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Facile preparation of well-defined and multifunctional
polymers is of great importance for the development of
polymer-based drug carriers. By performing enzymatic
transacylation during RAFT polymerization, diverse
monomers with different functions were generated in situ and
simultaneously copolymerized via the RAFT process to form
a well-defined multifunctional copolymer precursor which
contains fluorine, polyethylene glycol (PEG), benzaldehyde
and azido groups. The glucose moiety (which represents a
possible targeting group for tumor treatment) was conjugated
to this precursor via a copper-catalyzed azide alkyne
cycloaddition (CuAAc) reaction to generate the polymer drug
carrier. A "’F MRI phantom was performed for the polymer
drug carrier, indicating its potential as a possible '’F MRI
tracer. The polymer drug carrier has been shown to
specifically bind to lectin due to the contained glucose moiety,
demonstrating its potential targeting effect. Then,
doxorubicin (dox, an anticancer drug) was conjugated with
the polymer drug carrier through imine chemistry to
generate target polymer-dox complex. This polymer-dox
complex possesses amphiphilic character so self-assembles in
aqueous solution into spherical micelles with size of ~30 nm,
which exhibit much faster release of dox at pH 5.5 than at pH
7.4. Subsequent cell experiments showed the polymer-dox
complex is less toxic than native dox to normal cells while
retaining similar cytotoxicity against cancer cells, suggesting
the polymer drug carrier is potentially a safe and effective
drug delivery system. We believe that as several reactive
moieties can be implanted into the polymer structure in a
one-pot manner to achieve a multifunctional polymer
precursor for efficient post-modification, this concurrent
tandem polymerization (CTP) system might be useful for the
development of novel anticancer theranostic nanomedicines.

Introduction

Theranostic nanomedicine has drawn much attention due to its
capacity for simultanecous disease diagnosis and therapy.'”
Theranostic nanomedicine integrates therapeutic agents and
molecular-level tracking agents, bridging the gap between
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therapy and imaging to facilitate real-time monitoring the
efficacy of clinical treatment.*” A variety of treatments based on
inorganic materials including gold nanoparticles,’ silica
nanoparticles,'™!  semiconductor quantum dots'*"*  and
superparamagnetic iron oxide nanoparticles'*'® have been
developed and achieved significant academic acclaim. However
to date they haven’t been widely used in clinical applications due
to uncertainties around long-term safety.'”" By contrast,
polymeric materials can be designed with excellent
biocompatibility, biodegradability, and structural versatility and
hence represent attractive potential candidates for theranostic
applications.”**® The fabrication of polymeric theranostic
nanomedicine involves synthesis of multifunctional polymers
integrating therapeutic and targeting functional
groups.”*! Among those polymeric theranostic nanomedicines,
glycopolymer-based theranostic materials show  distinct
advantages in tumor diagnosis and therapy due to the intrinsic
biocompatibility and targetability of glycopolymers.*? Typically,
such  multifunctional polymers are obtained through
polymerization of several functional monomers previously
synthesized via multiple organic reactions requiring laborious and
time consuming operations such as the separation and purification
of intermediates and target precursors. This complexity has
become the main hurdle to impede further research. In this regard,
developing facile strategies is significant for both fundamental
research and practical applications.

Concurrent tandem polymerization (CTP) is a new
polymerization methodology based on the controlled radical
polymerization method (CRP) in which orthogonal organic
reactions for monomer synthesis or end group modification can
be simultaneously performed with CRP such as atom transfer
radical polymerization (ATRP) or reversible addition-
fragmentation chain transfer (RAFT) polymerization.***® CTP
integrates the process of monomer synthesis/end group
modification and polymerization in one pot, providing a simple
and versatile method for the synthesis of polymers with specific
functional side/end groups. Our group has developed several CTP
systems by introducing enzymatic transacylation to CRP (ATRP
or RAFT).***** The enzymatic transacylation between active
acyl donor trifluoroethyl methacrylate (TFEMA) and an alcohol
(ROH) occurred efficiently and led to in situ monomer
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transformation from TFEMA to the target alcohol-based
methacrylate monomer (RMA), which instantly took part in the
CRP process to generate the final polymer. Since the concurrent
CRP-enzymatic multicomponent polymerization system avoids
the laborious synthesis and purification of corresponding
monomers, it might be a suitable candidate for the facile
synthesis of multifunctional copolymers.

