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Abstract

Biodegradable polymeric nanomaterials can be directly broken down by intracellular processes,
offering a desirable way to solve toxicity issues for cancer diagnosis and treatment. Among them,
aliphatic polycarbonates are approved for application in biological fields by the United States Food
and Drug Administration (FDA), however, high hydrophobicity, deficient functionality and
improper degradation offer significant room for improvement in these materials. Methods: To
achieve progress in this direction, herein, we demonstrate that CO,-based amphiphilic
polycarbonates (APC) with improved hydrophilicity and processability can be used as a reliable and
efficient platform for tumor imaging. To better investigate their potential, we devised a convenient
strategy through conjugation of APC with gadolinium (Gd). Results: The resulting polymeric
micelles (APC-DTPA/Gd) exhibit excellent magnetic resonance imaging performance,
simultaneously enabling real-time visualization of bioaccumulation and decomposition of polymeric
micelles in vivo. Importantly, these micelles can be degraded to renally cleared products within a
reasonable timescale without evidence of toxicity. Conclusion: Our findings may help the
development of CO,-based amphiphilic polycarbonate for cancer diagnosis and treatment,
accompanied by their low-toxicity degradation pathway.
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Introduction

Nanomaterials circulating in the body have great
promise for cancer diagnosis and treatment [1, 2].
However, to realize clinical translation, the fullest
consideration must be given to their long-term
toxicity [3-5]. An important strategy to minimize
toxicity is to construct nanomaterials with harmless
clearance characteristics within a reasonable amount
of time [6-8]. For example, small-sized nanodots
(hydrodynamic size <5.5 nm) that show efficient renal
clearance could mitigate their toxic effect [9-11].
Unfortunately, rapid renal clearance decreases the
time available to the nanomaterials to perform their
diagnostic and/or therapeutic function. Moreover,

optimized formulations can also leave residual
by-products in mononuclear phagocytic system
(MPS), especially heavy metals and toxic constituents
[12]. To address these issues, efforts have been made
to develop biodegradable polymer nanomaterials,
which can be broken down by intracellular processes
and rapidly eliminated from the body [13-17]. Based
on the source, biodegradable polymers can be
classified as biological or synthetic polymers.
Although  biologically derived biodegradable
polymers such as polysaccharides and proteins have
good bioactivity and accessibility to cell-triggered
proteolytic degradation, most of these polymers face
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practical limitions including a robust immunogenic
response and the complexities related to their
chemical modifications [18]. Thus, synthetic
biodegradable polymers have become magnetic
alternatives for bioapplications. Among them,
aliphatic polycarbonates have received much
attention due to their excellent biocompatibility,
biodegradability, and approval for biomedicine use
by the FDA [19-22]. Notably, polycarbonates suffer
from surface erosion degradation in vivo rather than
bulk degradation in the hydrolysis of aliphatic
polyesters ~ [23].  Importantly,  polycarbonate
degradation does not result in the formation of acids,
which may be observed during polyester degradation,
hence reducing the hazard of adverse reactions in
bioapplications [24].

However, the commonly used aliphatic
polycarbonates are formed according to the ring
opening polymerisation of six-membered cyclic
monomers, which suffer from high hydrophobicity,
deficient functionality and improper degradation
profile [25, 26]. Such an “inert” nature has largely
hampered their design as imaging platforms. To
overcome these limitations, we set out to employ the
COs-based amphiphilic block polycarbonate (APC) as
a platform for tumor imaging. The premise for our
design is that APC can provide diverse and reactive
groups, offering great opportunities for further
modifications by conjugates with other interesting
biofunctionalities. =~ More importantly, facilely
functionalized APC improves hydrophilicity and
biodegradability, which assures clearance from the
body in a reasonable timescale [27-29]. In addition,
this alternative route from directive copolymerization
of epoxides with CO,, an abundant, nontoxic and
noninflammatory C1 feedstock, eliminates the need of
preparing toxic phosgene-derived monomers [30].
Taken together, COs-based polycarbonate is
biologically and environmentally a more benign
choice as a reliable platform for in wvivo disease
diagnosis. To better understand its potential, we
explored the capacity of this platform for tumor
imaging. A strategy was devised through conjugation
of APC with gadolinium (Gd3*). The resulting
polymeric micelles (APC-DTPA/Gd) exhibited
excellent magnetic resonance imaging performance,
simultaneously enabling real-time visualization of
bioaccumulation and decomposition of polymeric
micelles in vivo. Importantly, these micelles can be
degraded into renally cleared products within a
reasonable timescale without evidence of toxicity.
These results highlight a direction in the design of
COz-based amphiphilic block polycarbonate with a
low-toxicity =~ degradation pathway for cancer
diagnosis and treatment.

