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Introduction

The effect of Gd-DOTA locations within PLGA-b-
PEG micelle encapsulated IR-1061 on bimodal
over-1000 nm near-infrared fluorescence and
magnetic resonance imagingty

*a Masakazu Umezawa, (2 ¢ Kyohei Okubo, (& ©
¢ Masayuki Yamaguchi,® Hirofumi Fujii® and Kohei Soga®©

Thi Kim Dung Doan,
Masao Kamimura,

Multimodal imaging is attractive in biomedical research because it can provide multidimensional infor-
mation about objects that individual techniques cannot accomplish. In particular, combining over one-
thousand-nanometer near-infrared (OTN-NIR) fluorescence and magnetic resonance (MR) imaging is
promising for detecting lesions with high sensitivity and structural information. Herein, we describe the
development of a bimodal OTN-NIR/MRI probe from gadolinium-tetraazacyclododecanetetraacetic acid
(Gd-DOTA) conjugated poly(lactic-co-glycolic acid)-block-poly(ethylene glycol) copolymer (PLGA-b-
PEG) micelle encapsulated IR-1061 at two different locations. One configuration contains Gd-DOTA at
the end of the PEG of the hydrophilic shell and the other contains Gd-DOTA at the border of PLGA/PEG.
The two structures show remarkable differences in fluorescence and R; relaxation rates in biological
environments; the structure with Gd-DOTA at the border of PLGA/PEG exhibits stable fluorescence and
T signal distribution in live mice. The introduction ratio of Gd-DOTA to PEG is significant for controlling
the properties of both structures; a higher Gd-DOTA ratio is preferable for the contrast enhancement
effect. We found that Gd-DOTA ratios higher than 10% degraded the fluorescence intensity when Gd-
DOTA was bound to the end of PEG. In contrast, the introduction of 70% Gd-DOTA at the border of
PLGA/PEG did not exhibit a degraded signal, and the structural stability was enhanced with higher ratios
of Gd-DOTA. In conclusion, we confirmed that the location of Gd-DOTA is a crucial factor in designing
high-performance probes. The overall properties improve when Gd-DOTA is set on the border of PLGA/
PEG. These improvements in the properties by controlling the probe structures are promising for future
biomedical applications.

renders high structural and spatial information with unlimited
tissue penetration. However, acquisition by MRI is time-con-

Multimodal imaging has been extensively investigated to
develop an accurate diagnostic technique that can detect
lesions in the early state or act as guided imaging during
surgery. ® The combination of magnetic resonance imaging
(MRI) and fluorescence imaging (FI) is one of the most wide-
spread platforms that has drawn the attention of
researchers.”*>7?7'> MRI is a non-ionization technique that
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suming and poses a challenge for on-site imaging-guided
applications. In contrast, FI is a rapid and sensitive technique
that can dynamically detect variations in a range of seconds.
The concerns of shadow images produced by FI, which orig-
inate from tissue absorption and scattering, can be alleviated
by exploiting near-infrared (NIR) light with wavelengths longer
than 1000 nm (OTN)."*' This combination is achieved by
developing bimodal imaging probes.>?**

Multiple structures have been employed for bimodal
OTN-NIR/MRI probes. One of the most prevalent compounds
is rare-earth-doped ceramic nanoparticles (RED-CNPs).'*'®
The other classes include hybrid structures (i.e., manganese
nanoparticles combined with organic dyes and quantum dots
with Gd(m) chelates). Organic structures using self-assembly of
block copolymers encapsulated fluorescence dye and MRI con-
trast agents (Gd or Mn ions) have also been investigated.*””"*>

This journal is © The Royal Society of Chemistry 2022
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However, these structures are relatively large in diameter, par-
ticularly >100 nm, which can ignite a response from the reticu-
loendothelial system (RES) and reduce the circulation lifetime.

Recently, we reported a bimodal OTN-NIR/MRI probe com-
posed of Gd-DOTA conjugated to poly(lactic-co-glycolic acid)-
block-poly(ethylene glycol) copolymer (PLGA-b-PEG) micelle
encapsulated OTN-NIR dye (IR-1061).> This structure had a
small diameter of ca. 20 nm and exhibited excellent circulation
in the first stage. However, this structure became unstable
when Gd-DOTA was introduced in a ratio higher than 10%.
The structural instability might be caused by Gd-DOTA
locations at the end of PEG. Moreover, Gd-DOTA intrinsic
characteristics might also affect the structural cohesion and
stability in the biological environment.

To clarify the impact of Gd-DOTA spatial distribution on
the micelle stability and the durability of OTN-NIR/MRI
probes, we designed two structures with the Gd-DOTA distribu-
ted at different radial positions. The structures were composed
of IR-1061 dye encapsulated in the core of PLGA-b-PEG
micelles, and the Gd-DOTA chelate was conjugated either at
the end of PEG or at the border of PLGA/PEG. The effect of the
ratios and the radial positions of Gd-DOTA on the bimodal
properties and stability in the biological environments of
imaging probes was investigated. The probes were applied to
in vivo imaging using OTN-NIR and MRI. The effects on liver
function are also investigated via the level of enzymes excreted
in the plasma.

