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ABSTRACT

Poly(2-oxazoline) (POx) has been regarded as a potential candidate for drug delivery
carrier to meet the challenges of nanomedicine clinical translation, due to its excellent
biocompatibility and self-assembly properties. The drug loading capacity and stability of
amphiphilic POxs as drug nanocarriers, however, tend to be insufficient. Herein, we report a
strategy to prepare nucleobase-crosslinked POx nanoparticles (NPs) with enhanced stability
and ultra-high paclitaxel (PTX) loading capacity for breast cancer therapy. An amphiphilic
amine-functionalized POx (PMBEOx-NH,) was firstly prepared through a click reaction
between cysteamines and vinyl groups in poly(2-methyl-2-oxazoline)-block-poly (2-butyl-2-
oxazoline-co-2-butenyl-2-oxazoline) (PMBEOx). Complementary nucleobase-pairs adenine
(A) and uracil (U) were subsequently conjugated to PMBEOx-NH, to give functional POxs
(POxA and POxU), respectively. Due to the nucleobase interactions formed between A and
U, NPs formed by POxA and POxU at a molar ratio of 1:1 displayed ultrahigh PTX loading
capacity (38.2%, PTX/POxA@U), excellent stability, and reduced particle size compared to
the uncross-linked PTX-loaded NPs (PTX/PMBEOX). Besides the prolonged blood circulation
and enhanced tumor accumulation, the smaller PTX/POXA@U NPs also have better tumor
penetration ability compared with PTX/PMBEOX, thus leading to a higher tumor suppression
rate in two murine breast cancer models (E0711 and 4T1). These results proved that the
therapeutic effect of chemotherapeutic drugs could be improved remarkably through a
reasonable optimization of nanocarriers.
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1. Introduction

Polymeric therapeutics which are made up of polymer
and chemotherapeutic drugs have recently emerged as a
promising anticancer drug candidate, as they can potentially
provide higher therapeutic efficiency and lower toxicity
compared to conventional chemotherapeutics [1-5]. As so
far, several polymeric therapeutics have been approved for
clinical cancer therapy, such as PM-Genexol [6], Onivyde [7],
and more are undergoing preclinical or clinical studies [8]. The
blood vessels of tumor are generally characterized through
abnormalities, such as a high proportion of aberrant basement
membrane formation, pericyte deficiency and proliferating
endothelial cells, causing an improved vascular permeability
[9]. Thus, polymeric therapeutics are inclined to accumulate
in tumor tissues in comparison to the normal tissues,
defined as enhanced permeability and retention (EPR) effect
[10]. Generally, polymer can assemble to form NPs ranging
from 20 to 200nm in physiological solution. Thus, there is
a general agreement that polymeric therapeutic NPs can
extravasate from tumor blood vessels and accumulate inside
the interstitial space through EPR effect [11,12]. Although EPR
effect has been widely demonstrated in many tumor models,
it is still controversial as the uncertainty arises in each tumor
model. In a recent report, Wilhelm et al. summarized the
prior manuscripts on “nanoparticle delivery” to determine the
current delivery efficiency to solid tumors. In their study, the
data was tabulated and standardized to calculate the delivery
efficiency of drug-loaded nanoparticles after reviewing more
than 100 studies. By comparing the quantification of drug-
loaded nanoparticles in blood and solid tumors, they found
that only 0.7% of the injected dose of the nanoparticles
could pass through physical and biological barriers (for
example, diffusion, flow and shear forces, aggregation, protein
adsorption, phagocytic sequestration and renal clearance) and
reach the tumor by EPR effect [13]. Such low delivery efficiency
may be responsible for the poor clinical transformation of
nanomedicines.

The chemical and physical properties of NPs, particularly
stability, dictate their ability to accomplish the therapeutic
efficacy. Obviously, high stability in blood is the prerequisite
for drug-loaded NPs because once drug-loaded NPs lose their
integrity in the blood, they will immediately release the
drugs into the blood and fail their therapeutic mission, let
alone such functions as tumor accumulating via the EPR
effect. Some studies have proved this view. For example,
Sun et al. demonstrated that the shear and the blood-borne
proteins induced 80% of NPs constructed by PEG-PCL and
PEG-PDLLA to dissociate into unimers and be cleared by
Kupffer cells once intravenously injected, resulting in low
tumor accumulation [14]. Chen et al. reported that a part of
NPs would lose their cohesion in serum mimicking conditions
and even transform their structures and release their payloads
immediately in circulation [15]. Thus, stability is a key factor to
determine the in vivo performance of NPs. Various innovative
strategies were established for improving the stability of non-
covalent drug-loaded nanocarriers. For example, core cross-
linking strategies were constantly adopted for enhancing
the stability of drug-loaded NPs. Zhai et al. designed a

kind of core cross-linked NPs for chemotherapeutics delivey
by visible light-induced metathesis and regeneration of the
diselenide bonds in di-(4,1-hydroxybenzylene) diselenide-g-
poly(ethylene oxide)-b-poly methacrylic acid. Compared with
non-crosslinked NPs, these core cross-linked NPs were more
stable in physiological conditions and exhibited longer blood
circulation, resulting in more tumor accumulation and longer
tumor retention [16]. Zhou et al. developed a cross-linked
micellar drug delivery system basis on N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymers. The hydrazone linkages
in the side chains of HPMA ensured micelle stability in
the blood and enhanced tumor accumulation [17]. However,
these methods using the metathesis or regeneration of the
unstable bonds cross-linking are complex, it is still necessary
to find a simple cross-linking approach for improving NPs
stability.