Herein, using this CRP-enzymatic system we have prepared
multifunctional copolymers containing different functionalities.
As shown in Scheme la, enzymatic transacylation of TFEMA
and three functional alcohols: 3-azido propanol (AP), 4-((6-
hydroxyhexyl)oxy)benzaldehyde (HBA), and
methoxypolyethylene glycol (mPEG, M, ~ 350) were combined
with RAFT polymerization in one pot where the enzymatic
transacylation in situ generated three functional monomers based
on the corresponding alcohols. As expected, the final polymer
contained up to four functional groups (three alcohols plus
fluoride residue) and was able to be used as the precursor for the

fabrication =~ of  multifunctional  theranostic =~ polymeric
nanomedicines.
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Scheme 1 (a) One-pot synthesis of multifunctional copolymer (Polymer
1) via concurrent RAFT polymerization and enzymatic monomer
transformation; (b) post-modification of multifunctional copolymer via
sequential CuAAc click reaction and imine chemistry to introduce
glucose (Polymer 2) and dox (Polymer 3).
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As illustrated in Scheme 1b: 1) the fluorinated residue can
be used as the contrast agent for '°F MRI; 2) the azido group can
be simply modified via the efficient copper-catalyzed azide
alkyne cycloaddition (CuAAc) click reaction to introduce glucose
moiety as the potential targeting group; 3) the aldehyde group can
be employed to link amine contained drugs such as dox; 4) the
PEG segment can greatly promote the water solubility and
biocompatibility of polymeric nanomedicine. These properties
make the polymer ideal for theranostic applications as it
integrates several functionalities including capabilities as a '°F
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MRI tracking agent, anti-cancer drug, targeting moiety and
biocompatibility. Compared with conventional methods, the
current CTP system avoids the multi-step synthesis of various
functional monomers in multifunctional copolymer synthesis, and
saves time and resources. By introducing intact reactive modules
into the polymer structure and utilizing highly efficient coupling
reactions to modify the precursor following polymerization, we
potentially create a simply-prepared theranostic agent, suggesting
a possible new approach to multifunctional theranostic polymeric
materials.

Results and discussions

RAFT polymerization in the presence of concurrent enzymatic
monomer transformation has been employed to synthesize
Polymer 1  (Scheme 1) using the 4-cyano-4-
(ethylthiocarbonothioylthio) pentanoic acid (CETPA) and 2,2'-
azobis-(2,4-dimethylvaleronitrile) (ABVN) as the chain transfer
agent (CTA) and initiator, respectively. The polymerization was
conducted at 50 °C in toluene and the initial feeding ratio of
[CTAL:[ABVN]:[TFEMA]:[AP]:[HBA]:[mPEG] was
1:0.2:120:30:30:30. According to the 'H NMR result
(unpresented data), the enzymatic monomer transformation is
efficient and the TFEMA has been found to combine with the
alcohols to form monomers in 4 hours, consistent with our
previous study.”* In the current system all three functional
alcohols including AP, HBA and mPEG were completely
converted into corresponding monomers in ~ 4 h (data not
presented). The kinetics study of the one-pot RAFT
polymerization is shown in Fig. 1, and approximately 78% of the
monomer has been polymerized after 24 h. During the course of
polymerization, the In([M]y/[M]) value increased linearly over
time, indicating a pseudo-first-order kinetic plot (Fig. 1a) while
the molecular weights of polymers also increased linearly versus
monomer conversions, and all the polymers showed narrow
polydispersity indices (PDIs < 1.3) (Fig. 1b) suggesting RAFT
polymerization was well controlled despite the presence of
enzymatic monomer transformation between TFEMA and
functional alcohols.
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Fig. 1 One-pot synthesis of multifunctional copolymer (Polymer 1) via

concurrent RAFT polymerization and enzymatic monomer transformation.
(a) Monomer conversions and kinetics plot versus polymerization time; (b)
molecular weights and PDIs versus monomer conversions.