Materials and methods

Reagents

PLGA-b-PEG (M, = 2000-2000), a carboxyl acid capped PLGA-b-
PEG at the w-end of the PEG chain, PLGA-b-PEG-COOH (M,, =
2000-2000), a carboxyl acid capped PLGA (PLGA-COOH) (M,, =
2000) and a PEG possessing a methoxy group at the a end and
an amine group at the o end (mPEG-NH,) were purchased
from Nanosoft Polymers, Winton-Salem, NC, USA. 4-2-]2-
Chloro-3-(2,6-diphenyl-4H-thiopyran-4-ylidene) ethyl-idene]-1-
cyclohexen-1-yl]ethenyl]-2,6-diphenylthiopyrylium tetrafluoro-
borate (IR-1061), 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride (EDC), N-hydroxy-succinimide (NHS), 2-
(N-morpholino)ethanesulfonic acid (MES), 2-(N-morpholino)
ethanesulfonic acid sodium salt (MES sodium salt), bovine
serum albumin, deuterated chloroform (CDCl;), deuterated
dimethyl sulfoxide-d6 (DMSO-ds) and Sephadex® LH-20 were
purchased from Sigma-Aldrich (St Louis, MO, USA).
Dichloromethane (DCM), acetonitrile (ACN), diethyl ether,
dimethyl sulfoxide (DMSO), hydrochloric acid (HCI), nitric
acid (HNOj3), and normal mouse serum were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Normal saline was purchased from Otsuka Pharmaceutical
Factory, Inc. (Tokushima, Japan). Gadolinium(u) 1,4,7,10-tetra-
azacyclodo-decane-1,4,7-tris  (acetic acid)-10-(4-aminobutyl)
acetamide (Gd-DOTA butylamine) and 1,4,7,10-tetraazacyclodo-
decane-1,4,7-tris(acetic  acid)-10-(4-aminobutyl) acetamide
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(aminobutyl-DOTA) were purchased from Macrocyclics, Inc.,
Plano (TX, USA). Phosphate buffered saline (PBS) was obtained
from Thermo Scientific, Inc. (Waltham, MA, USA). All the
reagents were used without further purification.

Conjugation of polymers

Synthesis of PLP-D polymer chains. PLGA-b-PEG conjugated
to Gd-DOTA at the a-end of PEG (PLP-D): PLGA-b-PEG-COOH
(600 mg) was dissolved in DCM (5 mL). EDC (57.3 mg) and
NHS (172.5 mg) were added and the solution was stirred for
4 h at room temperature to activate the -COOH groups.
Subsequently, the activated polymer chains were purified
using a Sephadex® LH-20 gel filtration column. The activated
polymer was dissolved in DMSO (10 mL), followed by the
addition of Gd-DOTA butylamine (72 mg), and kept stirring for
24 h at room temperature. PLP-D was filtered using a
Sephadex® LH-20 gel filtration column before precipitating it
with diethyl ether and followed by freeze-drying. The final
product was used to prepare the imaging probe.

Synthesis of PL-D-P polymer chains with Gd-ions. (i) D-PEG:
Gd-DOTA butylamine (300 mg) was dissolved in DMSO (1 mL)
and its -COOH groups were activated by using coupling agents
EDC (57.3 mg) and NHS (172.5 mg) in 4 h. Then, PEG-NH,
(300 mg) was added to the solution and stirred for 24 h.
PEGylated Gd-DOTA butylamine was separated from the non-
reactants using Sephadex®LH-20 gel filtration. The fractions
were analyzed by "H NMR and further conjugated to PLGA. (ii)
PL-D-P: PLGA-COOH (300 mg) was dissolved in DCM (1 mL)
and activated using EDC (57.3 mg)/NHS (172.5 mg) in 4 h.
After filtration of the by-products, activated PLGA-COOH was
dissolved in DMSO (10 mL) and PEG conjugated Gd-DOTA was
added to the solution and stirred for 48 h. Subsequently, the
product was subjected to gel filtration. The reaction yield and
conjugation efficiency were calculated using eqn (S.1a) and
(S.1b) in the ESL.f

Synthesis of PL-N-P. The procedure in (ii) was modified by
replacing Gd-DOTA-butylamine with a non-coordination
product aminobutyl-DOTA containing no Gd-ions. The other
steps remained unchanged.

Micelle preparation

To enhance the stability of the micelles compared with those
prepared in the former report, we increased the inter-micellar
interaction (core-packing) by increasing the aggregated
number of polymers three-fold.

PLGA-b-PEG micelle (PLP). PLGA-b-PEG (30 mg) and 12 pl of
IR-1061 in ACN (5 mg mL™") were dissolved in ACN (988 pL) and
gently stirred for 5 min. Water (2 mL) was dropped into the solu-
tion and ACN was evaporated for 20 h. The micelle solution was
transferred to a gel filtration column to separate from the non-
reactants and the product was collected for further analysis.

PLP-D micelles. PLP-D were mixed with PLGA-b-PEG at
various special concentrations (D[m (%)]) from the eqn (1):

m(D)

D[m (%)] = m|[(D)] + m[(PLGA — PEG)]

x 100 (1)
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where D = PLP-D and [m (%)] = 0, 10, 30, 50 and 70% of 30 mg
(total quantity of polymers). The mixed polymers (30 mg) and
12 pl of IR-1061 in ACN (5 mg mL™") were dissolved in ACN
(988 pL) and gently stirred for 5 min. Thereafter, MES buffer
(2 mL, 20 mM, pH 7.5) was added to PLP-D samples.

PL-D-P/PL-N-P micelles. PLP-D were mixed with PLGA-b-PEG
at various special concentrations (D [m (%)]) from eqn (1):
where D = PL-D-P/PL-N-P and [m (%)] = 0, 10, 30, 50 and 70%
of 30 mg (total amount of polymers). The mixed polymers
(30 mg) and 12 pl of IR-1061 in ACN (5 mg mL™") were dis-
solved in ACN (988 pl) and 2 mL of Milli-Q water was added to
the PL-D-P samples. The solutions were stirred for about 20 h
to evaporate ACN. Ultimately, all products were purified using
a gel filtration column in water.