Materials and Methods

Materials

Reactions sensitive to oxygen or moisture were
performed in a glovebox under Ar. Propylene oxide
(99%, J&K) and 4-vinyl-cyclohexene-1, 2-epoxide
(98%, TCI) were distilled over CaH, prior to use.
Dimethoxy-2-phenylacetophenone (DMPA),
L-cysteine, ditert-butyl dicarbonate, diethylenetriami-
nepentaacetic dianhydride (DTPA-BA) and GdCls
were purchased from TCI. Dichloromethane and
toluene were distilled wusing CaH> and Na,
respectively. Carbon dioxide (>99.9%) was used as
received. Thiazolyl tetrazolium and sodium citrate
tribasic ~ dehydrate = were  purchased from
Sigma-Aldrich. High-glucose DMEM medium and
RPMI 1640 medium were purchased from Thermo
Fisher Scientific. Fetal bovine serum was obtained
from Gibco. Other reagents were used as received
without any treatment. Ultrapure water (18.2 MU)
used throughout this work was prepared by Milli-Q
Academic (Millipore).

Synthesis of DTPA-labeled APC (APC-DTPA)

6 mmol of DTPA-BA in 30 mL of DMSO was
added to an equimolar amount of APC (cysteine
amount; the synthesis of APC is described in the
supplementary experimental section), and the
mixture was regulated to pH 7 by adding TEA. The
temperature was increased to 70 °C and maintained
for 3 h under N> protection. Then the product was
precipitated in acetone, and the precipitate was
dissolved in 20 mL of deionized water. After dialysis
for 3 days, the APC-DTPA was lyophilized for further
use.

Synthesis of APC-DTPA/Gd

To the APC-DTPA aqueous solution was added
an equimolar amount of an aqueous solution of GdCl3
dropwise under stirring for 1 h. The pH value of the
reaction system was controlled to ~6.5 by adding
NaOH. The solution was then subjected to dialysis
until no free Gd3* was detected. The samples were
then lyophilized and dispersed in deionized water for
10 min to get assembled micelles.

Measurement of the critical micelle
concentration (CMC) of APC and
APC-DTPA/Gd

The CMC value of APC and APC-DTPA/Gd
was measured using the hydrophobic probe pyrene
by fluorescence spectroscopy with some modification
[31]. 100 pL of pyrene solution at a concentration of 6
PM in acetone was added to the centrifugal tubes, and
evaporated to dryness. Then 1.0 mL aqueous solution
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of APC or APC-DTPA/Gd of different concentrations
was added with vigorous shaking and kept overnight.
Fluorescence emission from 360 nm to 400 nm was
measured with an excitation of 334 nm. Finally, the
intensities of the 373 nm and 392 nm peaks were
calculated and fitted via Boltzamann analytical
method.

In vitro degradation of APC and
APC-DTPA/Gd

The size change of the micelles in response to
acidic conditions (pH=5.0), alkaline conditions
(pH=9.0), or in the presence of esterase (60 U/mL)
was measured by DLS. At different time points, the
hydrolysis product was collected for H NMR.
Moreover, the final product was dialyzed using a
MWCO 1000 Membrane to test ESI-MS.

DTPA/Gd release rate from APC-DTPA/Gd

Dialysis method was applied to characterize
DTPA/Gd release from the APC-DTPA/Gd micelle
under acidic conditions (pH=5.0), alkaline conditions
(pH=9.0), or in the presence of esterase (60 U/mL). 3
mL buffer and 1 mL of APC-DTPA/Gd micelle
solution were put into a dialysis bag (MWCO: 3500) in
a 37 °C water bath. The Gd3 concentration was
measured by ICP-OES via sampling 0.5 mL solution
outside of the dialysis bag at specified times.

