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Radiation therapy is a representative therapeutic approach for cancer treatment, wherein the
development of efficient radiation sensitizers with low side effects is critical. In this study, a novel stealth
radiation sensitizer based on Au-embedded molecularly imprinted polymer nanogels (Au MIP-NGs) was
developed for low-dose X-ray radiation therapy. Surface plasmon resonance measurements reveal the
good affinity and selectivity of the obtained Au MIP-NGs toward the target dysopsonic protein, human
serum albumin. The protein recognition capability of the nanogels led to the formation of the albumin-
rich protein corona in the plasma. The Au MIP-NGs acquire stealth capability in vivo through protein
corona regulation using the intrinsic dysopsonic proteins. The injection of Au MIP-NGs improved the
efficiency of the radiation therapy in mouse models of pancreatic cancer. The growth of the pancreatic
tumor was inhibited even at low X-ray doses (2 Gy). The novel strategy reported in this study for the
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synthesis of stealth nanomaterials based on nanomaterial—protein interaction control shows significant
potential for application even in other approaches for cancer treatment, diagnostics, and theranostics. This
strategy paves a way for the development of a wide range of effective nanomedicines for cancer therapy.
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Introduction

The development of efficient therapeutic agents for cancer
treatment is highly sought after in current medical frontiers
because cancer is among the most common causes of death
even in developed nations. Engineered nanomaterials, such as
micelles," liposomes,*® nanoparticles,” and nanogels,*’
exhibit significant potential as materials for nanocarriers in
drug delivery systems, realizing continuous and efficient anti-
cancer agent delivery toward tumors and reducing the side
effects in non-diseased tissues. To date, a wide range of
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nanomaterial-based medicines has been developed specifically
for cancer treatment procedures, which are currently domi-
nated by chemotherapy,'®™* surgical therapy,'® and radiation
therapy.'”"® Nanomaterial-assisted chemotherapy, wherein
molecular drugs are utilized for targeted cancer treatment,
has been widely used. Accordingly, this next-generation
chemotherapy procedure is established as an effective cancer
therapeutic approach.'®™® Radiation therapy is also a potent
and efficient cancer treatment approach. In this procedure,
minimally invasive, outpatient-based cancer treatments can be
performed. However, surrounding normal tissues and/or
organs can be damaged during this treatment, which severely
limits the application of radiation therapy. Therefore, to
enhance the efficiency of this method and to minimize the
side effects toward normal tissues, the radiation dose employed
can be reduced using radiation-sensitizing agents. However,
compared to chemotherapy, radiation sensitization for cancer
treatment is not yet well-developed. Furthermore, nano-
material-assisted radiation therapy remains a challenge.

To achieve the efficient intravenous delivery of radiation
sensitizers, the stealth capability of nanomaterials is necessary
to overcome the immunological response, that is, to prevent
their elimination from the reticuloendothelial systems, induced

This journal is © The Royal Society of Chemistry 2022
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by the non-specific adsorption of antibodies and their comple-
ments as components in the bloodstream. Stealth nanocarriers
are commonly synthesized through surface modifications using
hydrophilic polymers, such as poly(ethylene glycol),>**" zwitter-
ionic polymer,> and poly(phosphoester). These hydrophilic
polymers suppress the non-specific binding of the opsonic
proteins, thereby realizing long periods of blood circulation.
This modification strategy has been found to be effective for a
wide range of nanomaterials. However, recent reports showed
that the delivery efficacy of systems that utilize multiple injec-
tions of polymer-coated nanomaterials was reduced owing to
accelerated blood clearance phenomena.>** Therefore, the
development of alternative methods to confer stealth capability
to nanomaterials are essential.

Recently, the use of the protein corona concept to impart
stealth capability to nanomaterials has been reported. In this
approach, intrinsic proteins are adsorbed on the injected nano-
materials, which subsequently forms a new interface in the blood
stream.>®2° The protein corona composition critically affects the
immunological response and non-specific adsorption of opsonic
proteins, which triggers the immunological cascade. To achieve
efficient drug delivery and long periods of blood circulation, the
opsonic proteins must be eliminated from the protein corona on
the nanocarriers. In our previous study, a novel strategy to obtain
stealth nanomaterials with immune escape capability against
reticuloendothelial systems was developed based on the in situ
control of the protein corona using intrinsic dysopsonic
proteins.’*™ In this strategy, the in situ regulation of the protein
corona was achieved by conferring dysopsonic protein recognition
capability on the nanomaterials. Molecularly imprinted polymer
nanogels (MIP-NGs), which are promising materials for artificial
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antibodies, were prepared. Molecular imprinting, which is a
templated polymerization method, is a promising approach for
the synthesis of artificial antibodies.***” The MIP-NGs bound
intrinsic human serum albumin (HSA) in the blood vessels, which
led to the prolonged blood circulation. Furthermore, the passive
tumor-targeting property of the prepared MIP-NGs through the
enhanced permeability and retention (EPR) effect was also con-
firmed. Therefore, this material can be used as a novel stealth
nanocarrier for cancer therapy.