Micelle characterization

OIN-NIR absorption. An ultraviolet/visible/NIR spectro-
photometer (V770, JASCO, Inc., Japan) was used to measure
the absorption spectra.

OTN-NIR emission. A spectrometer (NIR-256-1.7, Avantes,
Apeldoorn, The Netherlands) equipped with a fiber-coupled
laser diode (SP-976-5-1015-7, Laser Components GmBH,
Olching, Germany) with a 980 nm excitation source was used
to obtain the emission spectra. The optical setup includes a
980 nm excitation source (0.67 W) irradiating the solution
sample in a 10 mm-path-length cuvette. The emission was col-
lected perpendicular to the excitation plane in a Q-pod
(Quantum Northwest, WA, USA) integrated with NIR
spectroscopy.

Dynamic light scattering (DLS). The diameters of the
samples were determined using a zeta potential and particle-
size analyzer (ELSZ-2000, Otsuka Electronics, Co., Ltd, Osaka,
Japan).

Nuclear magnetic resonance (NMR) spectroscopy:. The 'H
NMR spectra of the conjugated polymers dissolved in CDCl;
and DMSO-d¢ were acquired using an NMR spectrometer
(Bruker AVANCE NEO 400, Bruker Biospin GmbH,
Rheinstetten, Germany). Using an inductively coupled plasma
atomic emission spectroscopy (ICP-AES), the Gd ion concen-
trations were determined using an ICP-AES (ICPE-9000,
Shimadzu Co., Ltd, Kyoto, Japan). The samples were dispersed
in an aqua regia solution—a 3 : 1 mixture of HCl and HNO;—
and shaken overnight prior to measurement.

T, relaxometry. The longitudinal relaxation times (7;) and
Ti-weighted images of phantoms were acquired using a 3T
clinical scanner (Vantage Centurian, Canon Medical Systems,
Tochigi, Japan).

Structural stability. The probe stability in vitro was assessed
using four media: water, saline, PBS, and albumin solution
(40 mg mL™) to mimic the biological environments.'® The
samples (20 mg mL™") were dispersed in the four media in
60 min, and thereafter, the absorption, emission, and DLS
were measured. The reduction in the R, relaxation rates due to
the interaction with plasma proteins was assessed using PLP-D
[70] and PL-D-P [70]. The probes were incubated in mouse
serum at a concentration of 20 mg mL™' at various time
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points. The samples underwent sonication for 5-10 min and
were filtered using a gel filtration column to eliminate the
leaking polymer chains and remaining proteins. The final
product was dissolved in water for further analysis.

In vivo imaging
All animal experiments were performed under the approval of
our Institutional Animal Care and Use Committee.

In vivo OTN-NIR and MR imaging were separately per-
formed. Seven-week-old BALB/c female mice were purchased
from Japan SLC, Inc. (Shizuoka, Japan) and used for MRI. For
the OTN-NIR imaging, 7-week-old BALB/c female nude mice
were procured from Japan SLC, Inc. (Shizuoka, Japan). The
mice were fed iVid # 2 (Oriental Yeast Co., Ltd, OYC, Tokyo,
Japan) for seven days before in vivo imaging.

The mice were anesthetized with 1-1.5% isoflurane via a
nose mask. All mice were intravenously injected with the
micelle at 100 pg g~ " body weight (equivalent to 1 mg mL ™"
blood volume) via the tail vein.

The OTN-NIR images were acquired at 0, 5, 10, 30, 60, and
90 min post-injection. All MR images were acquired using a
9.4 tesla scanner (BioSpec 94/20 USR; Bruker BioSpin,
Ettlingen, Germany). The T;-weighted images were acquired
using the Intragate fast low-angle shot (IG-FLASH) pulse
sequence before injection and at 90 min post-injection. The
scan parameters were as follows: TR = 120 ms, TE = 3.2 ms, FA
= 40°, NEX = 1, and the matrix size = 128 x 128. Six coronal
slices of the abdomen were acquired with a 1.0 mm thickness
and a 1.25 mm gap.

Image analysis

The OTN images were analyzed using the open-source software
Image] ver. 1.8 (National Institutional Health, Bethesda, MD,
USA; available from https:/imagej.nih.gov/ij/). The signal
intensities were extracted from the regions of interest (ROIs) in
the liver, spleen, and blood vessels of the hindlimb, and the
temporal variations were evaluated. For image analysis, the
average intensity (1) was calculated from the ROI values sub-
tracted from the background (BG) of the intensity threshold
(e.g., 30% of black pixels) and plotted as the relative intensity
(Ig) for each corresponding organ. Subsequently, the plots of
the relative intensity for each organ from the OTN-NIR images
are as follows.

I = (I, - BG) (1 (2)

The MR images were exported to the Digital Imaging and
Communications in Medicine (DICOM) format and imported
to Image] wusing the Bio-Formats Importer plugin.
Subsequently, the MRI data were analyzed using Image]. The
ROI values were obtained for the liver, spleen, vena cava,
bladder, kidneys, and rectus abdominis muscle. For MR image
analysis, the signal intensities of different regions were nor-
malized using the signal intensities of the rectus abdominis
muscle. The mean values of the summation ROIs were used to
interpret the normalized signal intensities of the corres-

This journal is © The Royal Society of Chemistry 2022
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ponding organs. The contrast enhancement effect was simul-
taneously determined by comparing the signal intensities
from the organs.