POxs have been investigated as biomaterials for decades
resulting from their excellent hemo- and cyto-compatibility
[18]. Hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) and
poly(2-ethyl-2-oxazoline) (PEtOx) are of particular interest
since they present stealth [19,20] and protein repellent effects
[21]. They also have the same rapid renal clearance as the
poly(ethylene glycol) (PEG) [22], and are regarded as promising
alternatives for replacement of PEG for protecting NPs from
protein adsorption and blood clearance [23]. As a result,
POx has been widely reported as a drug delivery platform.
Han et al. have reported that amphiphilic POx NPs could
act as a promising delivery platform with high drug loading
capability for multidrug cancer chemotherapy [24]. Kabanov
et al. demonstrated that POx NPs exhibited a relatively
high drug loading capacity for drugs such as paclitaxel,
docetaxel and etoposide due to the short amphiphilic side
chain with a flexible polar hydrophobic micelle core [25].
However, the short side chain in hydrophobic segments also
lead to some negative results on POx NPs. For example, POx
NPs cannot provide a stable hydrophobic core resulting in
the failure of encapsulation for some hydrophobic drugs
such as imiquimod, wortmannin and SN-38 [26]. Besides,
unstable hydrophobic core cannot prolong the circulation
time of drug-loaded NPs in vivo. He et al. reported that the
pharmacokinetic half-life of PTX-loaded poly(2-methyl-
2-oxazoline-block-2-butyl-2-oxazoline-block-2-methyl-2-
oxazoline) (P(MeOx-b-BuOx-b-MeOx)) NPs in tumor-free
nude mice is only 2.8h, which showed little improvement
of Taxol (2.6h) [27]. The reason for the phenomenon may
be the hydrophobic segment of P(MeOx-b-BuOx-b-MeOx) is
composed of hydrophobic poly(2-butyl-2-oxazoline) which
may not provide a sufficiently hydrophobic and stable micellar
core. Therefore, rational design of core cross-linked POx may
be conducive to improving the blood circulation stability,
prolonging the blood circulation time, and enhancing the
tumor accumulation.

Herein, we prepared a novel core cross-linked amphiphilic
POx complex for PTX loading (Scheme 1). Nucleobase pairs
of adenine (A) and uracil (U) were chosen as the nucleobase
interactions cross-linking sites in the hydrophobic core as
they can easily form complementary multiple hydrogen
bond interactions in an aqueous solution. The nucleobase
cross-linked cores of POx NPs have numerous advantages,
such as increased stability, reduced particle size, prolonged
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Scheme 1 - Diagrammatic illustration of preparation of the nucleobase-crosslinked PTX-loaded NPs and the NPs enter

tumor tissue to kill tumor cells.

blood circulation time, and promoted tumor accumulation
as well. More importantly, due to the smaller size of
core cross-linked NPs, the tumor tissue permeability of
NPs was much better than that of non-cross linked POx
NPs, which resulted in stronger tumor suppression ability
in two murine breast cancer models. Given that PTX is
widely used in the clinical treatment of breast cancer,
this PTX-loaded core cross-linked POx NPs holds great
clinical translation value and may benefit a broad range of
patients.

2. Materials and methods
2.1. Materials

Ethyl acrylate, bromoacetic acid, adenine, uracil, N,N’-
diisopropylcarbodiimide (DIC), and 4-dimethylaminopyridine
(DMAP) were purchased from Energy Chemical Co,,
LTD. (Beijing, China). 3-(4,5-Dimethyl-thiazol-2-yl)—2,5-
diphenyl tetrazolium bromide (MTT), and 4/,6-diamidino-2-
phenylindole dihydrochloride (DAPI) were purchased from
Sigma-Aldrich Co. LTD (Shanghai, China). 1,1-Dioctadecyl-L
-3,3,3,3-tetramethylindodicarbocyanine perchlorate (DiD),
Nile Red and PTX were purchased from Beijing J&K Co., LTD.
(Beijing, China). Other organic solvents and chemical reagents
were purchased from Sinopharm Chemical Reagent Co.,
LTD.