In this study, novel stealth radiation sensitizers for
nanomaterial-assisted radiation therapy based on gold nano-
particle (Au NP)-incorporated MIP-NGs (Au MIP-NGs) were
synthesized. Herein, Au NPs were used owing to their excellent
radio sensitizing effect and high biocompatibility.**”>* To fab-
ricate Au MIP-NGs, the monomer containing the disulfide
linkage was copolymerized in the MIP-NGs; the formation of
the Au NPs occurred in situ inside the MIP-NGs. The Au NPs
were also used as tracers of the nanogels in vivo; the in vivo
distribution of the Au MIP-NGs was investigated by calculating
the accumulated amount of Au in the organs of laboratory
mice. Lastly, a demonstration of the radiation therapy using Au
MIP-NGs was performed in mouse models of pancreatic cancer.
To the best of our knowledge, this is the first report on the
fabrication of stealth radiosensitizers for cancer treatment
based on an in situ functionalization strategy.

Results and discussion

Novel stealth radiation sensitizers based on nano-sized Au MIP-
NGs were prepared through a three-step procedure: (i) synthesis
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Scheme 1 Synthetic route of the Au NP-incorporated MIP-NGs (Au MIP-NGs) MIP-NGs: molecularly imprinted polymer nanogels.
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of the MIP-NGs with disulfide linkages, (ii) reduction of the
disulfide linkages to form the free thiol groups, and (iii) in situ
formation and trapping of the Au NPs inside the MIP-NGs
(Scheme 1).

In this study, MIP-NGs containing disulfide linkages were
prepared through emulsifier-free precipitation polymerization
using HSA as the template in a phosphate-buffered saline (PBS)
(pH 7.4). N-Isopropyl acrylamide (NIPAm, comonomer) and
N,N’-methylenebisacrylamide (MBAA, crosslinking agent)
were used to form the polymeric nanogel platforms during
precipitation polymerization. Pyrrolidyl acrylate (PyA) was used
as an effective functional monomer for HSA imprinting.>>
2-Methacryloyloxyethyl phosphorylcholine (MPC), which is a
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highly hydrophilic biocompatible monomer, was copolymer-
ized to reduce the particle size and increase the lower critical
solution temperature, which prevent the in vivo coagulation of
the resulting nanogels.**° To trap the Au NPs formed in the
MIP-NGs, N,N’-cystamine bisacrylamide (CBA) was also copoly-
merized; the disulfide linkages were selected owing to their
low susceptibility toward free radical attack. To monitor the
blood circulation profile, methacryloyloxyethyl thiocarbamoyl
rhodamine B (MTRB) was used for the fluorescent labeling of
the MIP-NGs in intravenous confocal laser scanning micro-
scopy (IVCLSM). To remove the remaining monomers/initiator,
water-soluble oligomers, and HSA template, the obtained MIP-
NGs were purified through size-exclusion and ion-exchange
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Fig. 1 (a) DTNB assay for MIP-NGs before (blue) and after (red) the reduction of MIP-NGs using TCEP. (b) Particle size distribution measured using DLS
and (c) TEM image of Au MIP-NGs. (d) UV-Vis spectra of the MIP-NGs before (blue) and after (red) the generation of Au NPs. TCEP: tris(2-carboxyethyl)
phosphine; DLS: dynamic light scattering; TEM: transmittance electron microscopy; MIP-NGs: molecularly imprinted polymer nanogels; Au NPs: gold