Plasma biochemical assays

Blood was collected 48 h post-injection before centrifuging at
5000g for 15 min at 4 °C. The collected plasma was used for
the biochemical assays. The activities of transaminase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP),
and lactate dehydrogenase (LDH) were assayed using the com-
mercial test kits (Wako Pure Chemical Industries, Ltd, Osaka,
Japan) following the manufacturer’s protocol. The enzyme
level reference also used values provided by the supplier.

Results

Conjugation, micelle preparation, and characterization of
PLP-D and PL-D-P

Two types of polymer structures (namely PLP-D and PL-D-P)
were synthesized via an amidation reaction using EDC-NHS
coupling, and they were used to develop bimodal imaging
probes (Fig. 1). PLP-D was synthesized following a procedure
previously reported using PLGA-b-PEG-COOH conjugated to an
aminated derivative Gd-DOTA. PL-D-P was synthesized in two
stages. First, PEG-DOTA was synthesized by amide bond for-
mation between the -COOH groups of DOTA and the -NH,
group of PEG. Second, the amine branch of Gd-DOTA was co-
valently bound to activate the -COOH of PLGA. Both structures
were mixed with PLGA-b-PEG in varying ratios to form
micelles.

Fig. 2(a-e) depict the structures developed in this work and
Fig. 2(f-i) display the corresponding "H NMR spectra in
DMSOe. In Fig. 2(f and g), the spectrum obtained for the
PLP-D polymer exhibits distinct peak groups at § 0.8-1.2 ppm
for the ~-OCH(CH;)CO- of polylactide (PLA), § 3.1-3.6 ppm for
PEG, § 2.8-3.36 ppm for -CH, of DOTA, § 4.2-5.0 ppm for
-CH-CH; and —(CH,0) -H of polyglycolide (PGA), and &
4.9-5.8 ppm for -CH of PLA, § 7.8 ppm for -CO-NH (amide) in
Fig. 2(f). The Gd-DOTA butylamine exhibits a dominant peak
at 3.4 ppm representing the CH, of the cyclen rings; the broad
peak is attributed to the field inhomogeneities induced by the
presence of Gd(m). The spectra of D-PEG, PL-D-P, and PLP
polymers are shown in Fig. 2(h and i). D-PEG shows distinct
peak groups at § 1.1 ppm for CHj(methoxy PEG), &
2.8-4.1 ppm for the CH, cyclen and CH,~COOH of DOTA, and
6 7.8 ppm for the amide bond CO-NH between Gd-DOTA and
PEG. Distinctive peaks of PL-D-P include § 0.8-1.8 ppm for
CH; (methoxy PEG) and CH(CH;)CO (PLA), 6 1.8-2.6 ppm for
—-CH,COO™ (DOTA),  3.2-3.8 ppm for CH, of the cyclen ring of
DOTA and n PEG, and § 4.5-5.5 ppm for CH-CH; of PGA, &
7.8 ppm and 6 8.0 ppm for the amide bonds CO-NH between
PEG-DOTA and DOTA-PLGA. Those peaks are in accordance
with the previous reports of PEG conjugating to Gd-DOTA,
PEG, and PLGA compositions, DOTA conjugation compounds,
and amide bond formation among the structures.>'” 2 All
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these peaks confirmed the presence of Gd-DOTA in the PLGA-
b-PEG polymer. The synthesis yield and conjugation efficiency
are provided in the ESI (S.1).}

A DOTA molecule possesses quadruple carboxyl groups
(-COOH) on its structure.>'”?! The spatial distribution at a
high density of Gd-DOTA molecules can induce the transform-
ation within the structures, thus altering the probe properties
in biological environments. The synthesized polymers were
mixed with PLGA-b-PEG with varying ratios to form micelles.
Micelles having Gd-DOTA at the end of PEGs were named
PLP-D and at the border of PLGA/PEG are known as PL-D-P.
The fluorescence of IR-1061 depends strongly on the contribut-
ing factors such as monomers or dimer formation, as well as
the interaction with water (-OH interaction). Free IR-1061
absorbs light with two main peaks at 1060 nm, attributed to
the monomers. The absorption peak at 950 nm is attributed to
the dimer formation when the dye is aggregated. The peak
expands to the left if the dye interacts with the -OH group of
water, as shown in Fig. 3(a). The emission of free IR-1061 in
ACN and the normalized emission spectra of PLP and the two
structures, PLP-D [70] and PL-D-P [70], are shown in Fig. 3(b).
All spectra have a distinct emission peak around 1100 nm.
According to the DLS results presented in Fig. 3(c), the hydro-
dynamic diameters of PLP, PLP-D [70], and PL-D-P [70] are
21 nm, 37.5 nm, and 29.8 nm, respectively.

The absorptions of PLP, PLP-D, and PL-D-P micelles share
the same distinctions as IR-1061, including two main peaks at
890 and 1060 nm, as shown in Fig. 3(d-f). The monomers are
dominant in the absorption spectra of PLP and PL-D-P but it
significantly reduces that of PLP-D due to a strong interaction
with water, resulting in a broad blue-shift in the 890 nm peak.
The absorption spectra were deconvoluted into minor contri-
butors to gain insight into the dye behaviors.