Cytotoxicity assessment in vitro

The cytotoxicity of APC and APC-DTPA/Gd
were assessed in Hela and 4T1 cells using MTT assays.
In a typical process, cells plated in 96-well plates were
allowed to grow to >70% confluence. After rinsing
with PBS buffer, cells were cultured in serum-free
medium with different concentrations of APC and
APC-DTPA/Gd for 24 h. Then, serum-free medium
(100 pL) containing thiazolyltetrazolium (0.5 mg/mL)
was added after twice washing with PBS buffer, and
the cells were cultured for another 4 h. After medium
was removed, dimethyl sulfoxide (200 pL) was used
to dissolve the purple crystal converted from
thiazolyltetrazolium by living cells. Finally, the
absorption at 570 nm was measured by a microplate
reader (M200-PRO Tecon).

Long-term toxicity evaluation of APC and
APC-DTPA/Gd

Balb/c mice (~20 g) were intravenously injected
with APC and APC-DTPA/Gd (150 pL, 2 mg/mL).
Mice as a control group were fed with the same
condition but injected with saline. Their body weight
and daily behaviour, including eating, drinking,

sleeping, wurination, climbing and exploratory
behaviour were monitored every 1 week.
For  biochemistry and histopathology

assessment, the mice were sacrificed 30 days after
administration with APC and APC-DTPA/Gd. The
blood was subjected to blood biochemistry analysis.
The major organs were fixed and used for histological
evaluation (H&E staining).

Biodistribution analysis of APC-DTPA/Gd

For biodistribution, 150 pL solution of
APC-DTPA/Gd was injected intravenously into the
mice. After different times, the major organs were
collected for measuring the Gd amount by ICP-OES.
In brief, the organs were lyophilized, weighed and
digested in sequence. By comparing the Gd element
content, the percentage of added dose per gram
(%ID/ g) for each organ was obtained.

Building the xenograft tumor model

The 4T1 (breast cancer) xenograft tumor model:
Balb/c mice (~20 g) were subcutaneously injected
with a cell suspension having 1x10¢ 4T1 cells.

The A2780 (ovarian cancer) xenograft tumor
model: Balb/c nude mice (~20 §g) were
subcutaneously injected with a cell suspension having
1x106 A2780 cells.

Ti-weighted MRI in vitro and in vivo

A series of various concentrations of
APC-DTPA/Gd was measured using a 9.4 T Bruker
avance III 400 MHz NMR spectrometer to get Ti
relaxation times. Phantom MR Images were obtained
using a 3.0 T MRI apparatus (SIEMENS MAGNETOM
Avanto). For in vivo T1-weighted MRI, the mice were
firstly anesthetized by intraperitoneal injection using
10 % w/w of chloral hydrate solution, and then 150
pL of APC-DTPA/Gd aqueous solution was injected
via the tail vein. The mice were scanned pre- and
post-injection at different time points. Parameters: TE
=10 ms, TR = 369 ms, FOV read = 230 mm x 230 mm,
slice thickness = 2 mm. The MR signal was measured
using Image ] software.

Results and Discussion

Systhesis and charaterisation of
APC-DTPA/Gd

The APC-DTPA/Gd micelles were synthesized
as detailed in the supplementary materials (Figure S1)
[30]. Firstly, the triblock copolymer poly (allylgly-
cidylether carbonate)-b-poly(propylene carbonate)-
poly(allylglycidylether carbonate) (PAGEC-b-PPC-b-
PAGEC) was prepared by sequential epoxide addition
copolymerization reaction. Notably, to accurately
calculate the molecular weight (M,) of the resulting
polymers, sebacic acid was chosen as starter under the
catalysis of binary salen Co TFA/PPNTFA catalyst
[32, 33]. The resulting absolute M, was comparable to
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that measured by GPC with a narrow polydispersity
index (PDI) (Table S1), reflecting precise control. The
average degree of polymerization of triblock
copolymer was selected as 40/40 for PAGEC/PPC
according to the integration area of the 'H NMR
spectra (Figure 52-4). Then, triblock copolymer was
connected with cysteine via thiol-ene click chemistry.
From the TH NMR spectra in Figure S5-6, all of the
allyl groups were converted into Boc-protected amino
acid groups. Then, Boc deprotection was conducted,
giving the corresponding tri-block amphiphilic
polycarbonates (APC) (Figure S7). Despite the fact
that salen Co complex is a colored toxic catalyst, the
inductively = coupled  plasma-optical emission
spectrometer (ICP-OES) result and the white polymer
proved non-metal residual (Figure S7). Subsequently,