nanoparticles.
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chromatography.®® The obtained MIP-NGs were approximately
122 nm (PDI: 0.22) in size (Fig. S1, ESIf). Thereafter, the
purified MIP-NGs were treated using an aqueous solution of
tris(2-carboxyethyl) phosphine (TCEP). This mild reducing
agent was used to generate the thiol groups from the disulfide
linkage inside the nanogels. Using a 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB) assay, the thiol content in the
thiolated MIP-NGs was estimated to be 0.53 umol mg™; 5-
thio-(2-nitrobenzoic acid) (Amax = 412 nm) was generated from
the reaction between the DTNB and free thiol groups (Fig. 1a).
The thiolated MIP-NGs were incubated with HAuCl,-3H,0.
Thereafter, NaBH, was added to reduce the Au®*' ions to Au®
and in turn form the Au NPs. The Au NPs produced through the
reduction of HAuCl,-3H,O without the MIP-NGs were highly
agglomerated. In contrast, the Au NPs synthesized in the
presence of the thiolated MIP-NGs were stable, resulting in
the formation of the nano-sized Au MIP-NGs with an average
nanoparticle size of approximately 49 nm (PDI: 0.28) (Fig. 1b).
The smaller MIP-NG particles following Au NP generation are
possibly ascribable to polymer shrinking due to network
formation through the Au NPs generated in the nanogels.
The transmission electron microscopy (TEM) images in
Fig. 1c reveal the incorporation of the Au NPs into the MIP-
NGs. Furthermore, UV-vis measurements were performed to
measure the absorbance of the Au NPs (Fig. 1d). Through
inductively coupled plasma (ICP) spectrometry, the Au content
in the Au MIP-NGs was estimated to be 12.0 wt%. To evaluate
the molecular recognition capability of the Au MIP-NGs, non-
imprinted polymer nanogels with Au NPs (Au NIP-NGs) were
synthesized through a synthesis procedure similar to that of the
Au MIP-NGs without using the HSA template. From dynamic
light scattering (DLS) and ICP measurements, the nanoparticle
size of the Au NIP-NGs was approximately 61 nm (PDI: 0.30),
which is smaller than that of the NIP-NGs prior to Au NPs

View Article Online
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generation (146 nm; PDI: 0.22), and its Au content (12.6 wt%)
was relatively similar to that of Au MIP-NGs (Fig. S1 and S2,
ESIt).

The molecular recognition properties of the Au MIP-NGs
were studied through surface plasmon resonance (SPR) using
protein-immobilized sensor chips; the reference proteins used
were immunoglobulin G (IgG), fibrinogen (Fib), and HSA. The
value of the resonance unit change (ARU) of the Au MIP-NGs for
the target protein HSA gradually increased with the increasing
particle concentration. Furthermore, the ARU values of the Au
MIP-NGs were significantly higher than those of the reference
Au NIP-NGs (Fig. 2a). Lastly, the amounts of the Au MIP-NGs
bound to the IgG- and Fib-immobilized sensor chips were
significantly lower than those bound to the HSA-immobilized
chip, thereby revealing the high selectivity of the Au MIP-NGs
toward HSA (Fig. 2b).

The protein corona formed on the Au MIP-NGs was analyzed.
Au MIP-NGs were incubated in human serum. Thereafter, the
protein corona compositions of Au MIP-NGs and Au NIP-NGs
were analyzed through sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) after the desorption of the
protein from the Au MIP-NGs and Au NIP-NGs samples using
a urea-thiourea buffer. The protein bands observed in both
nanogels can be attributed mainly to HSA and its dimers; the
other bands corresponding to other proteins were negligible
(Fig. 3a). Furthermore, the amounts of HSA (Fig. 3b) and its
dimers (Fig. 3c) bound to the Au MIP-NGs were approximately
2.4 and 4.0 times higher than those bound to the reference
nanogels, respectively. These results reveal the formation of an
albumin-rich protein corona layer on the Au MIP-NGs in human
serum and indicate the higher albumin concentrations on the
imprinted nanogels than those on the reference Au NIP-NGs.
Furthermore, the HSA dimer/HSA monomer band intensity ratio
on the original human serum was significantly smaller than that

— 35000 1.2
5 (a) (b)
(o)
8 30000 e Au MIP-NGs § 1
é 25000 @ Au NIP-NGs §
s é 8 0.8
‘€ 20000 } >
8 S 06
Z 15000 } o *
S~~~ (O]
- L 0.4
S 10000 } ]
g ° @
2 5000 | " . 02
< g o ®
0 o2 . . 0 = s
0 5000 10000 15000 HSA Fib IgG

NG concentration (ng/mL)

