significant advantage of F@
TPSA in specifically targeting CD22 positive B lym-
phoma cells, it is reasonable to speculate that F@TPSA
has stronger cytotoxicity towards the aforementioned
cells. The MTT method can be used to test the effects
of different concentrations of FA preparations on the
cell viability of four types of cells (including B lym-
phoma cells and other cells). As shown in Fig. 84, as
the concentration increases, all cell viability exhibits a
non-linear decline. The apoptosis rates of Raji, Ramos,
RAW?264.7 and THP-1 cells were all over 80% at high
concentrations (10 pM FA), regardless of FA, F,A or F@
TPSA. However, below 10 uM concentration, F@TPSA
had a stronger negative effect on the viability of Raji

and Ramos cells than FA and F,A. Accordingly, it can
also be seen from Fig. 8B that the IC,, of FA and F,A
in Raji cells are 1.2+0.1 uM and 1.1+0.1 pM, respec-
tively. Surprisingly, the IC,, for F@TPSA is significantly
reduced to 0.5+0.1 uM. Similarly, when the IC;, of FA
or F,A to Ramos cells is 1.2+0.2 uM and 1.0+0.2 uM,
respectively, Ramos cells also exhibit a more sensitive
state to F@TPSA (the IC,; is 0.5+0.1 pM). More inter-
estingly, F@TPSA showed higher IC,, than FA and F,A
in two types of CD22 negative cells (RAW264.7 cells
and THP-1 cells). It may be due to the lack of CD22
expression in RAW?264.7 cells and THP-1 cells, result-
ing in weak uptake of F@TPSA, or due to low ROS
levels in non B lymphoma cells, making it difficult to
release FA encapsulated by TPSA. This also proves
from another perspective that F@TPSA, a supramolec-
ular nanoprodrug, not only enhances the cytotoxicity
of FA to B lymphoma cell lines, but also enhances the
tolerance of FA to other CD22-negative cells.

In addition, the apoptosis effects of three FA prepa-
rations (FA, F2A, F@TPSA) on Raji cells were further
observed by flow cytometry (Fig. 8C). Apotracker "
Green, as a fluorescent probe, can label apoptotic cells
by detecting phosphatidylserine residues located outside
the cell membrane. As can be seen from Fig. 8D, although
FA and F,A (1.5 pM [FA]) could induce 52.8+1.2% and
61.0+2.6% apoptosis of Raji cells, respectively, F@TPSA
caused led to more Raji cell apoptosis (83.7 £2.9%) under
the same concentration. It is worth noting that TPSA has
no effect on the cell viability of Raji cells up to 100 uM
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(Figure S7). Therefore, the stronger apoptotic efficiency
exhibited by F@TPSA can be attributed to the more pre-
cise delivery of FA by TPSA.

Pharmacokinetics and biodistribution of F@TPSA in B-NHL
mouse model

Existing fludarabine injectable formulations have short
half-lives, resulting in low bioavailability of FA. At the
same time, in view of the wide distribution of lymphoid
tissue, the clinical application of FA is mostly system-
atic administration, but the lack of FA targeting is easy
to cause systemic toxicity. Therefore, innovative formula-
tions play a crucial role in improving the aforementioned
issues of FA.

The in vitro cell uptake experiments and cytotoxicity
experiments have proved that F@TPSA can effectively
achieve specific targeting and effective killing of CD22-
positive B lymphoma cells, and it is reasonable to expect
that F@TPSA can have good application in animal mod-
els. Therefore, B-NHL mouse model based on Raji cells
was established, and the pharmacokinetic characteristics
and biological distribution of supramolecular nanoprod-
rug F@TPSA in tumor-bearing mice were first investi-
gated. Briefly, Raji cells were inoculated subcutaneously
in SCID mice to establish a B-NHL model (Fig. 9A).
When the tumor volume reaches 100 mm?® (approxi-
mately 14 days), a single intravenous dose of free FA or
F@TPSA (both at 100 mg/kg FA) is administered. The
concentration of the FA in the blood is monitored at a

predetermined time point. After 24 h, major organs of
mice were collected for drug concentration detection.