The relaxivities, r;, estimated from the slope of the relax-
ation rate plot (R, = 1/Ty) as a function of the Gd*" concen-
tration ranges from 0.0-0.1 mmol L™" are illustrated in Fig. 3(g
and h). The probe relaxivities are 16 mM ™" s~ for PLP-D [70]
and 26 mM " s™! for PL-D-P [70]. The relaxivity of a clinical
MRI contrast agent Gadovist® is 3.8 mM ™" s,

OTN-NIR fluorescence in the biological environment

The stability of the samples was evaluated using the simple
model introduced in our former report.'® Briefly, the samples
were dissolved in four biological media containing multiplex
ions and proteins such as water, saline, PBS, and albumin
solution to evaluate the effect of Gd-DOTA on the fluorescence
properties (Fig. 4). The samples were incubated in each
environment for 60 min and then sonicated for 5 minutes
before subjecting to the gel filtration column LH-20 to separate
the micelle from the environments. The fluorescence intensity
(a—d) and the absorption of the monomer (e-h) of the PLP-D
and PL-D-P micelles in four media are measured. The percen-
tages of the polymer chains carrying Gd-DOTA substituted
PLGA-b-PEG chains used in this study were 0, 10, 30, 50, and
70 [%]. The absorption peaks were deconvoluted into
monomer, dimer, and -OH interactions. The influence of each

Biomater. Sci, 2022, 10, 6244-6257 | 6247
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Fig. 1 Illustration of the synthesis steps of Gd-DOTA conjugated to PLGA-b-PEG chains and micelle formation. Gd-DOTA bound to the end of PEG
(a) and micelle formation with Gd-DOTA located on the surface (b); preparation of Gd-DOTA bound to PEG-NH; (step 1) is followed by conjugating
with PLGA (step 2) (c) and the formation of micelles with Gd-DOTA residing at the border of PLGA/PEG (d).

component on the emission intensity is shown in Fig. 4(i-1). The emission loss due to the introduction of Gd-DOTA is
Both structures release stable signals in water, saline, and PBS, approximately 3% with Gd-DOTA [10] and drops to 25% with
regardless of the varying Gd-DOTA [%] ratios. The emission Gd-DOTA [70] compared with that of the micelles without Gd-
intensities of the PLP-Ds strongly depend on the Gd-DOTA DOTA. Conversely, the emission intensities of PL-D-P are less
ratios; the higher the ratios, the lower the emission intensity. dependent on the introduction ratios and only a minor differ-

6248 | Biomater. Sci,, 2022, 10, 6244-6257 This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The structures of PLP (a), Gd-DOTA (b), PLP-D (c), D-PEG (d) and PL-D-P (e) are presented. The 'H NMR spectra of conjugated polymer, (f)
the enlarged image of the down-field and (g) full spectra of PLP-D, PLP, and Gd-DOTA; (h) the enlarged image of the down-field and (i) full spectra
of PL-D-P, D-PEG, PLP, and Gd-DOTA. All spectra are acquired in DMSO-de.

ence is observed. The effect of Gd-DOTA locations is more
apparent in the coexistence of albumin when the micelles
without Gd-DOTA exhibit an emission loss of 22%, PLP-D [10]
loss of 25% fluorescence, and PLP-D [70] loss of 53% of fluo-
rescence. In contrast, when Gd-DOTA is located at the border
of PLGA/PEG, the emission remained equivalent to the inten-
sity in water at high ratios from PL-D-P [50] onwards.

The integrated absorption spectra show the correspondence
between the monomer, dimer, and water interaction with the
emission intensity of the samples. Furthermore, the absorp-

This journal is © The Royal Society of Chemistry 2022

tion in the four media is consistent with the emission. The
lower Gd-DOTA ratios of PLP-D maintain their stable absorp-
tion, and the higher ratios incline to reduce the absorption. In
contrast, the Gd-DOTA ratios show no significant effect on the
absorption intensity in the PL-D-P samples. The comparison
only uses the absorption peak of the monomers after deconvo-
lution because the monomer peak is the main contributor to
the emission.

The DLS is shown in Fig. 4(m-p), wherein the size distri-
bution of all the samples is stable in water, saline, and PBS;
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however, only the samples with PLP-D [10] are stable in
albumin. Meanwhile, all PL-D-P ratios are stable in all four
environments.

R, relaxation rates in biological environments

The relaxivities of the micelles are attributed to the number of
the polymer chains bound to the Gd(m) ions; consequently,
the relaxation per micelle is inextricably attached to the stabi-

6250 | Biomater. Sci,, 2022, 10, 6244-6257

lity of the structure. To better understand the impact of the
Gd-DOTA ratio and location, we investigated the relaxation
rates in water after incubating in PBS and mouse serum.
Typically, relaxivity is used to mean the R; per specific concen-
tration of the Gd ion. However, the meaning is different in this
study; the term is used to describe R; performance/micelle.
The relaxation rates increase linearly with Gd-DOTA ratios in
the case of PLP-D. However, the R, values rapidly increase as a

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Correlative emission intensity between Gd-DOTA ratio versus the emission intensity of PLP-D compared with that of PL-D-P in water (a),
saline (b), PBS (c) and albumin solution (d). Corresponding monomer absorption versus Gd-DOTA ratios of PLP-D compared with those of PL-D-P
micelles in water (e), saline (f), PBS (g) and albumin solution (h). Correlation between the absorption components and emission intensity versus the
Gd-DOTA ratios of PLP-D in water (i) and albumin (j) and of PL-D-P in water (k) and albumin (l). Correlation between micelle diameters versus the
Gd-DOTA ratios of PLP-D compared with that of PL-D-P in water (m), saline (n), PBS (o), and albumin (p). (Gd-DOTA ratios m [%] = 0, 10, 30, 50 and
70% (w/v)). Individual data points are shown as markers to emphasize the different intensities of signals (a—h) and diameters (m—p). Bars indicate
mean + SD (n = 3).

power function as the ratios are higher than 30% in the case of
PL-D-P. Both structures are stable in water regardless of the
ratio. The reduction in relaxation rates is attributed to the
leakage of the polymer chains bound to Gd-DOTA during the
interaction with mouse serum. The structures were incubated
in mouse serum at varying intervals up to 90 min and filtered

This journal is © The Royal Society of Chemistry 2022

to eliminate the polymer chains adhered to the plasma
proteins.