2.2. Characterization
Bruker AV-300 NMR spectrometer was applied for
characterizing 'H NMR spectra. Gel permeation
chromatography (GPC) measurements were conducted
on a Waters GPC system. The eluant was DMF (containing
0.01M LiBr) with a flow rate of 1.0ml/min and monodisperse
polystyrene as standard samples. The amount of PTX of
drug release experiment and biodistribution experiment
were measured by high performance liquid chromatography
(HPLC) which was conducted via a PerkinElmer Flexar system.
Dynamic light scattering (DLS) which was performed on
Malvern Zetasizer instrument (Nano-ZS90) was used to
characterize the self-assemble and the sizes of NPs. A JEOL
JEM-1011 transmission electron microscopy (TEM, Tokyo,
Japan) was used to obtain the morphology images of the
self-assemble NPs. Optical microscope (Nikon Eclipse Ti,
Optical Apparatus Co., Ardmore, PA, USA) was used to observe
histological alterations. The immunofluorescence slides were
imaged on a Carl Zeiss LSM 700 confocal laser scanning
microscope (CLSM).

2.3.  Synthesis of 3-(9-adeninyl)-propionic acid (A-COOH)

As shown in Scheme S1, the preparation of A-COOH was
based on the previous literature [28]. Firstly, adenine (8.0g,
59.2 mmol) in 100 ml ethanol was added with sodium (96.0 mg,
2.6 mmol) under stirring at room temperature (RT). Once the
sodium disappeared, ethyl acrylate was added into solution
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and followed by heating reflux for 6h. After the mixture
was cooled down to RT, the ethanol was removed by rotary
evaporation. Then purify the residue adopting cold ethanol
and dry them in vacuum for obtaining 3-(6-aminopurine-
9-yl)-propionic acid ethyl ester (A-COOEt 12.1g, 86.1%).
(Fig. S1)

A-COOEt (4g, 17mmol) was dissolved in HCl solution
and refluxed for 3h. After adding NaOH, the pH value of
the solution was adjusted to 3. the residue was washed
by cold water to obtain the final A-COOH (3.2g, 91.0%).
(Fig. S2)

2.4.  Synthesis of 1-(carboxymethyl) uracil (U-COOH)

As shown in Scheme S1, U-COOH was prepared based on
the previous literature [29]. Firstly, uracil (10.0 g, 89.2 mmol)
and KOH (22.0g, 392.8mmol) were dissolved in 100ml
water. Then bromoacetic acid (22.0g, 159.4 mmol) was added
and stirred at 100 °C for 1 hour. After the mixture was
cooled to RT, the pH value was adjusted to 2 or 3 by
adding HCI solution. The precipitate was washed by water,
ethanol, and ethyl acetate to obtain U-COOH (12.4 g, 81.6%).
(Fig. S3)

2.5.  Synthesis of adeninyl-grafted PMBEOx (POxA) and
uracil-grafted PMBEOXx (POxU)

The amphiphilic block copolymer cysteamine-grafted PMeOx-
b-P(nBuOx-co-ButenOx (PMBEOx-NH,;) was prepared for
further conjugating adenine according to our previous report
[30]. The modification procedure of POxA was as follows.
A-COOH (0.4g, 2.0mmol), DMAP (0.1g, 0.75mmol), and
PMBEOx-NH, (0.7 g, 1.2mmol amino groups) were dissolved
in dry DMF (20ml). Then DIC (0.8g, 4.0mmol) was added
after the mixture was cooled to 0°C. The solution was stirred
at RT for 48h. After that POxA was purified in a dialysis
bag (MWCO=3500Da) against DMSO for 24h and dialysis
against distilled water for 48h. POxA was finally obtained
by lyophilization. Yield: 85.1%. The preparation of POxU was
similar to that of POxA expect the use of U-COOH instead of
A-COOH. Yield: 87.2%.

2.6. Preparation of PTX-loaded NPs

All the PTX-loaded POx NPs were prepared through thin-
film method according to the literature [30]. As for PTX-
loaded nucleobase cross-linked NPs (PTX/POXA@U NPs),
predetermined amounts of PTX, POxXA and POxU (mass ratio
1/4.6/4.4 to 5/2.6/2.4) were dissolved in ethanol at RT. Then
ethanol was removed to obtain the dried film. Then DI water
was added to dissolve the dried film and the blend was heated
at 50°C for 5min. Insolubilized PTX was separated through
filtration (0.22 um pore size). PTX/POXA@U NPs were finally
obtained after lyophilization. PTX/PMBEOx NPs were prepared
by a similar method described above.

2.7.  HPLC analysis of drugs in POx NPs

PTX loaded in POx NPs were quantified through HPLC. The
mobile phase was a mixture of acetonitrile (ACN) and water in

a ratio of 8:2 (v/v). The column temperature was set at 30°C,
and the flow rate was 1.0 ml/min. The detection wavelength
was set at 227 nm. The sample was dissolved in the mobile
phase to disintegrate the micelles and injected 20 pl into
the HPLC system. The drug loading capability (DLC) and drug
loading efficiency (DLE) were computed by equations below:

M
DLC (%) = drug % 100%

B Mdrug + Mexcipient
DLE (%) = Marug/Marug added 100%

Where, Mg and Meyipien: Were the weight of the drug and
polymer separately; Mgngaddea Was the weight of the drug
added in the preparation of the NPs formulation.