Fig. 2 (a) Binding isotherms of the HSA measured by SPR on the Au MIP-NGs (red) and Au NIP-NGs (blue). (b) Selectivity test on Au MIP-NGs using HSA
and reference proteins (Fib and IgG). Au MIP-NGs: Au NP-incorporated molecularly imprinted polymer nanogels; Au NIP-NGs: Au NP-incorporated non-
imprinted polymer nanogels; HSA: human serum albumin; Fib: fibrinogen; IgG: immunoglobulin G; SPR: surface plasmon resonance.
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polymer nanogels; Au NIP-NGs: Au NP-incorporated non-imprinted polymer nanogels; HSA: human serum albumin; SDS-PAGE: sodium dodecyl

sulfate-polyacrylamide gel electrophoresis.

of the protein corona layer on the Au MIP-NGs (Fig. S3, ESIY).
Therefore, the Au MIP-NGs-bound HSA dimers exhibit high
affinity owing to multivalent effects and/or the locally concen-
trated dimerization of HSA monomers bound on the Au MIP-NGs.

Prior to in vitro and in vivo applications of the nanogels, the
cytotoxicity of the Au MIP-NGs in normal fibroblast NIH-3T3
cells was evaluated using the cell counting kit-8 (CCK-8) assay.
High cell viability and negligible cytotoxicity were observed at
all the tested concentrations of the Au MIP-NGs (as high as
120 pg mL~") (Fig. S4, ESIT). Furthermore, the cancer-targeting
properties of the Au MIP-NGs were also studied. The accumula-
tion of Au in each organ revealed that the Au MIP-NGs can be
traced in vivo. Accordingly, the biodistribution of the Au MIP-
NGs in mouse models of pancreatic cancer was investigated;
the amount of Au that accumulated in each organ after the
intravenous injection of the Au MIP-NGs was investigated
through ICP spectrometry. In particular, the accumulation of
Au in the liver and spleen was monitored. The liver contains
immune-related cells, such as Kupffer and dendritic cells; the
spleen has reticular cells. Therefore, these organs are related to
the reticuloendothelial system for immunological responses.
Therefore, to achieve an efficient and highly targeted cancer
treatment, the accumulation of the nanogels in the liver and
spleen should be suppressed. The amount of the Au MIP-NGs
that accumulated in the liver and spleen was lower than that of

6788 | J Mater. Chem. B, 2022,10, 6784-6791

the Au NIP-NGs (Fig. 4a and b). The concentrations of different
biomarkers, such as leucine aminopeptidase (LAP), alkaline
phosphatase (ALP), and cholinesterase (ChE), in the blood of
mice models were determined to evaluate the in vivo toxicity
due to the accumulation of Au MIP-NGs in the liver. The
concentrations of LAP, ALP, and ChE are related to liver
damage (Fig. S5, ESIt). The blood concentrations of these three
proteins in mice injected with the Au MIP-NGs were similar to
those in control mice injected with the buffered solution.
Therefore, the Au MIP-NGs are nontoxic and highly biocompa-
tible. The in vivo confocal laser scanning microscopy revealed
that longer blood circulation times were achieved when Au
MIP-NGs were used (Fig. S6, ESIt). The Au MIP-NGs circulate in
blood for much longer times than the previously reported HSA-
imprinted nanogels®® and Fc-domain imprinted nanogels.*
This observation is possibly due to the Au MIP-NG particles
being of suitable size for blood circulation, since the particles
of the previously reported nanogels are much smaller (HSA-
imprinted nanogels: ~35 nm,** Fe-domain imprinted nano-
gels: ~16 nm®') than the Au MIP-NG particles (~61 nm). The
effect of particle size on blood circulation will be investigated in
detail in the future. Furthermore, the increasing concentration
of Au in the pancreatic tumor over time reveals that the Au MIP-
NGs gradually accumulated in the tumor (Fig. 4c). Significantly,
the amount of Au MIP-NGs that accumulated in the tumor was

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Accumulation of Au in (a) liver and (b) spleen of mouse models of pancreatic cancer after 1 h of injection with Au MIP-NGs (red) and Au NIP-NGs
(blue). (c) Time course of the accumulation of Au MIP-NGs in pancreatic tumor. (d) Accumulation of Au in tumor of mouse models after 6 h of injection
with Au MIP-NGs (red) and Au NIP-NGs (blue). Au MIP-NGs: Au NP-incorporated molecularly imprinted polymer nanogels; Au NIP-NGs: Au NP-

incorporated non-imprinted polymer nanogels.

