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Introduction

The influence of Gd-DOTA conjugating ratios to
PLGA-PEG micelles encapsulated IR-1061 on
bimodal over-1000 nm near-infrared fluorescence
and magnetic resonance imagingt

Thi Kim Dung Doan, © **® Masakazu Umezawa, & © Kazunobu Ohnuki,”
Karina Nigoghossian, {2 < Kyohei Okubo, 2 ““ Masao Kamimura, & <¢
Masayuki Yamaguchi,® Hirofumi Fujii © ® and Kohei Soga®<?

Multimodal imaging can provide multidimensional information for understanding concealed microstructures
or bioprocesses in biological objects. The combination of over-1000 nm near-infrared (OTN-NIR) fluor-
escence imaging and magnetic resonance (MR) imaging is promising in providing high sensitivity and struc-
tural information of lesions. This combination can be facilitated by the development of an imaging probe.
The OTN-NIR and MR bimodal fluorescence probes reported to date primarily involve ceramic particles for
fluorescence and MRI contrast enhancement effect. In this study, we designed a new bimodal OTN-NIR/MR
imaging probe from organic components including an OTN-NIR fluorescent organic dye (IR-1061) encap-
sulated in the core of a micelle composed of poly(lactic-co-glycolic acid)-block-poly(ethylene glycol)
copolymer (PLGA-PEG). For the MRI contrast, gadobutrol (Gd-DOTA) was introduced at the end of the PEG
chain at various ratios. Thereafter, the OTN-NIR fluorescence and MR bimodal imaging probes of ca. 20 nm
in size were successfully prepared and applied in mouse imaging. The probe exhibited absorption and emis-
sion in the OTN-NIR, and T; contrast enhancement effects on MRI. Moreover, it demonstrated bright
OTN-NIR fluorescence and MRI contrast enhancement to depict veins and observe the organs in live mice.
The imaging results revealed that the Gd-DOTA introduction ratio is of great importance for controlling the
biological response of the probe without reducing the contrast enhancement effect.

nance (MR) imaging (MRI) and near-infrared (NIR) fluo-
rescence imaging are emergent potential tools for several

Recently, the number of studies focused on multimodal
imaging has increased significantly."® The advent of multi-
modal imaging heralds novel biological or medical imaging
methods that offer higher dimensions of information and aid
in the recognition of underlying structures or phenomena. In
addition, the combination of imaging techniques that favour
either hardware integration or multimodal probe design can
predominantly facilitate multimodal imaging. Among the
multimodal platforms investigated to date, magnetic reso-
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medical applications, such as surgical aid imaging.”"" In this
context, MRI is effective in wunlimited deep-penetration
imaging and is generally used in clinical practice to navigate
lesions inside the body. Additionally, fluorescence imaging is
a sensitive and high-resolution technique that is capable of
imaging bioprocesses in real time. In particular, tissue regions
at centimetre-level depths have been extensively investigated
using over-1000 nm near-infrared (OTN-NIR) light to detect
sensitive signals from deeper regions. Moreover, several probes
have been designed and developed for promoting the appli-
cation of the OTN-NIR/MR combination, and various struc-
tures have been proposed.’>®

The majority of the OTN-NIR/MR probing structures
reported comprise inorganic compounds, especially ceramic
nanoparticles'> such as rare-earth-doped ceramic nano-
particles (RED-CNPs), widely used as an OTN-NIR/MRI probe.
More importantly, the emission range can be controlled by
selecting suitable dopant ions or integrating the MRI contrast
enhancement effect into the structure by codoping with gadoli-
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nium ions—a predominant 7T; contrast enhancement agent.'”
However, a significant drawback of RED-CNPs is their large par-
ticle size. The size of RED-CNPs should be sufficiently large for
emitting a detectable signal in vivo.'? Besides, hybrid structures,
including organic molecules and inorganic compounds, such as
quantum dots (QDs), manganese or gadolinium nanoparticles,
are also extensively employed to design multimodal probes com-
bining fluorescence and MR imaging.'®*>* For instance, a
bimodal probe from inorganic core Ag,S QDs with Gd-DOTA
organic molecules functionalized on the surface was applied to
image brain tumors. The structure had a diameter smaller than
100 nmy; thus, the blood retention could last up to several hours
in mouse bodies." In contrast, several organic platforms have
been designed for the OTN-NIR/MR imaging of liver and brain
tumours with an OTN-NIR probe CH1055 binding to Mn** lacto-
ferrin nanoparticles of sizes larger than 200 nm."®

The probe diameter is an essential factor in pharmacoki-
netic properties during circulation inside the body, wherein a
large structure can trigger a response from the reticuloen-
dothelial system (RES), especially for probe sizes of 100 nm
approximately. The RES recognises the larger-sized probes as
foreign entities, and consequently, activates the phagocytic
cells such as macrophages to capture the probes and confine
them to the liver.**>® Moreover, the probe diameter can
enlarge owing to the interaction with plasma proteins and the
formation of corona shells on the surface of the probe.***®
Therefore, an appropriate probe should possess a sufficiently
small size or typical surface characteristics to avoid plasma-
protein interactions and activate immune responses for enhan-
cing biodistribution and circulation.?*?>%7:28