2.8.  Solution behavior of PTX-loaded NPs

The hydrodynamic diameter and poly dispersity index
(PDI) of the NPs prepared above were determined through
dynamic light scattering (DLS). Briefly, all the specimens were
dissolved adopting DI H,O for yielding 1 mg/ml ultimate NPs
concentration before testing. The intensity means z-averaged
particle size (effective diameter) was measured by cumulate
analyses. Results were the average of three independent
determinations. The TEM image was used to confirm the
morphology of POx NPs according to the literature report [31].

2.9.  Kinetic stability of POx NPs

Nile Red was used as a probe for testing the stability of
POx NPs as described in the literature [32]. Nile Red (0.5mg),
equimolar POxA (5.1mg) and POxU (4.9mg), or 10.0mg
PMBEOx were dissolved in ethanol (50ml) at RT and mixed
them well. The ethanol was removed to obtain the dry film.
Then DI water (10ml) was dropwise added for dissolving
the dried film. The blend was heated for 5 min at 50°C.
Insolubilized Nile Red was separated through filtration.

The stabilities of Nile Red/PMBEOx and Nile Red/POxA@U
NPs were studied by monitoring the fluorescence emission
intensity every 12h in 0.01mol/l phosphate buffered saline
(PBS) at 25 °C. The detection of fluorescence emission intensity
was to measure the emission intensities from 570 to 720 nm
at 543 nm excitation wavelength.

2.10. In vitro drug release

The PTX release from POx NPs was investigated with the
membrane dialysis approach against PBS of pH 7.4 and 5.5
containing 1 wt% Tween-80 at 37°C. 10mg PTX/PMBEOx or
PTX/POXA@U NPs were dissolved in 5ml PBS in a dialysis bag
(MW 100 k Da). Then the dialysis bag was submerged in 45 ml
PBS under shaking (100 rpm) at 37 °C. 4.0 ml the solution was
taken out and 4.0 ml fresh PBS was added at each scheduled
time point. The released PTX after 144h was measured by
HPLC.

2.11. Cell lines and cell culture

The murine breast cancer E0771 and 4T1 cell lines were
employed for the in vitro and in vivo experiments. E0771
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and 4T1 cells were cultured with Roswell Park Memorial
Institute (RPMI) 1640 containing 50U/ml streptomycin,
50 U/ml penicillin, and 10% fetal bovine serum, and incubate
at 37°C in an atmosphere of 5% CO,,

2.12. In vitro cytotoxicity assay

In vitro cytotoxicity of free PTX and PTX-loaded POx NPs was
investigated adopting MTT assay. 4T1 or E0771 cells were
seeded in 96-well plates with 8000 cells per well and incubated
for 12h before treatments. Then the culture medium was
moved out and replenished by a fresh medium containing
PTX (0.01-100 pmol/l). After further incubation for another 24
or 48h, 20 pl MTT reagents were added into the plates for
4h incubation. Then, the MTT solution was moved out and
supplemented by 150 pl DMSO. The absorbances of all the
wells were texted at 490 nm employing a microplate reader.
The cell viability (%) was the specific value of the absorbance
values of specimen wells and those of control wells.

2.13. Animal declaration

All animal procedures were performed following the
guidelines of the Institutional Animal Care and Use
Committee of Jilin University. Female Sprague Dawley (SD) rats
(body weight 220 g) were purchased from Beijing Huafukang
Biological Technology Co. Ltd. (Beijing, China). Female BALB/c
and C57BL/6 mice (6-8 week old) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). For 4T1 and E0771 tumor prevention model, 2 x 108
tumor cells were injected into the fourth left flank mammary
fat pad of BALB/c or C57BL/6 mice.

2.14. Pharmacokinetics study

SD rats were randomly divided into three groups (n=3), which
were intravenously injected free PTX (15 mg PTX/kg, dissolved
by a blend of PBS, dehydrated ethanol, and Cremophor
EL® =8:1:1), PTX/PMBEOX (15 mg PTX/kg, dissolved in PBS) or
PTX/POxA@U (15mg PTX/kg, dissolved in PBS), respectively.
At defined time points (0.5, 1, 2, 4, 8, 12 and 24h), blood
specimens (250 pl) were sampled from the orbital cavity.
After the specimens were heparinized and centrifuged, 750 pl
acetonitrile (ACN) was mixed with plasma and the samples
were vortexed for 2min followed by centrifugation. The
supernatant was used to detect PTX concentration by HPLC.
The half-life (Ty;) of the PTX and area under the PTX
concentration-time curve in plasma (AUCy.;) were computed
by adopting PKSolver [33].