The R; relaxation rates depending on the Gd-DOTA ratios
are shown in Fig. 5(a and b), and the reduction of the relax-
ation rates in mouse serum is shown in Fig. 5(c). The relax-
ation rates of PLP-D and PL-D-P are stable in water and PBS
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regardless of the ratios. In mouse serum, after 60 min of incu-
bation, the relaxation rate of PLP-D [70] reduced by 34% and
that of PL-D-P [70] reduced by approximately 3.4%. Up to
90 min, the reduction is 36% for PLP-D [70] and 10% for PL-D-
P [70], respectively.

Role of Gd(m) ions on micellar stability

To better understand the mechanism of PLGA/PEG rigidifica-
tion due to the presence of Gd-DOTA, we prepared an alterna-
tive structure containing DOTA at the border of PLGA/PEG,
excluding Gd(m) ions (PL-N-P). The results reveal that PL-N-P
induces a higher dye load in the core, resulting in a stronger
emission and absorption; however, the fluorescence loss in the
albumin solution is higher than PL-D-P. The comparison of
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In vivo OTN-NIR imaging

To investigate the effect of the spatial distribution of Gd-DOTA
on the probe circulation and accumulation in vivo, we prepared
two probes with a ratio of 70%, namely PLP-D [70] and PL-D-P
[70]. The OTN-NIR and MRI experiments were independently
performed to evaluate the different behaviors of the probes.
The OTN-NIR images of mice using PLP-D [70] and PL-D-P
[70] are displayed in Fig. 6(a-k) and (1-v), respectively. Fig. 6(a)
and (1) represent the OTN-NIR images of mice injected with
PLP-D [70] and PL-D-P [70], respectively. The signals in the
liver and blood vessels were recorded at 5, 10, 30, 60, and
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Fig. 6 The OTN-NIR images of whole body of mice intravenously injected with PLP-D [70] at 5 min post-injection (a) and the images of liver (b—f)
and the blood vessel in the left hind limb (g—k) at different time points. The OTN-NIR images of the whole body of mice at 5 min post-injection with
PL-D-P [70] () and the images in liver (m—q) and blood vessel (r—v) at difference time points. Intensity scale bar (w) and bright field image of mouse

(x). Laser power 10 w, acquisition time 1 s. Scale bar indicates 1 cm.
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90 min using PLP-D [70] (b-k) and PL-D-P [970] (m-v). The
mice intensity scale bar and bright field image are shown in
(w) and (x). The fluorescence from both structures is very
bright to depict the blood vessels and localize the liver in the
first 10 min. Later, the fluorescence signal decreases in the
liver and blood vessels, and until 30 min, the PLP-D [70] fluo-
rescence signal increases in the liver and decreases in the
blood vessels for up to 90 min. In contrast, PL-D-P [70] exhibits
a stable fluorescence in the blood vessels and liver until the
end of the experiments.

In vivo MR imaging

Fig. 7 shows the representative pre-contrast MR images of
mice for comparison (Fig. 7a, d, g, j, and m) and at 90 min
post-injection of either PLP-D [70] (Fig. 7b, e, h, k, and n) or
PL-D-P [70] (Fig. 7c, f, i, |, and o). Five different slice levels are
shown to observe the signal intensity of the liver, spleen,
kidney, intestine, and blood vessels. The ROIs from the liver,
spleen, kidney, and blood vessels are shown as dotted lines.
The signal intensity in the rectus abdominis muscle was used
as the internal standard when comparing the signal intensities
of these organs. The MR images of the mice receiving either
bimodal probe exhibit a strong enhancement effect so that the
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Fig. 7 T, contrast images of mice without the probe, and mice injected
with PLP-D and PL-D-P are acquired in liver areas (a—c), blood veins (d—
f), kidneys (g—i), abdomen (j-l), and bladder areas (m-o0), respectively.
Scale bar indicates 1 cm.
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different organs such as livers, kidneys, spleens, intestine, and
blood vessels can be clearly discerned. Notably, in the case of
PLP-D, the liver, renal pelvis, and bladder exhibit high signal
intensities. In contrast, the mice injected with PL-D-P [70]
exhibit bright signals in the liver, blood vessels, intestine, and
spleen. In the kidneys, the signal can be seen only in the pos-
terior area, composed of interlobular arteries and veins inside
the kidneys. In particular, no signal was observed in the pelvis,
implying that the structure does not penetrate through the glo-
merular capillary walls and excrete into the urine but returns
to the circulation system. Ultimately, no signal was observed in
the bladder.

The variation in the ROI values due to time in the OTN-NIR
images of the liver, spleen, and blood vessels of the mice
injected with PLP-D [70] and (b) PL-D-P [70] is presented in
Fig. 8(a—c), respectively. The signals for the liver of both struc-
tures exhibit a maximum intensity at 5 min post-injection and
reduce rapidly during the first 30 min post-injection (a); the
signal from PLP-D [70] increases again in the liver. The signal
of PL-D-P [70] remains stable until the end of the observation.
The same trend is observed for the spleen with a signal
increase in the spleens of the mice injected with PLP-D [70]
and the signals being stable in the spleens of mice injected
with PL-D-P [70]. In the blood vessels, fluorescence reduction
is described by a single exponential decay (PLP-D [70]) and
double exponential decay (PL-D-P [70]), respectively. The
reduction of fluorescence intensity is partly involved in meta-
bolizing the structure in the blood vessel or excretion from the
liver or spleen. Other parts evade the harmful effects of the
plasma proteins and continue to circulate inside the bodies.
The MRI signal intensity from the ROI values of the different
organs is shown in Fig. 8(d); the results showed that the signal
from PLP-D [70] is high in the livers, spleens, and kidneys; in
contrast, the signal from PL-D-P [70] is high in the blood
vessels and slightly reduced in the spleen.