Organic compounds, such as polymeric micelles, can be
potentially used in imaging probes as they exhibit small hydro-
dynamic sizes, which aid in avoiding identification by the RES
as foreign entities.>»>>*° Their structure contains a hydro-
phobic polymer core for carrying organic dyes and hydrophilic
polymer shell, such as poly(ethylene glycol) (PEG). PEG inher-
its an active steric repulsion that can propel any potential
interaction.®® Systemically administered PEG-shell micelles
with a negative charge were reported to deplete protein adsorp-
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tion and prolong the retention time in blood.*®*"**> Moreover,
it facilitates the introduction of functional molecules into the
structures via covalent bonding. Various micellar structures
utilizing IR-1061 with PEG block copolymers have been
reported by our group, such as IR-1061 encapsulated by self-
assembly in either poly(e-caprolactone)-block-poly(ethylene
glycol) (PCL-PEG) or PLGA-PEG.****

Among the currently known T, contrast molecular agents,
Gd chelates, i.e., Gadovist (Gd-DOTA), are generally used in
clinical practice. Gd-chelates are conjugated to other fluo-
rescent dyes for bimodal imaging. However, fluorescence and
MR imaging exhibit variations in terms of sensitivity, whereas
MRI requires a high dose to release detectable signals, which
result in inequivalent signal detection as equal molar
numbers are integrated into the probing structure.>*° A carry-
ing platform that can regulate the molar number of the indi-
vidual probes is advantageous for application as a multimodal
probe. On the other hand, the presence of MRI contrast may
cause damage to fluorescence properties.*” To trade off the
disadvantages and to get the brightness enhancement from
two modalities, the efficient ratios must be investigated.

In this study, we prepared a novel bimodal OTN-NIR/MR
imaging probe utilising polymeric micelles as used in our pre-
vious methods*****° with modification. In particular, an amine
derivative of Gd-DOTA (Gd-DO3A-butylamine) is firstly conjugated
to the carboxyl group at the terminal of the PEG chain in the
PEG-PLGA copolymer; the conjugation product is used to prepare
micelles encapsulating the OTN-NIR dye IR-1061. The schematic
procedure is illustrated in Fig. 1. The bimodal properties and the
influence of Gd-DOTA ratios are also investigated.

Materials and methods

Reagents

PLGA-PEG (M, = 2000-2000) and PLGA-PEG possessing a car-
boxyl group at the a-end of PEG chain (PLGA-PEG-COOH)
(M,, = 2000-2000) were purchased from Nanosoft Polymers,
Winton-Salem, NC, USA. IR-1061, ethylene diamine tetra-acetic
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Fig. 1 Schematic illustration of the preparation of bimodal OTN-NIR/MRI probe.
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acid (EDTA), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), N-hydroxy-succinimide (NHS), 4-morpho-
lineethanesulfonic acid (MES), 4-morpholineethanesulfonic
acid sodium salt (MES sodium salt), bovine serum albumin,
deuterated chloroform (CDCl;) and deuterated dimethyl sulf-
oxide-ds (DMSO-ds) were purchased from Sigma-Aldrich,
St Louis, MO, USA. Dichloromethane (DCM), acetonitrile
(ACN), diethyl ether, dimethyl sulfoxide (DMSO), potassium
chloride (KCl), sulfuric acid (H,SO,), hydrogen peroxide
(H,0,), and normal mouse serum were purchased from
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan.
Normal saline was obtained from Otsuka Pharmaceutical
Factory, Inc., Tokushima, Japan, and Gd-DO3A-butylamine was
purchased from Macrocyclics, Inc., Plano, TX, USA. Moreover,
phosphate buffered saline (PBS) was obtained from Thermo
Scientific, Inc., Waltham, MA, USA. All the reagents were used
without further purification.

Preparation of imaging probes

Preparation of PLP-D. PLGA-PEG with Gd-DOTA at the a-end
of the PEG chain (PLP-D) was synthesized as follows.
PLGA-PEG-COOH (300 mg) was dissolved in 15 ml of DCM.
EDC (60 mg) and NHS (79 mg) were added, and the solution
was stirred overnight to activate the -COOH groups. Then, the
solution was precipitated using diethyl ether. The activated
polymer was dissolved in 15 ml of DCM and 9 ml of DMSO,
followed by the addition of Gd-DO3A-butylamine (72 mg), and
stirred for 24 h. Thereafter, the conjugated polymer was preci-
pitated using diethyl ether and freeze dried. Then, the product
was dissolved in ACN, and the remnant Gd-DO3A-butylamine
was filtered out by dialysis (MWCO: 3.5 kDa). The final
product was freeze-dried and used to prepare an imaging
probe. All the reactions were conducted at room temperature.

The conjugation yield was calculated by the eqn (1):

weight of PLP-D

Yield (%) =
feld (%) weight of PLGA — PEG — COOH + Gd-DOTA

X 100

(1)

The conjugation efficiency in eqn (2) was analysed by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES).

mol number of Gd( m) ion

Effici =
iciency (%) mol number of PLP-D

x 100 (2)

To obtain different Gd-DOTA molecular ratios during
micelle preparation, PLP-D was mixed with PLGA-PEG (PLP) at
various special concentrations (PLP-D [m (%)]) from eqn (3):

m(PDP-D)

PLP-D [m (%)] = m[(PLP-D)] 4+ m[(PLGA — PEG)]

X100 (3)

where PLP-D [m (%)] = 0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and
100% of 10 mg (total amount of PLP and PLP-D). The mixture
was dissolved in 996 pl of ACN and 4 pl of IR-1061 in ACN
(5 mg ml™") by mildly stirring for approximately 5 min at room
temperature. Thereafter, 2 ml of 20 mM-MES buffer (pH 7.5)
was added dropwise to the mixture and stirred overnight to

This journal is © The Royal Society of Chemistry 2022
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evaporate the ACN. Ultimately, the products were purified
using a centrifuge filter apparatus (MWCO 100 kDa, 1000 g,
20 min, washed and filtered three times) and redispersed in
water.