[CETPA]=12.5 mM; [ABVN]=2.6 mM; [TFEMA]=1.35 M; [AP],=0.33

M; [HBA]=0.33 M; [mPEG](=0.33 M; [TEA]=1.0 M; Novozym 435=0.5

g; toluene=6.0 mL; T=50 °C.

According to the UV analysis of the trithiocarbonate end
group of the polymer, the molecular weight of obtained polymer
was estimated to be ~ 15800 g/mol, similar to the theoretical

ss value (17500 g/mol) calculated by conversion. The predesigned

functional groups, including the benzaldehyde group (9.80, 7.82
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and 7.05 ppm), the ester group of TFEMA (4.48 ppm), the
methylene adjacent to the azido group (3.38 ppm) and the
methoxy group of PEG chain end (3.18 ppm) can be clearly

identified in the Polymer 1 structure using "H NMR analysis (Fig.

s 2a), indicating the successful incorporation of those functional
groups into the polymer. It is noted that the ratio of trifluoroethyl,
azido, benzaldehyde and mPEG moieties in the polymer was
calculated as 1:1.2:1:0.9 based on the integral of those functional
groups, similar to the precursor alcohols ratio of 1:1:1:1,

10 suggesting the composition of the final polymer can be readily
regulated through the adjustment of initial feeding ratio of the
functionalized alcohols and the acyl donor monomer TFEMA.
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Fig. 2 The partial 'H NMR spectra (DMSO-d6) of (a) multifunctional

1s Polymer 1 from concurrent RAFT-enzymatic polymerization system; (b)
Polymer 2 formed using a CuAAc click reaction between Polymer 1 and
alkyne modified glucosamine; (c) Polymer 3 formed after conjugation of
Polymer 2 with dox.

Sugar moiety has been widely recognized as a possible
targeting ligand for tumor treatment.*** Thus, a glucose
containing polymer (Polymer 2) was further prepared by
conjugation between alkyne modified glucosamine and Polymer
1 via a CuAAc click reaction using a mixed methanol/THF
solution at room temperature for 24 h. As shown in Fig. 2b, the
peak corresponding to the CH in triazole ring formed by click
reaction can be seen at 7.82 ppm (overlapped by the proton on
benzene ring). Meanwhile, IR spectra of the polymers revealed
the characteristic azido adsorption peak (2100 cm™ in Polymer 1)
completely disappeared after click reaction while a peak
corresponding to hydroxyl groups of glucosamine on Polymer 2
appeared at 3290 cm™ indicating the full conversion of the azido
group (Fig. 3a). The GPC trace of Polymer 2 exhibited a
monomodal peak (PDI~1.32) and shifted to higher molecular
weight region, confirming the successful introduction of
glucosamine into Polymer 1 (Fig. 3b).
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Fig. 3 (a) IR spectra of polymers before and after CuAAc click reaction;

(b) GPC (DMF) traces of polymers before and after CuAAc click

reaction.
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40  Various drug carrier features of Polymer 2 have been
considered in detail including its cytotoxicity, imaging capability
and protein recognition ability. The cytotoxicity of Polymer 2
was first investigated via CCK-8 assay using HeLa cells. The
HeLa cells were incubated with concentrations of Polymer 2

4s ranging from 5-500 pg/mL for 24 h, then assessed for viability.
As shown in Fig. 4, almost 100% cell viability was achieved even
at the highest polymer concentration (500 pg/mL), indicating
Polymer 2 is not cytotoxic.
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so Fig. 4 Viability of HeLa cells after incubation with various concentrations
of Polymer 2 for 24 h. The cell viability in the absence of Polymer 2 was
set as control, n=3.