Liver function tests

We analyzed the elevated level of enzyme being released into
the blood to evaluate the possible damage to hepatocytes
caused by the imaging probes. The results showed that PLP-D
[70] induces a significant release of AST, ALT, ALP, and LDH,
exceeding the average values to maintain healthy liver func-
tions (Fig. 9). The enzyme levels in the mice injected with
PL-D-P [70] remain comparable with the standard range except
for a slight increase in the AST level.

Discussion

A Gd-DOTA molecule contains a macrocycle cyclen ring with
four nitrogen atoms coordinated to a Gd(m) ion and binds to
four acetic acid groups. Four oxygen atoms on the acetic acid
arms coordinate to the Gd(m) chiral center.”>** After conju-
gation to the end of PEG, the other oxygen donor atoms
remained as the donors in the structures, except for those par-
ticipating in the amide bond formation.** Inside micelles, the

Biomater. Sci, 2022, 10, 6244-6257 | 6253
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hydrophobic chains are dense and the Gd-DOTA molecules
attached to the polymer chains are arranged into a layer with a
close-packed distribution. The infinitesimal distance between
Gd-DOTA may cause an increase in the Coulomb interaction
between the Gd(m) ion center and the oxygen donor of the
adjacent DOTA, consequently forming cross-coordination net-
works among the Gd-DOTA molecules. When the Gd-DOTA
molecules are distributed at different locations in the micelles,
these cross-coordination arrangements affect their properties
in different ways.

6254 | Biomater. Sci, 2022, 10, 6244-6257

Effect of Gd-DOTA spatial distribution on the probe
characteristics

The diameter of nanostructures is one of the primary factors
for evading RES identification, avoiding fast renal clearance,
and elongating the circulation.>*” The diameters of the
bimodal imaging probes are approximately 30 nm (PLP and
PL-D-P) and 40 nm (PLP-D). These values are within the
threshold to be neglected by RES recognition or renal
filtration.>*>%2%

IR-1061 exhibits emission at 1100 nm in ACN and inside
the PLGA core.”® The dye distribution and the surrounding
environment are represented in the absorption spectrum by a
major band at 1064 nm, which is generally related to the
monomer distribution inside the core. In addition, the absorp-
tion shoulder around 850-900 nm is caused by the dimer for-
mation, and the blue shift toward 800 nm indicates an -OH
interaction between the dye and the water molecules at the
interface.'®**° A noticeable blue shift around 800 nm in the
absorption spectrum of the micelle with Gd-DOTA is located at
the end of PEG causing derivatization from the highly polar-
ized and hydrophilic structure of DOTAs, those tend to attract
water molecules toward its body. Consequently, absorption by
the monomer decreases, resulting in the reduction of fluo-
rescence emission compared with the other structures. In con-
trast, when Gd-DOTA is located at the border of PLGA/PEG, the
absorption spectrum reveals no effect of the -OH interaction.

This journal is © The Royal Society of Chemistry 2022
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The electrostatic repulsion between carboxylate ions (-COO™)
is repressed by the aggregates of heavy PLGA-chains on the
inner side and PEG chains on the outer side. The cross-coordi-
nation can form a shield-like layer at the border of PLGA/PEG
that prevents water or external molecules from intervening and
damaging the fluorescence properties.

In this work, the relaxometry was performed at 3T, and the
relaxivity of PLP-D[70] was 16 mM ™' s~ and PL-D-P [70] was
26 mM ™' 571313 The relaxivities of the micelle structures
display higher values than those of small molecules such as
Gadovist® (3.8 mM™" s™'). The enhancement of r; relaxivities
is attributable primarily to the repression of the global
rotational motions when the Gd(m) chelates are conjugated to
high molecular relaxivity reagents such as polymers in micellar
structures.>*****37 This enhancement is related to the
number of acetate groups of DOTA substituted by polymer
chains enhancing the structure stability and kinetically inert
manner compared to that of Gd chelates resulting in the
elongated rotation time 7.

Effect of Gd-DOTA spatial distribution on probe stability in
biological environments

PLGA-b-PEG has a solubility parameter compatible with
IR-1061; therefore, PLGA-b-PEG encapsulated IR-1061 micelle
showed a stable circulation and the ability to evade the RES
capture.®® The stability of the two structures was evaluated in
water, saline, PBS, and albumin solution. The OTN-NIR pro-
perties are stable in water, saline, and PBS in both structures.
In albumin, the interaction between the structure with water
and protein molecules becomes more apparent, as seen in the
absorption of the micelle components. The increasing water
interaction due to the introduction ratios of Gd-DOTA at the
end of PEG results in fluorescence reduction. Conversely,
when Gd-DOTA distributes at the border of PLGA/PEG, the
interaction with water is eliminated and the fluorescence is
preserved.