Micelle characterization

OTN-NIR absorption. The absorption spectra of the samples
were measured using an ultraviolet/visible/NIR spectrophoto-
meter (V770, JASCO, Inc., Japan).

OTN-NIR emission. The emission spectra were measured
using a spectrometer (NIR-256-1.7, Avantes, Apeldoorn, The
Netherlands) equipped with a fibre-coupled laser diode
(SP-976-5-1015-7, Laser Components GmBH, Olching,
Germany) of 980 nm excitation source. The NIR fluorescence
spectrum was obtained using a Q-pod (Quantum Northwest,
WA, USA) setup integrated with NIR spectroscopy. Then, a
980 nm excitation source (0.67 W) irradiated the solution
sample in a cuvette with a 10-mm path-length, and the emis-
sion was collected in the direction normal to the sample
surface.

Dynamic light scattering (DLS). The hydrodynamic size dis-
tribution of micelles was determined using a zeta potential
and particle-size analyser (ELSZ-2000, Otsuka Electronics, Co.,
Ltd, Osaka, Japan). In particular, the micelles were obtained at
a concentration of 0.5 mg mL™" in aqueous solution, and the
hydrodynamic diameter distribution was measured.

Nuclear magnetic resonance spectra (NMR). 'H NMR
spectra were obtained and digitally processed using an NMR
spectrometer (Bruker AVANCE NEO 400, Bruker Biospin
GmbH, Rheinstetten, Germany). Moreover, we used CDCl; and
DMSO-dg as a solvent for the PLP-D to induce a chemical shift.

ICP-AES. The Gd concentrations were determined using an
ICP-AES emission spectrometer (ICPE-9000, Shimadzu Co.,
Ltd, Kyoto, Japan). The samples were dispersed in piranha
solution — a 3:1 mixture of H,SO, and H,0, - and shaken
overnight prior to the measurement.

T, relaxometry. The longitudinal relaxation times (Ty), T;-
weight imaging of phantoms along with the R; relaxation
rates, were acquired using a 3T whole-body MRI scanner
(Signa HDx 3T; GE Healthcare, USA).*°

To determine the stability of the imaging probe, the PLP-D
mixed micelles were dispersed in water, physiological saline,
PBS, and albumin solution (40 mg ml™"). Four solutions of
each ratio were incubated for 30, 60, and 90 min, and there-
after, the absorption, emission, and DLS were measured. To
measure R, relaxation rates, after incubating with albumin and
mouse serum for 30 min, the solutions were filtered to elimin-
ate the leaking polymer chains. The remaining micelles were
dissolved in water for further analysis.

In vivo imaging

In vivo imaging was performed using two procedures. Firstly,
the probes were used to perform bimodal OTN-NIR/MR
imaging with only one shot. Following this, the OTN-NIR and
MR imaging were separately conducted. In addition, all
animal experiments were conducted in accordance with the

Biomater. Sci, 2022,10,1217-1230 | 1219
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Guidelines for Care and Use of Laboratory Animals of Tokyo
University of Science and Japanese National Cancer Center
along with the Animal Welfare Management Act and under
approvals from the Animal Ethics Committee of Tokyo
University of Science as well as Japanese National Cancer
Center. Seven-week-old BALB/c female mice were procured
from Japan SLC, Inc. (Shizuoka, Japan) and used for MRI and
one-shot bimodal imaging. For the OTN-NIR imaging, 7-week-
old BALB/c female null mice were procured from Japan SLC,
Inc. (Shizuoka, Japan). Prior to in vivo imaging experiments,
the mice were fed ivid # 2 (Oriental Yeast Co., Ltd, OYC,
Tokyo, Japan) for 7 days.

(i) In vivo OTN-NIR/MR imaging with one-shot injection.
The mice were anaesthetised using a nose mask at a flow rate
of 1 L min™" of oxygen and 2% isoflurane and depilated to
reduce the light scattering from the hair. The baseline acqui-
sition by MRI was performed first and followed by OTN-NIR
images of mice before injection. OTN-NIR was performed from
30 s post-injection with the interval of 30 s, at = 0, 30, 60, 90,
120, 150, 180, 240, and 300 s, and the last OTN-NIR images
were obtained at 150 min. The MRI was initiated from 30 min,
and with the interval of 30 min onwards until 120 min. Then,
100 pl of the bimodal micelles in saline (50 mg ml™") was
injected into the tail vein; the micelle concentration in the mouse
body was 2.5 mg ml™", and the IR-1061 concentration was 5 pg
ml~". The OTN-NIR fluorescence images were obtained using an
in vivo OTN-NIR imaging system (SAI 1000, Shimadzu, Kyoto,
Japan). The MR images were acquired using a Biospec 94/20 USR
9.4T animal scanner (Bruker BioSpin, Ettlingen, Germany). The
acquisition was performed using a respiratory gating trigger to
suppress the artifacts caused by breathing patterns throughout
the observation period. In particular, the respiratory rates were
monitored using a Model 1025 system (SA Instruments Inc.,
Stony Brook, NY, USA). Moreover, time-dependent images of the
mouse were acquired using the following sequences: T;-weighted
gradient echo (TR = 87 ms, TE = 2 ms, FA = 50°, NEX = 1). The
matrix size was set to 192 x 192 pixels, and 11 of 1.0 mm-thick
slice sections with a 1.3 mm gap were acquired.