2.15. Biodistribution study

BALB/c mice (average body weight 17 g, 6 weeks old) were
inoculated in the fourth left flank mammary fat pad with
4T1 breast carcinoma cells (2 x 108). Once the tumor volume
was nearly 200 mm?3, mice received free PTX, PTX/PMBEOX,
or PTX/POxXA@U NPs with the same PTX dose (10mg/kg),
respectively (n=3). Mice were sacrificed for excising tumor
tissues and main organs (kidney, spleen, liver, lung, and
heart) at desired time points (4h and 24h). The tissues were

weighed and ground into pieces and then mixed with ACN
and vortexed for 30s. The supernatant was detected through
HPLC.

2.16. Tumor penetration study

DiD-loaded POx NPs were prepared for tumor penetration
study. DiD (1.0mg), equimolar POxXA (9.7 mg), and POxU
(9.3mg) were mixed well in ethanol at RT. The ethanol
was removed to for obtaining the dry film. The dried film
was dissolved in DI water (10ml) and heated for 5min at
50°C. Insolubilized DiD was separated through filtration.
The penetration of DiD/PMBEOx and DiD/POxXA@U NPs
was studied in 4T1 tumor model. Once tumor volume
reached 200 mm?3, DiD/PMBEOx and DiD/POxXA@U NPs were
intravenously injected into the tumor-bearing mice (DiD
dose: 2mg/kg), respectively (n=3). Mice were sacrificed
24h after i.v. injection to excise tumor tissues and conduct
them on paraffin embedded tumor slices after dehydration.
Immunofluorescence analysis was performed applying
antibodies against CD31 (stained for blood vessels) and DAPI
(stained for nuclei) according to the literature report [34] and
imaged with CLSM.

2.17. In vivo antitumor efficiency

4T1 or E0771 breast carcinoma cells (2 x 10°) were injected
into the fourth left flank mammary fat pad of female mice of
6-8 weeks old. Once the tumor volume was nearly 70mm?3,
mice were randomly divided into 5 groups to receive the
treatment of PBS, PTX (10 mg/kg, dissolved by the blend of
PBS, dehydrated ethanol, and Cremophor EL®=8:1:1, i.v),
PTX/PMBEOx (10 mg PTX /kg, i.v) or PTX/POXA@U (10mg PTX
/kg, 1.v). The mice received treatments every other day and
received four times of treatments in total. Body weights
and tumor volumes (V) were registered every other day.
Tumor volumes were measured by calipers and calculated as
following:

V:axbz/Z

Where, “a” was the main axis; “b” was the minor tumor axis.
The tumor suppression rate (TSR) was computed as below:

TSR(%) = (Vc - V) Ve

Where, “Vc¢” was the average V of the PBS group; “Vx” was the
average V of the treatment group.

Mice were sacrificed and identified as terminal points if the
V was above 2000 mm?

2.18.  Statistical analysis

Each experiment was performed at least 3 times or had 3 or
more replicate samples and expressed as average + standard
deviation (SD). To compare between two groups, student’s
t-detection was employed. To compare between multiple
groups, one-way ANOVA was adopted.
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L. o The complementary multiple hydrogen bond interactions
3.1.  Characterization of amphiphilic nucleobases grafted

POx and the interaction of complementary multiple hydrogen
bonds between A and U

POxA and POxU were synthesized by grafting carboxyl-
terminated nucleobases (A-COOH and U-COOH) onto
amphiphilic POx. For this purpose, block copolymer bearing
amino groups (PMBEOx-NH;) and A-COOH and U-COOH were
prepared (Fig. 1, Scheme S1 and Fig. S1-S3). PMBEOx was
firstly synthesized as the starting polymer by living cationic
ring-opening polymerization [35], and further reacted with
cysteamine to obtain PMBEOx-NH, via radical thiol-ene
addition reaction with the presence of photoinitiator 12959
under UV light (365nm) at RT. The nucleobase-modified
POxA and POxU through condensation reaction between
the amino groups on PMBEOx-NH, and the carboxyl
groups on nucleobases (A-COOH, U-COOH). As shown in
Fig. 2A, the complete disappearance of the signals of the
protons associated with the double bond of PMBEOx (j,
§=4.78-4.85ppm; k, §=5.75ppm), and the appearance of
characteristic proton signals corresponding to cysteamine
(m, §=3.21ppm; 1, §=2.89ppm) proved the successful
synthesis of PMBEOx-NH,. After nucleobase modification,
the characteristic peaks of adenine derivatives appeared at
4.34 (0), 7.28 (p) and 7.93-8.26 (q, 1, s) ppm, while those of
uracil derivatives appeared at 5.53 (u), 7.52 (v), 8.30 (w) and
11.23 (x) ppm in 'H NMR spectrum. Through comparison
of the characteristic feature peaks intensities of PMBEOx
at 3.10 ppm (h) with that of A-COOH at 7.28 ppm (p) or that
of U-COOH at 5.53ppm (u), we find out that every amine
groups on PMBEOx-NH, were modified with corresponding
nucleobases.