Figure 9B shows the curve of drug concentration in the
blood of tumor bearing mice over time. It can be seen
that the FA concentrations in plasma of both Free FA and
F@TPSA group presented a rapid increase, followed by a
decreasing trend, which is consistent with the common
phenomenon of intravenous injection. We know that
nanoparticles are easily captured and eliminated by the
reticuloendothelial system in vivo, but it is worth men-
tioning that the first half-life of F@TPSA (about 5.7 h) is
longer than that of Free FA (about 2.5 h). This is also con-
sistent with previous reports that endogenous PSA has
immune escape and long circulation characteristics. In
addition, although there was no significant difference in
the maximum blood drug concentration (C,,,,) between
Free FA and F@TPSA, the Free FA group mice reached
their C,,,, at 0.5 h, while the F@TPSA group was delayed
to around 1.5 h. This means that F@TPSA can reduce
the sudden release of drugs in the body, thereby avoid-
ing some of the side effects. It was precisely due to these
differences in pharmacokinetic parameters that the area
under the drug-time curve (AUC) of F@TPSA was about
1.44 times that of the Free FA group, reflecting a signifi-
cant difference in the accumulation of drugs in the circu-
lation system (Fig. 9C).

Furthermore, except pharmacokinetics, the distribu-
tion of F@TPSA in major organs (except heart, liver, and
lung) was also different from that of Free FA (Fig. 9D).
Most excitingly, 24 h after injection of F@TPSA, the
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amount of the drug in the tumor tissue was 2.1 times
higher than in the Free FA group. This is also consistent
with the trend of results in vitro cell experiments (Fig. 7),
indicating that F@TPSA has the ability to target B-NHL
in vivo. On the contrary, FA is thought to be excreted in
urine and has certain nephrotoxicity. Therefore, the drug
content in the kidneys of mice in the Free FA group was
higher than that of F@TPSA, suggesting that F@TPSA
would be less nephrotoxic. In addition, it is worth not-
ing that drug concentration in the spleen of the F@TPSA
group was about 17% higher than that of the Free FA

group. This may be due to the fact that the spleen, as the
largest lymphoid organ (55%—60% of lymphocytes are B
cells), has a certain specific absorption of F@TPSA, sug-
gesting that we should pay attention to the off-target
effects of F@TPSA on the spleen.

Evaluation of antitumor effect and leukopenia of F@TPSA
in vivo

These results prove that F@TPSA has a significant fea-
tures of prolonged circulation time and excellent tumor
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targeting ability in B-NHL mouse model constructed
with Raji cells, which provides the basis for the accu-
rate and efficient treatment of F@TPSA for this disease.
Therefore, the same B-NHL mouse model was estab-
lished and the curative effect of F@TPSA was observed.
Briefly, tumor tissue volume was measured and calcu-
lated at a predetermined time point after receiving 3
injections of Free FA or F@TPSA (Fig. 10A). On the 40th
day, tumor tissues of sacrificed mice were collected and
sliced for observation by HE and Ki-67 staining.