(ii) In vivo OTN-NIR/MR imaging with multi-shot injection

In vivo OTN-NIR imaging. The mice were anaesthetised with
1-1.5% isoflurane via a nose mask. Additionally, bimodal
micelles [100 pl of bimodal micelles in saline (50 mg ml™" and
100 pg of IR-1061 dye)] were injected into the tail vein. The
OTN-NIR images were acquired at 0, 5, 10, 30, 60, and 90 min
post-injection.

In vivo MRI. The MRI was acquired using a T; IG-FLASH
(intragate fast low-angle shot) at scan intervals of 0, 30, and
60 min. Furthermore, the time-dependent images of the
mouse were acquired using the following sequences: Tj-
weighted gradient echo (TR = 120 ms, TE = 3.2 ms, FA = 40°,
NEX = 1). The matrix size was set at 125 x 125, and six 1.0 mm-
thick slice sections with a 1.25 mm gap were acquired.

Image analysis

The OTN images were transferred and analysed using the
open-source Image] software ver. 1.8. In particular, regions of

1220 | Biomater. Sci, 2022,10, 1217-1230
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interest (ROIs) of 2 mm x 2 mm were placed in the liver and
spleen, and the line profile of the vessel was applied to
measure the ROI values. The time-dependent signal intensities
were measured by Image] to evaluate the temporal variations.

The MR image data were exported to the Digital Imaging
and Communications in Medicine (DICOM) format and
imported into the Bio-Formats importer plugin of Fiji—a
package based on Image]. The ROIs (2 mm x 2 mm) were
placed in the liver, spleen, vena cava, bladder, and kidneys,
and the signal intensities were measured using ImageJ.

For both the modalities, the average intensity (I,) was con-
sidered from the same ROI at various time instants (¢), which
were subtracted from the background (BG) of the intensity
threshold (e.g., 30% of black pixels) and plotted as the relative
intensity (Iz) for each corresponding organ. Then, the plots of
relative intensity for each organ were used to compare the tem-
poral distribution of the probe.

Iz = (I: — BG) x (¢)

(4)

Results
Probe characteristics

The successful conjugation of the Gd-DOTA was used to
prepare the imaging probe. Initially, the probe with a high
PLP-D ratio of 70% was prepared and characterized. The micel-
lar structure was confirmed by "H NMR (400 MHz) spec-
troscopy. Fig. 2(a) depicts the chemical structure of syn-
thesized PLP-D, and (b) illustrates the corresponding NMR
spectrum of PLP-D. The reference spectra of commercial pro-
ducts, including PLGA-PEG-COOH and Gd-DOTA butylamine
are shown in Fig. 2(c), and (d), respectively. In Fig. 2(b), the
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micelles (b), PLGA-PEG-COOH polymer (c) in CDCls, and Gd-DOTA
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spectrum was obtained for PLP-D [70] micelle with &
0.8-1.2 ppm for the —-CH, of butyl branch, é 1.25-2.08 ppm for
the -CHj; of lactide, § 2.4-2.8 ppm for -CH,COOH of DOTA, §
2.8-3.36 ppm for -CH, of DOTA, § 3.1-3.6 ppm for -CH, of
PEG, 6 4.2-5.0 ppm for -CH, and -CH,OH of glycolide, §
4.9-5.8 ppm for -CH of lactide, § 6.32 ppm for -CO-NH
(amide), and 6 11.6 ppm in Fig. 2(c) represents for -COOH of
PLGA-PEG-COOH. Those peaks are in agreement with the pre-
vious reports of PEG conjugated to Gd-DOTA, PEG, and PLGA
compositions, DOTA conjugation compounds, and the amide
bond formation among the structures.*’™*® All of these con-
firmed the presence of Gd-DOTA in the PLGA-PEG polymer.
The other confirmation data by Fourier-transform infrared
spectroscopy and fluorescence spectrometer are presented in
the ESI. The synthesis yield of PLP-D was 37.8%, and the con-
jugation yield was 91.7%.