As shown in Fig. 2B, after grafting nucleobases, the
GPC traces of POxA and POxU were exhibited a clear
shift to the higher molecule weight region with short
retention time, in comparison with that of PMBEOx. The
number-average molecular weight (Mn) of POxA was 18.2
k Da with a poly dispersion index (PDI) of 1.46, and
the Mn of POxU was slightly lower than that of POxA,
15.4 k Da with PDI of 1.36. A combination of 'H NMR
and GPC verified that the modification reaction proceeded

between POxA and POxU were investigated in a blend of
DMSO_g46 and CDCl; (1:1, v/v) at 25 °C. The chemical shift of the
N-H resonance in U moved downfield due to the associated A
and U [36]. As shown in Fig. 2C, the amide protons in POxU
switched from 10.84 ppm to 11.27 ppm in the prescience of
POxA, and the peak shape was also changed from sharp peak
to gradual peaks. The changes of chemical shift with the
increase of temperature could be attributed to the dissociation
of the complementary hydrogen bonds [37]. In our research,
the formation of complementary multiple hydrogen bonds
between POxA and POxU was also demonstrated by variable-
temperature 'H NMR spectroscopy of blending two polymers
with an equivalent molar ration in DMSO_4/CDCl3 (1:1, v/v)
solution (Fig. S4). The chemical shift of the N-H in POxU
shifted from 11.27 to 10.96 ppm, as the temperature was raised
from 25 to 45 °C. Similarly, the resonance of NH, shifted from
7.59 to 7.45 ppm. All the results demonstrated the formulation
of a complementary base hydrogen bond between POxA and
POxU.

3.2.  Preparation and characterization of PTX-loaded POx

The complete formulation of hydrogen bonding interactions
between A and U was conducive to enhancing the stability of
the POx NPs constructed by POxA and POxU (POxA@U). Thus,
the molar ratio of POxA to POxU was fixed at 1:1 for assembly.
[28] To evaluate the PTX loading capability of POxA@U
and the PMBEO%, various mass ratios of PTX and POxA@U
or PMBEOx were investigated by DLC and DLE (Table 1).
As shown in Fig. 3A, the maximum DLC of PTX/PMBEOx was
about 17.7 wt%. Moreover, with the increase of PTX mass
ratio, the DLE of PTX/PMBEOx decreased and the DLC of
PTX/PMBEOx was almost constant, which was consist with
our previous study [30]. In contrast, the maximum DLC of
PTX/POXA@U was elevated to 38.3 wt% as the mass ratio of
PTX to POXA@U increased to 4:6. The DLC of core cross-linked
NPs for PTX was much higher than that of several potentially
safer formulations, such as Abraxane (less than 10 wt%)
[38], Genexol-PM (17 wt%) [39] and NK105 (23 wt%) [40]. The
improvement of DLC caused by the core cross-linked structure
was similar to previous reports. Thomas et al. developed
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a novel core cross-linked amphiphilic copolymer based on
poly(e-caprolactone) (PCL) and monomethoxyl poly(ethylene
glycol) (mPEG) for PTX encapsulating and the paclitaxel-
loading efficiency of micelles was enhanced significantly upon
micelle core cross-linking [41]. In our research, the DLC of both
PTX/POxA and PTX/POxU NPs were less than 5 wt%, which
demonstrated that the modification of adenine groups and
uracil groups greatly reduced the encapsulation ability of PTX
without core cross-linking structure. It was worth to point
out that neither POXA@A nor POxU@U alone could be used
as stable and efficient nanocarriers for encapsulating PTX.
Therefore, the ultrahigh DLC was achieved from the formation

of the complementary hydrogen bond interactions between
POxA and POxU.

In order to reach the maximum DLC, the mass ratio of
PTX to POXA@U and PTX to PMBEOx were fixed to 4:6 and
2:8 for further studies. In addition, due to the hydrogen bond
interactions of the complementary nucleobases, the size of
PTX/POXA@U was much smaller than PTX/PMBEOx, which
was more suitable for tumor accumulation and penetration
(Fig. 3B and Table 1) [42]. Both PTX/POxXA@U and PTX/PMBEOx
performed regular sphere morphology. (Fig. 3C)

We further evaluated the stability of POx NPs with a
hydrophobic dye Nile Red in PBS (0.01 M, pH 7.4) at 25 °C as the
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Table 1 - Characteristics of PTX-loaded NPs.

Mass ratio (w/w) DLC (%) DLE (%) Size (nm) PDI
PTX/PMBEOx
1/9 9.8 98.2 101.1 0.242
2/8 17.7 88.6 1154 0.233
3/7 17.3 57.6 116.1 0.239
4/6 16.9 42.3 115.9 0.231
5/5 17.1 34.4 115.2 0.224
PTX/POxXA@U
1/9 9.9 99.4 34.5 0.187
2/8 19.6 97.8 35.8 0.167
3/7 28.9 96.4 38.1 0.188
4/6 38.3 95.6 39.7 0.175
5/5 36.2 72.5 40.1 0.205
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37°CinpH7.40r5.5 (n=3).