Generally, the relaxivities depend strongly on the Gd(u) ion
concentrations; the relaxation rates are acquired using free
chelates or multinuclear Gd(m) macromolecules that have a
large distance between Gd(m) ions. Therefore, the enhance-
ment of relaxation rates depending on Gd ion concentration is
displayed as a linear function. In this work, we demonstrated
the dependence of relaxation rates on the locations of Gd(im)
chelates inside the micellar structures; the relaxivities are con-
tributed by additional factors such as polymer chain density,
length, water accessibility, or distribution of Gd(ui) ions; more
specifically, the distance between Gd(m) ions. When an enor-
mous number of Gd-DOTA are arranged in a closed-packed
plane at the border of PLGA/PEG, the distance between Gd|(i)
ions becomes extremely small due to the pressure of aggregate
polymer chains. The behavior of a paramagnetic center Gd(m)
ion is enhanced by the adjacent ions. Moreover, water accessi-
bility is easier because the Gd-DOTA is conjugated at the root
of the hydrophilic PEG chains. This phenomenon explains
why at ratios lower than 30% of Gd-DOTA, the relaxation rate
enhancement is linearly proportional, but from 50 to 70%, the
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enhancement occurs as a power function. This result concurs
with the previous report of internalized Gd(m) chelates on the
surface of nanoparticles.® The same effect was not observed
with Gd-DOTA at the end of PEG because of the large distance
between Gd-DOTA.

On the other hand, the stability of the structure is improved
with higher Gd-DOTA ratios because the Coulomb interaction
is formed between a strong positive Gd(ui) charge of one mole-
cule and multiple negative charges from oxygen donors of the
other DOTA distributed at an infinitesimal distance surround-
ing. The cross-coordination rigidifies the border of PLGA/PEG
and makes them more stable under the dynamic mobility of
plasma proteins. This effect becomes more apparent when Gd
(m) centers are absent from the structures. The loss of fluo-
rescence is more considerable as shown in the ESI (S.2).}

Effect of Gd-DOTA spatial distribution on the probe cohesive
during circulation and their RES evasion

The OTN-NIR images of the mice injected with both structures
show a well-circulating early stage attributed to the small-dia-
meter structure. After 10 min, the probes were delivered into
the smaller vessels throughout the body, leading to a
decreased signal intensity in the large blood vessels and the
livers.

The difference in signal loss between the two structures is
attributed to the different pharmacokinetic manners. The
probe with Gd-DOTA at the end of PEG exhibits a faster decay
in the blood caused by the adsorption between polymer chains
bound to Gd-DOTA under interaction with plasma proteins.
The structure forms large aggregates, as shown in the DLS
results, which were captured in the liver. In contrast, Gd-DOTA
at the border of PLGA/PEG decays with a double exponential
function and exhibits a stable fluorescence signal in the blood
vessels and the liver. The recession of Gd-DOTA toward the
core preserves the PEG shell integrin and helps the structure
to evade RES recognition. The presence of Gd-DOTA with a
high density rigidifies the core against the effect of the exter-
nal environment, thus reducing the fluorescence loss inside
the body.

Usually, the filtration membrane in the kidneys and pelvis
allows only structures smaller than 10 nm to leak into the
urine and bladder.*®*' When Gd-DOTA is located at the end
of PEG, the structure is either degraded and some polymer
chains with Gd-DOTA were extracted out of the micelles and
cleared out of the bloodstream or interacted with plasma pro-
teins inducing large aggregates and rapidly accumulating in
the liver. MRI showed strong contrast enhancement signals in
both the liver and bladder, which can be attributable to the
degradability of the structure. However, as the Gd-DOTA
receded to the border of PLGA/PEG, no signal was observed in
the kidneys or bladder, but a remarkable contrast was depicted
in the vena cava or other blood veins. These data indicate that
the structures had increased systemic circulation time and
stability.

The liver function test exhibits the temporal damage the
probe can cause to the liver.*>** The high accumulation of the
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PEG end binding Gd-DOTA in the liver increases the hepatic
enzymes. Four target enzyme levels show values remarkably
higher than the normal range.**™*® The injuries are alleviated
when Gd-DOTA recedes to the border of PLGA/PEG. The struc-
ture is covered by a biocompatible PEG shell that can avoid
damage to the internal organs during circulation. Further pre-
clinical assessment experiments must be carefully conducted
to assess the long-term effect of the probe on the internal
organs.

Conclusions

In this paper, the nanostructure design of polymer micelles
based on PLGA-b-PEG is introduced with an OTN-NIR fluo-
rescent dye and Gd-DOTA as a bimodal, OTN-NIR fluorescence,
and MRI imaging probe. The focus of this study was to compare
the two locations of Gd-DOTA, that is, either on the border of
PLGA/PEG (series B) or the end of the PEG chain (series E).

We found that the series B samples exhibited much higher
stability than the series E samples with regard to the stability
of fluorescence intensity and MR signal distribution in live
mice.

For controlling the properties of the probe, the introduction
number ratio of Gd-DOTA to PEG is found to be important for
both series of samples. Generally, for expecting a high per-
formance of Gd-DOTA, in contrast, it is better to make the
ratio higher. For the series E samples, however, an increase in
the ratio of more than 10% seriously degraded the fluo-
rescence intensity and stability. On the other hand, in the
cases of series B, a ratio of 70% did not degrade these pro-
perties. An interesting finding was that the stability was
improved by increasing the ratio. Furthermore, T; obvious
relaxivity per micelle was enhanced by increasing the ratio.

It was proven that the location of Gd-DOTA in the nano-
structure is important for designing high-performance probes.
The overall properties were improved by setting the Gd-DOTA
on the border of the PLGA and PEG. The improved nano-
structure probes are expected to be used for bio and medical
applications in the future.
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