Stable blood circulation depends on the small size of the
probe and the PEG coated on the particle surface, which is
typically used as a blood plasma expander.>>?7?831:30:51 The
probe sizes obtained in various pH values are shown in Fig. 3
(a—c); with a pH ~ 7.5, the probe diameter is approximately
20 nm. According to the DLS results presented in Fig. 3(c), the

View Article Online

Paper

hydrodynamic diameters of the control micelle (no IR-1061
and no-Gd), PLGA-PEG (no-Gd), and PLP-D (with Gd) were
16.18 + 0.6 nm, 22.5 + 0.35 nm, and 22.8 + 0.31 nm, respect-
ively. Compared to the control micelles, the hydrodynamic dia-
meters of the PLGA-PEG (no Gd) and PLP-D (with Gd) micelles
slightly increased. The isoelectric points dependent on pH
values are presented in the ESL.{

The emission and absorption spectra of the bimodal probe
with and without the PLP-D in the structure are presented in
Fig. 3(d) and (e), respectively, and the fitting displays the con-
tribution of the absorption spectra (f). The emitted spectra
exhibited no difference with and without Gd-DOTA in the
structure, including the main peak at around 1100 nm and a
slight shoulder at around 1200-1300 nm under NIR excitation
of 980 nm. Besides, the imaging probe absorbed light over a
broad wavelength of 740 + 1100 nm and demonstrated a major
absorption peak around 1064 nm and a slight shoulder at
890 nm.

The relaxivities, r;, estimated from the slope of the relax-
ation rate plot (1/Ty, R;) as a function of Gd*" concentration
ranging within 0.0-0.5 mmol L™", are shown in Fig. 3(g and h).
The probe relaxivity is 3.5 mM " s™* and is comparable to that
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Fig. 3 Diameters of micelle obtained from different pH (a—c), OTN-NIR emission of PLP and PLP-D [70] (d), absorption of PLP, PLP-D [70] and the
control (PLP micelle without IR-1061) (e), and the deconvolution of the absorption spectrum of PLP-D (f); a plot of relaxation rates (g) of PLP-D [70]

and other T, agents and their corresponding relaxivities (h).
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of the Gd-DOTA complex (r; = 3.81 mM~" s7") and a clinical
MRI contrast agent GADOVIST—a commercial product
approved for use as an MRI contrast enhancement agent in
clinical trials (3.83 mM ™" s™"). The T;-weighted images of the
micelles in the phantom and the OTN-NIR emission intensity
are discussed in the following sections.

OTN-NIR fluorescence and MR bimodal imaging with one shot

We initially performed the bimodal imaging with one shot
using PLP-D [70], with 70% of Gd-DOTA introduced at the end
of PEG chains, and the results are presented in Fig. 4(a-o).
The bright-field image of the mouse is shown in Fig. 4(p), and
OTN-NIR images and T;-weight images of PLP-D [70] at
different concentrations are shown in Fig. 4(q) and (r),
respectively.

At first, the images of mice before injection were obtained
by OTN-NIR (a) and MRI (k). The OTN-NIR images were
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Fig. 4 OTN-NIR images (a—j) of the mouse injected with the imaging
probe from 0 to 300 s and 150 min post-injection. T;-Weighted images
(k—0) of the same mouse at 0-120 min post-injection, a bright-field
image of the mouse used to imaging (p), OTN-NIR fluorescence of
imaging probe at different micelle concentration (q), and T;-weight
images (r) of imaging probes of PLP without Gd-DOTA, and PLP-D [70]
with Gd-DOTA introduced in the structures. The scale bars indicate
lcm.
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obtained at 30 s after intravenous injection and at intervals of
30 s up to 300 s (Fig. 4(b-i)). A final image was taken 150 min
after injection (j). MR images were acquired at 30 min after
injection with an interval of 30 min, as shown in Fig. 4(1-o).
The blood vessel and liver are visualised in Fig. 4(b-i). In par-
ticular, the probe travelled from the heart to the liver before
being distributed throughout the body. Thereafter, the signal
was observed from the hind limb, followed by the signal from
the vessel system throughout the mouse body. The signal
remained stable for the first 300 s after the injection. After
150 min, a majority of the signals accumulated in the liver and
spleen.

The pattern distribution in the mouse body can be observed
under MRI conducted from 30 min onwards. As illustrated in
Fig. 4(k), the images of the liver, bladder area, and the entire
mouse body before injecting the bimodal probe are dark. The
signal intensity of the liver increases within 30-60 min after
injection (1 and m) owing to the introduction of the contrast
agent consistent with the OTN-NIR images. However, signal
enhancement was observed in the bladder. The whole body of
the mouse showed reduced brightness at 90 min (n) onwards;
and at 120 min (o) the images are equivalent dark as before
injection.

The results show an inconsistency between OTN-NIR and
MR images at the bladder where the OTN-NIR showed no
signal, but MR images displayed a brightness. It implies that
the state of the micellar probe became incohesive during circu-
lation. The mismatch may derive from the leak of polymer
chain bearing Gd-DOTA out of the structure due to the inter-
action with the plasma component. The thermodynamic beha-
viors of the micelles are changed with the residence of Gd-
DOTA at the PEG end. In a complex environment such as
plasma, the structures with a high number of DOTA ratios may
interact with the plasma components and lead to their disrup-
tion. To clarify this issue, we further investigated the influence
of Gd-DOTA ratios on the properties of imaging probes in vitro
and in vivo.