N S e

GdCl

Figure 1. (A) Schematic illustration of the synthesis of APC-DTPA/Gd. (B) TEM of (left) APC and (right)
APC-DTPA/Gd. (C) Energy-dispersive spectroscopy (EDS) mapping images of APC-DTPA/Gd.

the resulting APCs were labeled with gadolinium to
afford APC-DTPA/Gd after reacting with diethylene-
etriaminopentaacetic acid (DTPA) dianhydride as the
chelating agent (Figure S8).

After purification, the block copolymers carring
DTPA/Gd can self-assemble into polymeric micelles
(Figure 1A). To ensure the stability of the assembled
micelles, the critical micelle concentrations (CMC) of
APC and APC-DTPA/Gd were measured by pyrene
fluorescent probe approach and fitted using
Boltzamann analytical method. As demonstrated in
Figure S9, the CMC of APC and APC-DTPA/Gd were
3256 mg/L and 53.86 mg/L, respectively. The
mechanism of self-assembly was attributed to the
driving force that reduced the interfacial energy by
the balance between the hydrophilic block and the
hydrophobic block [34-36].
According to transmission
electron microscopy (TEM)
and dynamic light scattering
(DLS) results, APC and
APC-DTPA/Gd showed
quite narrowly distributed
spherical morphology (Figure
1B, 510-12). The mean size of
APC NPs was 38 nm, while
that of APC-DTPA/Gd was
enhanced to 71 nm due to the
surface  modification  of
DTPA/Gd. Because of the
shrinkage of the
nanoparticles prepared for
TEM and high hydrophilic
ability of DTPA/Gd, the
hydrodynamic diameter of
APC-DTPA/Gd was
~200-300 nm in water, which
can extravasate into tumor

interstitium via leaky
vasculature [37, 38]. The
elemental mapping of
APC-DTPA/Gd  confirmed

the presence of Gd elements
in the self-assembled
polymeric micelles (Figure
1C). 'H NMR and FTIR were
also carried out to verify the
structure of the product
(Figure S8, 513, respectively).
As revealed by the TH NMR
spectrum of APC-DTPA, the
peaks at 26-3.8 ppm
belonged to the protons of
DTPA [39, 40]. According to

the integration of protons
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from DTPA and APC, about 45.6% of DTPA was
grafted onto the APC side chain. After adding Gd%*,
the band at 1625 cm! ascribed to the C=O stretching
vibration shifted to a lower wavelength, implying the
coordination of Gd3* [41]. The amount of Gd within
the sample was determined to be 37.14 wt% (42.8
mol%) by ICP-OES. To assess the paramagnetic
properties of the Gd-conjugated APC, Ti-weighted
MR images (Figure 2A) were recorded, which
brightened with increasing concentration of Gd. The
relaxivity (r7) was then calculated to be 11.1 mM s,
2.4x higher than that of commercial DTPA-Gd (3.3
mM-s7) at a 9.4 T (400MHz) magnetic field strength
(Figure 2B). Based on the
Solomon-Bloembergen-Morgan theory, the rather
higher r; of APC-DTPA/Gd may be caused by
decreased themolecular tumbling rates and increased
ionic relaxivity rate in the confined space of
nanomaterials [42]. The two key factors, mean
residence lifetime and rotational correlation time, play
a great role in determining optimal relaxivity. This
result (r; = 11.1 mM-1 s1) was lower than the restricted
systems where the Gd was placed at the barycenter of
the carrier [43, 44] or self-assembled by metal
templated approach [45]. However, the increased
relaxivity was comparable to other Gd-polymer
systems with different carrier topologies such as
linear [46, 47], dentrimer [48, 49], star [50] and
hyperbranched [51]. Therefore, this amphiphilic
APC-DTPA/Gd system was advantageous for the
enhancement of r; relaxivity and application in MR
imaging.