Polymer 2 was also evaluated for its potential as a '°F MRI
agent. A single peak at -72 ppm can be clearly observed on the
ss 'F NMR spectrum of Polymer 2 (Fig. S1). The spin-lattice (7})
and spin—spin (7,) relaxations times of the Polymer 2 were
measured to be 380 ms and 30 ms, respectively. To show the
imaging capabilities of the polymer, a '°F phantom imaging study
was conducted in a 400 MHz preclinical system and the results
¢ are shown in Fig 5. In the 'H image of the phantom (Fig. 5a), two
compartments containing 0.2 wt% Gd/DTPA in H,O (area 1) and
10 mg/mL Polymer 2 in H,O (area 2) can be clearly identified. In
the corresponding '°F phantom image at '°F frequency (Fig. 5b),
only the '°F signal coming from area 2 is present. This proof of
es principle experiment shows the potential of Polymer 2 as a signal
generating agent for '’F MR imaging.

This journal is © The Royal Society of Chemistry [year]
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35 Polymer 3 is amphiphilic and can self-assemble into
spherical micelles in aqueous solution. The micelle diameter has
been analyzed as ~30 nm by TEM (Fig. 7a), and ~35 nm by DLS
(Fig. 7b) which is within the optimal particle size range for drug
delivery (10-100 nm) according to enhanced permeability and

40 retention (EPR) effect.**

Fig. 5 (a) 'H phantom image; (b) '°F phantom image of Polymer 2. Area
1 contained 0.2 wt% Gd/DTPA in H,O; area 2 contained 10 mg/mL
Polymer 2 in H;O.

s The turbidity test was operated to test the interaction between
lectin (a highly specific sugar-binding protein) and Polymer 2
(Fig. 6). When a Polymer 2 solution (0.1 mL, 1.0 mg/mL in 10
mM PBS buffer, pH ~ 7.4) was mixed with lectin in solution (0.4
mL, 0.5 mg/mL in 10 mM PBS buffer, pH ~ 7.4), the turbidity of

10 mixture was found to increase with time, indicating aggregation

10 20 30 40 50 60 70
Diameter (nm)

Fig. 7 (a) TEM image; (b) DLS measurement of micelles formed by
Polymer 3 (concentration of 0.5 mg/mL in aqueous solution).

of the lectin in the presence of Polymer 2. Furthermore, when D- Dox was conjugated to Polymer 3 via the pH-sensitive
glucose aqueous solution (50 pL, 2 mg/mL) was added to the 4 imine bond which is unstable in acidic media. Thus we are able to
mixture the turbidity decreased immediately, confirming the study the release of dox from Polymer 3 at different pH
increased turbidity comes from the affinity between the glucose conditions (pH 7.4 and pH 5.5). As expected, at pH 5.5, dox was
is groups on polymer and lectin. This lectin binding assay released significantly faster than at pH 7.4 due to the more rapid
demonstrates the multi-sugar groups can be useful for recognition hydrolysis of the imine bond. About 78% of the conjugated dox
by the polymeric drug carrier of the target cells. so was released after 36 h of incubation compared to only 40%

released at pH 7.4 (Fig. 8). As tumors often exhibit lower pH
microenvironments than normal cells,”® this pH responsive

_ 0.6 — Con A+Polymer 2 add glucose property might enhance the release of dox when Polymer 3
= - —— Con A only approaches the tumor diminishing its side effects and promoting
05 ss drug efficacy.
o L
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Fig. 6 Turbidity assay of Polymer 2 with lectin association binding and .. ® pH74
20 dissociation competitive assay of after addition of D-glucose. o7
(Absorbance at 420 nm was collected every 1 s for 20 min, then 50 pL of 0 5 10 15 ) 20 25 30 35 40
glucose aqueous solution (2.0 mg/mL) was added and the absorbance at Time/h

420 nm was recorded every 1 s for another 10 min).
Fig. 8 Dox release at pH 5.5 and pH 7.4 at 37 °C.
These experiments demonstrate potential for Polymer 2 as a

25 possible multifunctional drug carrier. We then conjugated the The cytotoxic effects of free dox and Polymer 3 against
anti-cancer drug dox to Polymer 2 to form a polymer-dox 1929 cells (as the model for normal cells) and HeLa cells (as the
complex (Polymer 3) via formation of an imine bond between model for tumor cells) were evaluated. We showed the viability
the amine group of dox and the benzaldehyde moiety of Polymer of cells is dependent on the dox concentrations and cell types.