Influence of Gd-DOTA specific concentration (PLP-D) on
bimodal properties of the imaging probe

A DOTA molecule possesses triple carboxyl groups. Upon intro-
duction on the surface of the micelles, they can cause a high
density of negative charges on the surface and result in unde-
sirable consequences. Thus, the impact of Gd-DOTA on the
properties of the probe was determined by introducing various
Gd-DOTA special concentrations into the structure and disper-
sing the probe in biological environments containing multi-
plex ions and proteins such as water, saline, PBS, and albumin
solution (Fig. 5). The corresponding emission (a-d), absorp-
tion at 1064 nm (e-h), and size distribution (i-1) are measured.
The PLP-D values used in this study were 0, 1, 5, 10, 50, and
100. The decay of the emission intensity and emission percen-
tage at 1100 nm in albumin are shown in Fig. 5(m) and (n),
respectively. The deconvolution and the comparison of the
absorption intensity at 1064 nm are presented in Fig. 5(o) and

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The emission intensity of PLP-D [0—-100] in water (a), saline (b), PBS (c), and in albumin (d); the absorption spectra of PLP-D [0-100] in water
(e), saline (f), PBS (g), and in albumin (h); the diameter of PLP-D [0-100] in water (i), saline (j), PBS (k), and in albumin (l); all data were contained
before and 30 min after incubated; the emission intensity decay of PLP-D [0—100] due to time in albumin (m), the emission intensity loss of PLP-D
[0-100] in water and albumin (n), the deconvolution of the absorption spectra of PLP-D [0—100] in albumin (o), and the absorption loss of PLP-D

[0-100] at 1064 nm peak in water and albumin (p).

(p), respectively. The emission in four media reveals that the
probes emit stable signals in the water, saline, PBS, regardless
of the varying PLP-D values. However, the PLP-D impact on the

This journal is © The Royal Society of Chemistry 2022

fluorescence quenching can be recognised when the probe is

dispersed in the albumin solution. After mixing with albumin,

all samples decrease their emissions. The decay rates
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(Fig. 5(m)) indicate that the effect of albumin on the probe
emission occurs in the early stage after mixing. After 30 min,
the decay rate becomes steady. Among all the ratios, samples
with low PLP-D ratios < [10] show a moderate reduction, while
samples with the values > [10] show a steep declination.
Likewise, the samples with low PLP-D values (<[10]) preserve
the emission intensity close to PLP-D [0] without the introduc-
tion of any Gd-DOTA in the structure (>95% in water and >80%
in albumin) (Fig. 5(n)). Furthermore, the absorption in four
media is consistent with the emission, where the lower PLP-D
ratios (<[10]) maintain their stable absorption and higher ratio
(>[10]) incline to reduce the absorption. The deconvoluted
absorption spectra show the contribution PLP-D ratios on the
dimer and monomer distribution in the core of the imaging
probe (Fig. 5(0)). Because the monomer is the main contribu-
tor to the emission, the comparison only utilized the intensity
of the monomer. The results showed an agreement to the
former results, ie., the increasing PLP-D values decreased
absorption. In Fig. 5(p), the monomer absorption peak at
1064 nm in the samples with PLP-D < [10] remained close to
PLP-D [0] (>90% in water and >85% in albumin). A similar
range in DLS can be observed from Fig. 5(i-1), wherein the size
distribution of all the samples was stable in water, saline, and

(a)

View Article Online
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PBS; however, only the samples with PLP-D (<10%) were stable
in albumin.

Impact of differentiating Gd-DOTA special concentration and
micelle number concentration on probe relaxation rate

The relaxation rates of the imaging probe with various PLP-D
[1-100] values in the four media are presented in the ESL.} For
the in vivo application, a low negative charge density on the
surface yielded higher micelle stability. In contrast, the MRI
acquisition required a certain Gd-ion concentration to be
detectable. Therefore, we investigated the relaxation rate vari-
ation in varied PLP-D values in various micelle number con-
centrations to clarify the efficiency of micelle number concen-
tration versus Gd-DOTA ratio in vivo. The PLP-D values used in
this study were 0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100. The
relaxation rate of the PLP-D values dispersed in water and
albumin (5 mg ml™") are presented in Fig. 6(a), and the 3D
plots of PLP-D values 0.01-10 with micelle number concen-
trations of 1.25, 2.5, 5, and 7.5 mg ml~' in water and mouse
serum are depicted in Fig. 6(b) and (c). In water, the relaxation
rate was strongly dependent on the amount of Gd-DOTA in the
structure, ie., higher PLP-D values yielded a higher relaxation
rate. Samples dispersed in albumin and mouse serum exhibi-
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Fig. 6 (a) R, relaxations of PLP-D [0.01-100] in water and albumin (5 mg ml™). R; relaxation rates of various micelle concentrations of PLP-D

[0.01-70] in water (b) and mouse serum (c).
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ted relaxation rates higher than that of water. In albumin, the
relaxation rates depicted a notable increase in all the samples
due to the macromolecule-repressed rotating effect of Gd che-
lates and thus enhanced the T, contrast effect.”> However,
higher PLP-D values such as [50] and [100] show lower values
than that of [5] and [10]. The discrepancy indicates that the
micelle structures of higher PLP-D ratios > 10% are degraded
in the presence of albumin or plasma serum. We confirmed
the polymer chains leak out of the structure by using "H NMR
(data are not shown here).

Influence of Gd-DOTA special concentration on the stability
and evasion from RES recognition of in vivo imaging probe

Effect of Gd-DOTA ratio on probe stability in vivo. For inves-
tigating the effect of Gd-DOTA ratios on the probe stability
in vivo, we prepared two probes represented for high ratio
(PLP-D [70]) and low ratio (PLP-D [10]). The probes were
applied for in vivo OTN-NIR and MRI experiments, separately
to observe the difference in the distribution of the probe in the
liver, spleen, kidney, bladder, and blood vessels.