The biocompatibility of APC and
APC-DTPA/Gd in vitro and in vivo

To explore the potential application of
COz-based APC in biomedicine, we first investigated
the biocompatibility and biodegradability of APC and
APC-DTPA/Gd. APC and APC-DTPA/Gd micelles
showed relatively low cytotoxicity to the Hela and
4T1 cells even at high concentration after 24 h
treatment (Figure 3A). This is especially beneficial for
the micelles to function as a probe that does not
induce nonspecific cytotoxicity. Furthermore, the in
vivo toxicity of the APC and APC-DTPA/Gd was
tested by histopathologic diagnosis and blood
chemical analyses (Figure 3B-E, Table S2). Body
weight did not show a noticeable drop in the
APC-treated and APC-DTPA/Gd -treated groups
over a 1 month period. Organs of the experimental
mice did not show remarkable lesions or
abnormalities compared with those of the control
group. Hematoxylin and Eeosin (H&E) staining
revealed no significant interference with immune
response or the physiological regulation of haem.

Concentrations of five important hepatic indicators -
albumin (ALB), aspartate transaminase (AST), total
protein (TP), alanine transaminase (ALT), and
alkaline phosphatase (ALP) - fell in a normal range
and suggested negligible liver injury. Our results
collectively evidenced that APC and APC-DTPA/Gd
were not appreciably toxic to mice at our injected dose
(15 mg/kg) after systemic administration.
Considering the biocompatible and amphiphilic
features of APC, we preliminarily investigated its
drug loading ability. 7-ethyl-10-hydroxyl-
camptothecin (SN38) was selected as the hydrophobic
model drug, which is a potent topoisomerase I
inhibitor for cancer chemotherapy [52, 53]. After
SN-38 loading, the APC-SN38 micelles formed
particles ~200-300 nm in diameter (Figure 2C, 2D). As
expected, APC-SN38 showed a higher anticancer
ability than free SN-38 at the same concentration,
which suggested that the APC can realize drug
loading and improve anticancer ability (Figure 2E).

Biodegradability of APC and APC-DTPA/Gd in
vitro

The acidic environment of endo/lysosomes and
high esterase activity in the liver enable the
decomposition of ester bonds in vivo [54]. To simulate
the biodegradability of APC-DTPA/Gd micelles,
hydrolysis experiments under acidic conditions (pH =
5.0), alkaline conditions (pH = 9.0), or in the presence
of esterase (60 U/mL) were performed in vitro. Upon
incubation in the above conditions, the size of the
micelles increased and their size distribution became
broader, suggesting that the micelles were
destabilized due to degradation of their backbone
(Figure S14-16). 'H NMR and electrospray ionisation
mass spectrometry (ESI-MS) spectra confirmed the
production of cyclic carbonate species that were
non-acidic and non-toxic to the body during
hydrolysis of APC (Figure 4C, S17-20) [55]. According
to the integral area of H from cycle carbonic ester and
cysteine (Figure S18-520), the production ratio of cycle
carbonic ester is demonstrated in Figure 4D.
Furthermore, small molecular Gd was released from
APC-DTPA/Gd micelles in the form of DTPA-Gd
complex (Figure 4, S21), which could decrease the risk
of nephrogenic systemic fibrosis (NSF) caused by free
Gd and partly increase the biocompatibility of the
degraded polymer. In addition, in vivo investigations
were carried out to quantitatively analyze the Gd
content in the major organs by ICP-OES. Experimental
results showed that the intravenously administered
APC-DTPA/Gd micelles largely accumulated in the
liver, spleen and kidneys, but they were noticeably
cleared from the body in 72 h (Figure 5A-B). The
evidence that Gd could be detected in the urine
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strongly  suggests the renal clearance of
APC-DTPA/Gd micelles (Figure 5D). Importantly,
the relative quick excretion of APC-DTPA/Gd in vivo
decreases the chances of trans-metalation between
Gd?* and endogenous metal ions, such as Zn?*, Cu?,
and Ca?', avoiding the release of free Gd3* [56].
Moreover, there was scarcely any Gd3* residue in the
body after 5 day and 10 days, measured by ICP-OES
and ICP-MS (Table S3). Together, these results
confirmed that APC-DTPA/Gd micelles could be
degraded into harmless products and could be
effectively cleared from the body in a relatively short
time, ensuring they can act as carriers for tumor
imaging.