higher than that of the Au NIP-NGs (Fig. 4d). As discussed above,
the Au MIP-NGs showed a higher HSA affinity and formed more
HSA-rich protein coronas. The HSA rich protein corona facil-
itates Au MIP-NG cloaking, leading to its escape from the
immunological response. Consequently, the Au MIP-NGs circu-
lated longer in the blood and accumulated less in the liver and
spleen. Therefore, the Au MIP-NGs exhibited an in vivo stealth
capability and effectively escaped the immune response. Maeda
and co-workers reported that tumors have leaky blood vessels
compared to normal tissue.”” Furthermore, tumors lack lympha-
tic systems. Consequently, nanocarriers less than 100 nm in size
reportedly accumulate selectively in tumors (EPR effect).’® The
Au MIP-NG particles are less than 100 nm in size on average, as
shown in Fig. 1b, and they show long blood circulation profiles
due to in situ stealthification. Thus, they accumulate in tumors
through their passive tumor-targeting properties that are based
on the EPR effect; hence, the radiation sensitizer was success-
fully delivered to the pancreatic cancer tumor through the in situ
stealthified Au MIP-NGs nanocarrier.

Finally, radiation therapy for pancreatic cancer was demon-
strated using the novel stealth Au MIP-NGs as the radiation

This journal is © The Royal Society of Chemistry 2022

sensitizers. The mouse models of pancreatic cancer were irra-
diated (2 or 4 Gy) after the intravenous injection of Au MIP-NGs or
the control PBS. In general, the tumor volume gradually
increased. For the PBS-injected mice, tumor growth was effectively
suppressed by the X-ray irradiation; increasing the X-ray irradia-
tion dose further inhibited the growth of the tumor (Fig. 5a).
These results imply that the radiation therapy was effective on the
mouse models of pancreatic cancer. Under the same irradiation
intensity, the growth of the tumor was suppressed more effectively
in the Au MIP-NG-injected mice than in the reference PBS-injected
model. Furthermore, the tumor growth suppression efficiencies in
the Au MIP-NG-injected mice obtained after the irradiation with 2
or 4 Gy was almost similar; therefore, radiation therapy was
effective even at a lower X-ray irradiation dose (2 Gy). At 2 Gy,
the tumor volume in the Au MIP-NG-injected mice was signifi-
cantly smaller than that in the reference PBS-injected model
(P < 0.05) (Fig. 5b). Moreover, similar to the observations on
the PBS-injected model, the tumor volume in the Au MIP-NG-
injected mice was larger without X-ray irradiation. This implies
that the Au MIP-NGs did not exhibit cancer treatment potential
without X-ray irradiation (Fig. S7, ESIt). Furthermore, under
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Fig. 5 (a) Tumor volume changes in X-ray irradiated mouse models of pancreatic cancer injected with Au MIP-NGs (closed circles) and control
phosphate-buffered saline (PBS) (open circles): X-ray irradiation dose: O (black), 2 (blue), and 4 Gy (red). Au MIP-NGs: Au NP-incorporated molecularly
imprinted polymer nanogels; Au NIP-NGs: Au NP-incorporated non-imprinted polymer nanogels.

different conditions, the body weights of the mice models were
similar. Therefore, the intravenous injection of the Au MIP-NGs
and the X-ray irradiation did not cause considerable toxicity in the
mice (Fig. S8, ESIT). These results prove that the novel stealth Au
MIP-NGs produced in this study are promising sensitizers for
highly targeted radiation cancer treatments.

Conclusions

In this study, novel radiation sensitizers with in vivo stealth proper-
ties were fabricated using Au MIP-NGs. The Au MIP-NGs were
formed through the in situ reduction of Au>" and trapping of the Au
NPs in the thiolate MIP-NGs with HSA-imprinted nanocavities. The
Au MIP-NGs exhibited high selectivity toward HSA and formed an
albumin-rich protein corona in the human serum. Results of the
biodistribution test confirmed the passive targeting property of the
Au MIP-NGs toward refractory pancreatic cancer based on the EPR
effect. Using the same X-ray irradiation dose, the growth of the
tumor was suppressed more effectively in the Au MIP-NGs-injected
mice than in the reference PBS-injected model. Furthermore, using
the Au MIP-NGs sensitizer, the radiation therapy was successful
even at a low X-ray irradiation dose (2 Gy). This study paves a way
for the development of different stealth nanomedicines for cancer
treatment based on the molecular imprinting-based strategy and
in situ formation of the dysopsonic protein-rich corona.
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