MR images of the mice were acquired before and after intra-
venous administration (~260 pg g = body weight, micellar
probe concentration in mouse blood at 2.5 mg ml™*) at 30 and
60 min. The MR images of the mice are presented in Fig. 7. In
which, images (a-f) represent the experiments using PLP-D
[70], and (g-1) represent the experiments using PLP-D [5].
Before the injection of PLP-D [70], the kidney and the spleen
area (a), liver and bladder area (d) are dark. After injection at
30 min, the kidney, spleen area (b) shows a remarkable bright-
ness in the kidney pelvis and in the spleen and it remains
stable up to 60 min (c). Similarly, the signal in the liver and
bladder area is relatively strong at 30 min (e) and 60 min (f). It
indicates that a portion of the imaging probe was cleared from
the liver and spleen by mononuclear phagocytes, while the
other portion undergoes renal excretion. Furthermore, the
abdominal region of the mouse injected with PLP-D [70] was
opened to capture the OTN-NIR images of the bladder;
however, no OTN-NIR signal was observed. Meanwhile, MR
images of the mouse injected with PLP-D [5] are displayed in
Fig. 7(g-1). The images of the kidney and spleen at 0 min (g),
30 min (h), and 60 min (i) post-injection showed no contrast
enhancement effect. Whereas the signal intensity in the liver
and vena cava is dark at 0 min (j) but becomes stronger at
30 min (k) and 60 min (1) post-injection. It indicates that the
probe is not cleared via the kidney pathway.

The OTN-NIR images of mice were taken at 5, 10, 30, 60, 90
and 120 min post-injection using PLP-D [70] and PLP-D [5]
that are displayed in Fig. 8(a-f) and (g-1), respectively. The line
profiles of the blood vessels are displayed in Fig. 8(m and n).
The fluorescence intensity represented by ROIs in the liver,
spleen, and blood vessels was analysed at a series of time
instants. The OTN-NIR images exhibited a strong signal in the
liver and blood vessels from 5-10 min in mice injected with
both samples. At 30 min, the signal primarily accumulated in
the liver and spleen of the mice injected with PLP-D [70].
Although the mice injected with PLP-D [5] displayed a stable

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 T;-Weighted images of the mice injected with (a—f) PLP-D [70]
and (g-1) PLP-D [5]. The brightness in the kidney and spleen areas (a—c)
were enhanced after being injected with PLP-D [70], the liver and
bladder areas (d—f) were also enhanced the contrast post-injection. In
the mice injected with PLP-D [5], there was no contrast enhancement in
the kidney pelvis (g—i) the contrast enhancement could be seen in the
liver and inferior vena cava (j—1) post-injection. The bladders were also
dark. The scale bars indicate 1 cm.

signal in blood vessels. At 60 min, the signal from the blood
vessel decreased, and the signal from the spleen became more
apparent. From 90 min, the signal was primarily observed in
the livers with both the samples.

Evasion from RES recognition of imaging probe in vivo. The
ROI values of the OTN-NIR images in the liver, spleen, and
blood vessels of the mice injected with (a) PLP-D [70] and (b)
PLP-D [5] are presented in Fig. 9, wherein the graphs depict
that both the samples exhibited a maximum signal in the liver
and blood vessels at 5 min after injection, and they were stable
for up to 10 min. The fluorescence from the PLP-D [70] indi-
cated a high accumulation in the liver and spleen at 30 min,
and the signal was reduced up to 90 min, but it slightly
increased until 120 min. The signal in the blood vessel gradu-
ally decreased until 90 min and became closer to the back-
ground at 120 min. In Fig. 9(b), the signal in the liver
increased at 30 min, remained stable up to 90 min, and notice-
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Fig. 8 OTN-NIR images of the mice injected with (a—f) PLP-D [70] and
(g-1) PLP-D [5] from 5, 10, 30, 60, 90, and 120 min post-injection. The
lines crossed the vessels indicated the line profile to obtain the ROIs of
vessels and the line profiles were displayed in (m), and (n). The scale bars
indicate 1 cm.

ably increased after 90 min. Moreover, the signal in the spleen
started to increase from 60 min until the end of the investi-
gation. In contrast, the signal was observed in blood vessels
for over 60 min but steadily reduced after that. The ROI ratios
between the blood vessel versus the liver (V/L) and the blood
vessel versus the spleen (V/S) at the corresponding time
instants of the mice injected with (c) PLP-D [70] and (d) PLP-D
[5] are illustrated in Fig. 9(c and d). The results revealed that
both the V/L and V/S ratios decreased within 30 min in the
case of PLP-D [70], but the V/L decreased within 30 min in the
case of PLP-D [5], and the V/S started to decrease from 30 min
onwards.