2. The reaction was performed in DMSO at 30 °C for 48 h. As Polymel.‘ 3 demonstrated 19wer cytotoxicity against L929 cells
1 shown in the 'H NMR spectrum of Polymer 3 (Fig. 2¢), the peak tl'lan'natlve dox.(l.:ig. 9a).. High concentrations of free dox showed

corresponding to the CH of imine bond at 8.10 ppm could be 51gn'1ﬁcant toxieity .ag.alnst Hela cell§ an.d the Polywer 3

clearly observed, and the molar conjugation efficiency of dox has con.Jugated d'ox exhibited comparable ir vitro cytotoxicity to

been estimated to be 34% calculated using the integral ratio of native dox (Fig. 9b).

remaining aldehyde group and imine group.

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Cytotoxicity of native dox and Polymer 3 with different dox
concentrations against (a) L929 and (b) HeLa cells after incubation for 24
h, the viability of untreated cells was chosen as the control, n=3.

The cellular uptake of Polymer 3 by HeLa cells was also
studied using confocal laser scanning microscopy (CLSM). HeLa
cells were incubated with Polymer 3 for 4 h then micrographed
using confocal microscopy. As shown in Fig. 10, red fluorescence
originating from dox mainly located in cells, indicating
10 successful endocytosis of Polymer 3 by HeLa cells. After 24 h
incubation the morphology of HeLa cells greatly changed,
suggesting the HeLa cells were efficiently killed by the
conjugated dox.

o

Fluorescence field Bright field Merged

24 h
(20pm)

15 Fig. 10 CLSM images of HeLa cells treated with Polymer 3 for (a) 4 h
and (b) 24 h (dox concentration: 5 pg/mL).

Although more detailed research is still necessary to
understand whether the drug carrier reduces the toxicity of drug
to normal cells while retaining tumor potency stems from the
targeting effect of glucose moiety, the easy endocytosis micelle
structure or both, the cell viability results against L929 cell and
HeLa cell preliminarily indicate therapeutic efficacy of
multifunctional Polymer 3 against tumor cells.

2

S

Conclusions

s A CTP system has been employed to prepare copolymers
possessing multiple functionalities. The enzymatic monomer
transformation between acyl donor monomer TFEMA and
multiple alcohols (AP, HBA and mPEG) efficiently generated
new alcohol-based monomers which subsequently participated in

30 RAFT polymerization to produce copolymers with pendant
functional groups including azido, aldehyde and PEG groups.
Polymerization kinetics exhibited a well-controlled RAFT
process in the presence of enzymatic reaction and the obtained
copolymer was further post-modified with glucosamine and dox

35 via @ CuAAc click reaction and imine chemistry to achieve a

multifunctional theranostic agent. The fluorinated moiety makes
the polymer a potential contrast agent for '’F MR imaging. The
binding assay between lectin and polymer carrier demonstrated
its potential targeting effect. The polymer-dox conjugate could

40 self-assemble in aqueous solution to form micelles which
exhibited controlled release behavior of dox under different pH
conditions. Normal cells were shown to be less susceptible than
the cancer cells to both native and conjugated polymer-dox. The
polymer-dox showed comparable cytotoxic effects to free dox

4s against tumor cells. The current CTP system opens up an
alternative method to synthesize multifunctional copolymers.
Further work to further explore the application of this facile one-
pot CTP system will be conducted in the future.
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Through a  straightforward concurrent RAFT-enzymatic —multicomponent
polymerization system and subsequent post-polymerization modifications, a
multi-functional copolymer for theranostic application has been efficiently prepared.