literature reported [32]. As shown in Fig. 3D and S5, almost no
Nile Red was released from Nile Red/POxA@U in physiological
conditions within 240h post testing period. In contrast, Nile
Red gradually leaked from Nile Red/PMBEOX, and less than
30% of total amount of Nile Red was left after 240h. These
results proved that the core cross-linked POx was much more
stable than PMBEOx. The in vitro drug release profiles of
PTX/POxA@U and PTX/PMBEOx were further investigated. As
illustrated in Fig. 3E, the PTX release from the PTX/POXA@U

was slightly slower than that from PTX/PMBEOx at pH 7.4,
which may be attributed to the hydrogen bonds cross-linking
induced by complementary nucleobases. The amount of PTX
released PTX/PMBEOx and PTX/POxXA@U was about 83% and
69% at the end 144h, respectively. The hydrophilicity of the
nucleobases was improved resulting from the tertiary amine
protonation under an acidic condition, the hydrogen bonds
between A and U tended to dissociate [43], causing the fast
release of PTX from PTX/POxA@U under pH 5.5 PBS condition.
This phenomenon could be beneficial for realizing the drug
quick release rate, since the PTX/POxA@U was endocytosed
into the acidic endosome of tumor cells [44]. While, the release
rate of uncross-linked PTX/PMBEOx did not show any obvious
changes in pH 5.5 PBS.

3.3.  Invitro cytotoxicity of PTX-loaded POx NPs

The biocompatibility of PMBEOx, POxA, or POxU was firstly
evaluated on 4T1 and E0771 tumor cell lines via MTT assays.
After incubated for 24 h, no significant cytotoxicity was on 4T1
and EO0771cells up to 5mg/ml (Fig. S6A-S6B), indicating POx
and modified POx all owned good biocompatibility.

The cytotoxicities of PTX-loaded POx NPs were also
evaluated against 4T1 and E0771 tumor cells via MTT assay.
As exhibited in Fig. 4A-4B, the IC50 value of free PTX to E0771
cells was 3.9mmol/ml at 24 h, while for PTX-loaded NPs of
PTX/PMBEOx and PTX/POXA@U were 12.8 and 8.6 mmol/ml,
respectively. While, with the incubation time increasing to
48h, cytotoxicities of PTX/PMBEOx and PTX/POXA@U were
enhanced which almost matched with that of free PTX. As
for 4T1 cells (Fig. 4C-4D), the IC50 value of free PTX was
1.9mmol/ml at 24 h, while the IC50 values of PTX/PMBEOx
and PTX/POXA@U were 7.6 and 11.9mmol/ml. When the
incubation time came to 48h, IC50 values of free PTX,
PTX/PMBEOx and PTX/POxA@U to 4T1 cells were 0.6, 1.3 and
1.9mmol/ml, respectively. Alhough both PTX/PMBEOx and
PTX/POxA@U exhibited slightly lower toxicity than free PTX
in 4T1 and E0771 cells, they both showed similar cytotoxicity
as free PTX.

3.4. Pharmacokinetics, biodistribution and tumor
penetration

We investigated the property of the PTX-loaded POx NPs
with or without cross-linked core in blood, organs, and
tumors. The pharmacokinetics of free PTX, PTX/PMBEOx, and
PTX/POxXA@U were studied in SD rats. As illustrated in Fig. 5A,
as the cross-linked core in PTX/POXA@U made the NPs more
stable in vivo, and the circulating half-life of PTX/POXA@U was
obvious longer in comparison to free PTX and PTX/PMBEOX,
nearly 4.5 folds longer than that of free PTX and nearly 2 folds
longer than that of PTX/PMBEOX. Free PTX was fast eliminated
from blood circulation and could not be detected 12h after
injection. As Table 2 presented, the AUC.; of the PTX/POXA@U
was 125.63 £13.60 ng/ml-h which was nearly 1.5 folds higher
than that of PTX/PMBEOx (83.52+12.09ug/ml-h) and 9.23
folds higher than that of the free PTX (13.36 & 3.47 pg/ml-h),
respectively. These results demonstrated enhanced stability
induced by nucleobases complementary interactions could
improve the blood circulation time of POx NPs.
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Table 2 - Pharmacokinetic parameters for free PTX,

PTX/PMBEOx and PTX/POxXA@U in SD rats.

Ty * (h) AUCo. ° (pg/ml-h)
PTX 1.09+0.68 13.36 +3.47
PTX/PMBEOx 2.68+1.29 83.52+12.09
PTX/POxA@U 498+1.13 125.63+13.60

@ Tyt half-life of the PTX.
b AUGy : area under the PTX concentration-time curve in plasma.

The biodistribution of free PTX, PTX/PMBEOx, and
PTX/POXA@U was studied on 4T1 tumor-bearing mice.
As Fig. 5B exhibited that after one intravenous injection,

free PTX quickly diffused and cleared out from all organs.
In contrast, PTX loaded in cross-linked NPs presented good
distribution in tumor tissue and the tumoral concentration of
PTX in PTX/POxXA@U treated group was as 8.9 times as that of
free PTX treated groups at 24 h, which could result from longer
blood circulation time of PTX/POXA@U. Besides, because the
size of PTX/POXA@U was smaller than PTX/PMBEOX, the lower
liver accumulation of PTX/POxXA@U could also be observed in
Fig. 5B.