The Fig. 10B shows the changes in tumor volume of
tumor-bearing mice within 40 days. Obviously, the tumor
volume of the three groups showed a significant difference
in growth rate after the 20th day. The growth rate of saline
group was the highest, while both Free FA and F@TPSA
could inhibit the increase of tumor volume, while F@TPSA
had a stronger inhibitory effect. Specifically, from Fig. 10C,
by the 40th day, the tumor volume of saline group mice was
3.4+0.2 cm®, while the Free FA group and F@TPSA group
were 1.7+0.2 and 1.0+0.2 cm®, respectively. There was a
significant difference between F@TPSA and Free FA. We
know that Ki-67 is an antigen of proliferating cells, and its
expression is positively correlated with the proliferation
of tumor cells. The Ki-67 immunohistochemical staining
photos of tumor tissue slices in Fig. 10D also show that the
staining degree (brown) of the saline group is stronger than
that of Free Fa and F@TPSA. After the statistics of Image-
Pro Plus® software, the proportion of Ki-67 positive cells in
the tumor tissues of mice in the Free FA group and the F@
TPSA group was 36.6+£2.2% and 28.2+2.1%, which were
both lower than 54.6 +5.3% in saline group (Fig. 10E). This
proved that both Free FA and F@TPSA could inhibit the
proliferation of tumor cells, but F@TPSA was more effec-
tive. Subsequently, H&E staining of tumor tissue sections
also suggested that F@TPSA could cause a wider range of
tumor tissue cell necrosis than Free FA (Fig. 10F). On the
other hand, as a nucleoside drug, the most common side
effect of FA is leukopenia, which is also an important fac-
tor limiting its clinical application. By counting total leu-
kocytes in a single femur of tumor bearing mice (Fig. 10G),
the leukocytes content in the saline treatment group mice
is 15.5+ 3.2 x 10°. However, Free FA significantly decreased
leukocytes in tumor-bearing mice (only 39.6% of that in
saline group), known as leukopenia. Encouragingly, there
was only a 33.7% decrease in the F@TPSA group com-
pared to the saline group. This reveals that F@TPSA can
reduce the damage of FA to the hematopoietic system
through better tumor targeting effect, and thus has better
biocompatibility.
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Conclusion

B-NHL is a hematological malignancy, but it cannot be
treated with surgery due to its systemic distribution,
so chemotherapy is still the first-line treatment. How-
ever, as a common clinical drug for B-NHL, the side
effects caused by non-specific distribution of nucleo-
side antitumor drug fludarabine limit its long-term
application. Drug delivery systems, especially targeted
delivery systems, can significantly improve the afore-
mentioned issues. Our preliminary research found that
surface modification with PSA can assist in the enrich-
ment of drug-loaded PLGA nanoparticles in the tumor
site of B-cell lymphoma, indicating that PSA itself can
also serve as a good B-NHL targeted carrier material.
It is worth noting that compared to drug delivery sys-
tems based on physical encapsulation (represented by
PLGA), prodrug based delivery systems have significant
advantages in drug responsive release, drug loading,
and reducing excipient usage. Therefore, in this study,
we utilized the previously developed ROS responsive
linker to prepare FA as a dimeric prodrug F,A. At the
same time, inspired by the Watson—Crick base pairing,
thymine derivative (Thy-NH,) was covalently grafted
onto PSA to form a functional material TPSA. In aque-
ous solution, hydrogen bond is formed between ade-
nine structure of F,A and thymine structure of TPSA
to induce cross-linking of TPSA material, and self-
assembled supramolecular nanoprodrug F@TPSA is
prepared. With the long circulation characteristics and
specific targeting ability of endogenous PSA, F@TPSA
can prolong the half-life of FA in tumor-bearing mice
and achieve precise targeting of B-NHL, improve drug
accumulation in tumor tissues, and achieve responsive
drug release in tumor ROS microenvironment. Both
in vitro cell experiments and in vivo experiments in
mice, F@TPSA has achieved better anti-tumor effects
than Free FA. More importantly, F@TPSA also reduces
the accumulation of FA in the kidney and alleviates the
myelosuppressive effect by enhancing the targeting
effect. In summary, based on the tumor specific target-
ing performance derived from PSA and the supramo-
lecular self-assembly inspired by “Watson—Crick” base
pairing, this customized ROS activatable nanoprodrug
has great potential in precise treatment of B-NHL.

Abbreviations

B-NHL B-cell non-Hodgkin's lymphoma

FA Fludarabine

ADC Antibody-drug conjugations

CAR-T Chimeric antigen receptor T-cell immunotherapy
PSA Polysialic acid

PEG Polyethylene glycol
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