The MRI ability of APC-DTPA/Gd for tumor
imaging and their in vivo metabolism

These inspiring outcomes stimulated us to assess
the feasibility of APC-DTPA/Gd micelles as MRI
probes in vivo. A solution of APC-DTPA /Gd micelles
was intravenously administered to balb/c mice
bearing 4T1 tumors and whole-body MR images were
recorded at timed intervals (Figure 6A, S22). The T;
signals from the tumor sites revealed a change in the
contrast enhancement over 72 h, with the optimal
contrast of the MRI signal observed at 24 h. In contrast
to APC-DTPA/Gd micelles, intravenous injection of
commercial DTPA/Gd complex failed to improve Ty
contrast enhancement in the tumor region. We further
validated the suitability of the APC-DTPA/Gd
toward tumor with different volumes and types
(Figure 6 B-E). Balb/c mice bearing small 4T1
xenograft tumors and balb/c nude mice bearing
A2780 xenograft tumors were administrated with
DTPA/Gd and APC-DTPA/Gd. The MR signal from
the tumor in mice injected with APC-DTPA/Gd was

higher than that in mice injected with DTPA/Gd.
These results strongly suggested that the superior MR
imaging capability of APC-DTPA/Gd micelles could
be utilized to monitor in real-time their targeting and
accumulation toward tumors through enhanced
permeability and retention (EPR) effects in wvivo
[57-59]. Moreover, the terminal disposition half-life
(t1p) values of APC-DTPA/Gd and DTPA/Gd were
64 h and 022 h respectively, revealing that
APC-DTPA/Gd micelles were capable of extending
the circulation of Gd in the bloodstream, while
commercial DTPA/Gd was rapidly cleared from
plasma (Figure 5C).

In vivo biodistribution and clearance of
intravenously injected APC-DTPA/Gd micelles was
demonstrated using MR imaging (Figure 7). As with
many other nanomaterials, an initial signal increase
was mainly observed in the MPS-associated organs
such as the liver [60, 61]. A more careful look at
coronal scanning revealed that both kidney and
bladder also showed strong signal, suggesting that
APC-DTPA/Gd micelles were primarily excreted
through renal filtration. As discussed above, the
mechanism of clearance is attributed to degradation
of APC-DTPA/Gd micelles into small molecule
products followed by renal excretion. At 72 h
post-injection, the signal in the liver, kidney and
bladder recovered to the pre-injection levels,
indicating that the injected APC-DTPA/Gd was
completely cleared from the body. These in wvivo
results demonstrated that APC-DTPA/Gd micelles
not only manifested effective tumor diagnosis ability,
but also their renal clearance characteristic decreased
their persistence in the body and eliminated the
hazards of long-term toxicity.
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Figure 5. Time dependent biodistribution of Gd3* in organs of DTPA/Gd (A) and APC-DTPA/Gd (B). (C) The biodistribution of Gd3* in the blood. (D) The

concentration of Gd3* in the urine after injection of APC-DTPA/Gd.
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Figure 6. In vivo Ti-weighted MR images of a (A) large 4T1 tumor-bearing mouse before and after intravenous injection of DTPA-Gd and APC-DTPA/Gd. In vivo
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Conclusions

In this study, we have provided a new kind of
biodegradable CO»-based APC for tumor imaging in
vivo. Through conjugation of APC with Gd, the
resulting APC-DTPA/Gd polymeric micelles exhibit
good MRI performance. Furthermore, the

APC-DTPA/Gd are mainly found in MPS-related
organs and can be degraded into renally cleared
products within a reasonable timescale without
evidence of toxicity. This emerging class of
low-toxicity biodegradable COy-based APC can
provide a powerful platform for clinical transition.
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