Next, we used the fluorescent molecule DiD as a
fluorescentindicator to compare the tumor penetration of POx
NPs. As shown in Fig. 5C, the strongest red fluorescence from
DiD was observed in tumor slides obtained from DiD/POXA@U
treated mice in comparison to that of DiD/PMBEOx treated
mice, which also demonstrated POXA@U owned much
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stronger tumor accumulation ability compared with
DiD/PMBEOx. More importantly, DiD/POXA@U was observed
not only around the blood vessels (green fluorescence), but
distributed throughout the tumor tissues. However, the DiD
fluorescence of DiD/PMBEOx was almost confined near the
blood vessels, which could be attributed to that DiD/PMBEOx
with a smaller size was much easier to penetrate deeply
into tumor tissue [45]. The quantitative analysis of DiD
positive areas in the immunofluorescence images is further
confirmed that DiD/POXA@U could penetrate much deeper
than DiD/PMBEOx (Fig. 5D).

3.5.  Invivo antitumor efficacy

The in vivo anti-tumor efficacy of PTX-loaded NPs were
tested on murine breast cancer E0771 model established on
C57BL/6 mice. When the tumors were approximately 70 mm?,
mice received the treatments of PBS, free PTX, PMBEOX,
POxA@U, PTX/PMBEOX, or PTX/POXA@U every other day for
four times on Day 0, 2, 4 and 6. Each injected PTX dose was
10mg/kg on PTX basis (Fig. 6A). The size of tumors in the
PBS, PMBEOX, and POXA@U treated group grew rapidly and
was approximately 2000 mm? on Day 14. Free PTX treatment
also didn’t exhibit too much ability for tumor inhibitions
at the end of the experiment (Day 14, TSR% =33.2%). The
treatment of PTX/PMBEOx presented moderate therapeutic

effect (TSR% = 50.0%). In contrast, the PTX/POXA@U treatment
showed the strongest tumor inhibition effect (TSR% = 84.6%)
(Fig. 6B, 6D and 6E). Body weight changes of treated mice
were monitored throughout the experiment and employed
as an indication of antitumor treatment adverse effects.
As described in Fig. 6C, no obvious body weight alteration
throughout the experiment. The main organs were also
stained with hematoxylin and eosin (H&E) for evaluating
the safety of the therapeutic treatments. The main organs
of experimental groups exhibited typical histomorphology
and no significant pathological abnormality was observed,
implying no systemic toxicity during the experimental
treatment (Fig. S7). The results imply a promoted therapeutic
effect for cross-linked NPs in comparison to free PTX
in mice. This possibly results from the stable cross-
linked core provided a longer blood circulation and more
accumulation of PTX in tumor tissues through the EPR
effect.

Although PTX/POxA@U NPs showed the most effective
antitumor activity in an E0771 tumor-bearing mouse model.
We further evaluated the tumor inhibition effect in another
murine breast cancer 4T1 model. Similar to the treatment
schedule in E0771 model, the 4T1 tumor-bearing mice were
intravenously injected 4 times with PBS, free PTX, POXA@U,
PTX/PMBEOX, or PTX/POXA@U on Day 0, 2, 4 and 6 (Fig. 7A).
As shown in Fig. 7B, 7D and 7E, the PTX-loaded NPs displayed
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obvious tumor inhibition in vivo compared to the PBS and
POxA@U group. Similar to the previous result, compared with
free PTX (TSR%=37.5%) and PTX/PMBEOx (TSR%=54.2%),
the PTX/POxA@U showed the best tumor inhibition effect
(TSR%=70.8%) in the whole treatment in comparison with
other groups. Besides, there was no obvious body weight loss
(Fig. 7C) and pathological abnormality (Fig. S8) during the
treatments. Therefore, the PTX/POXA@U NPs showed great
potential in murine breast cancer chemotherapy and other
solid tumors.

4, Conclusion

In this study, we prepared a complementary nucleobase
core-crosslinked POx NPs for PTX delivery in the treatment
of two kinds of breast cancer. The hydrogen bonds between
nucleobases A and U in the NPs significantly enhanced the
stability of NPs and DLC of PTX (38.3 wt%). These core-
crosslinked NPs with smaller sizes showed a promoted
accumulation of PTX inside the tumor tissues (8.9 times
over free PTX after 24h). In vivo anti-tumor investigations
presented that the PTX-loaded core-crosslinked NPs
markedly inhibited murine E0771 and 4T1 tumor growth
in comparison with free PTX or uncross-linked POx NPs.
Moreover, this investigation presented an innovative strategy
for fabricating core-crosslinked drug delivery systems
that might help treat more kinds of diseases beyond
breast cancer and hence would be an attractive platform
technique.
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