Discussion
Probe characteristics

The probe diameter is a key pharmacokinetic factor in the cir-
culation inside the body,>*”* as it aids the probe to escape
from the RES identification, especially when the sizes are less
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Fig. 9 The relative fluorescence intensity changed due to time in the
livers, spleens, and blood vessels of the mice injected with (a) PLP-D
[70] and (b) PLP-D [5]. The ratios of ROIls between vessel/liver, and
vessel/spleen of the mice injected with (c) PLP-D [70] and (d) PLP-D [5].

than 100 nm. The diameter of the bimodal imaging probe is
around 20 nm, which is sufficiently small to be neglected by
the immune response and can enhance biodistribution and
circulation.”™”

Moreover, Gd-complexes modified OTN-NIR micelle surface
via amide bonds to bind the -COOH terminal of the polymer
and the NH, terminal of Gd-DOTA. In particular, the Gd-DO3A
is a monoamine derivative of Gd-DOTA with macrocyclic
ligands, which is metabolically more stable than linear ligands
and is able to bind tightly to Gd*" ions to reduce potential tox-
icity issues. More importantly, the Gd-DO3A retained the
amide oxygen atom and still coordinated the Gd*" ions in the
center, whereas the water exchange rate did not vary in com-
parison to the Gd-DOTA."®

The IR-1061, accompanied by a PLGA core, exhibited an
emission peak at approximately 1100 nm, a major absorption
peak at 1064 nm, and a slight shoulder at 890 nm. In particu-
lar, the absorption shoulder was broader owing to the encap-
sulation effects in the micelle core and was attributable to
dimers or multimers in the structure or the interaction with
-OH or -COOH groups at the water interface. These factors
broadened the absorption shoulder to 890 nm. In the presence
of Gd-DOTA, it can indirectly interact with the -COOH groups
of the structure, thereby resulting in a broadened absorption
shoulder at 890 nm.

OTN-NIR fluorescence and MR bimodal imaging—depicting
blood circulation and localising organs

In vivo bimodal imaging was performed by one injection shot
of PLP-D [70] at various time instants, depending on the
merits of each technique. For instance, real-time and dynamic
fluorescent imaging promptly provides mobility routes for

This journal is © The Royal Society of Chemistry 2022
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micelles in the circulatory system after injection. In context,
MRI provides the structural images of probe distribution in
deep organs throughout the body. Polymeric micelles are
potential candidates for use in vivo, because they exhibit small
dynamic sizes that can leak to complex and small structures
inside the blood contrast enhancement effect.’*®' The signal
is adequately strong for localising organs such as the heart,
liver, and spleen.

The significant point for applying polymeric micelles as
bimodal imaging probe is their stability which is governed by
multiple factors such as the composition, critical micelle con-
centration (CMC), surface charge density, or ionic strength of
the environments. When a specific ratio of PLP was replaced
by PLP-D, the properties of the micelles were also affected. To
minimize the effect, the mixing ratios were clarified.

Influence of Gd-DOTA special concentration on bimodal
properties of the imaging probe

PLGA-PEG micelles carrying IR-1061 display stability and
elongate circulation in vivo and reduced the recognition of the
RES system.>* To introduce Gd-DOTA, a certain amount of
neutral PLGA-PEG chains was replaced by PLGA-PEG chains
bound to Gd-DOTA. As MRI is not sensitive, it often requires a
high probe dose to provide contrast.>>®> However, the increase
of Gd-DOTA residence on the roof of the PEG chain triggered
the interaction with plasma proteins and reversed the advan-
tages of PEG. Upon reducing the number of Gd-DOTA mole-
cules, the interaction with albumin decreased as well. The
essential tradeoff aspect for the effective doses of both tech-
niques along with maintaining the stability of the structure, is
to determine an appropriate replacement number that can
maintain both the PEG impact and enhance the T; contrast
effect. In the case of introducing ratios lower than 10%, the
interaction with albumin was reduced, and the optical pro-
perties were preserved. Moreover, the lower ratios were prefer-
able for application in vivo, but the T; contrast enhancement
effect is required to be investigated for obtaining the appropri-
ate ratios for in vivo imaging.

Impact of differentiating Gd-DOTA special concentration and
micelle concentration on relaxation rate of probe

The in vitro experiment demonstrated that the relaxation rates
were manipulated by Gd-DOTA in water. However, in the pres-
ence of albumin, the relaxation rate represented a remarkable
increase, probably caused by macromolecules repressing the
rotating effect of Gd-chelates as the probe bound to albumin.>?
Overall, higher PLP-D ratios (>[10]) were inclined to reduce the
relaxation rate as compared to lower ratios. Presumably, higher
PLP-D ratio micelles favoured an active interaction with
albumin as it provided numerous binding sites on the surface.
As the anionic group is extremely active toward albumin, it
may detach the PLP-D out of the micelle structures and reduce
the micelle aggregate number, resulting in a disrupted
imaging probe. In contrast, the lower ratios (PLP-D < [10%])
preserved their structural stability as well as the relaxation
rates in albumin. However, the practical limitations of the low
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ratios used pertained to the diluted concentration of the probe
in vivo.

Influence of Gd-DOTA special concentration on stability and
evasion from RES recognition of imaging probe in vivo

The durability of micellar structures is an essential factor
because it ensures cohesive bimodal imaging. The stability of
self-assembled micelles depends on intrinsic parameters such
as CMC, solubility parameters, and hydrophilic-lipophilic
balance (HLB), as well as the effect of the microenvironment
surrounding the micelles.**"® Any changes in the micellar
composition can affect the stability of the micelle. In this
work, PLGA-PEG chains are bound to Gd-DOTA molecules via
a stable covalent amide bond; therefore, the residence of Gd-
DOTA on the surface is significant for the probe stability. The
experiments in vitro confirmed the vital role of Gd-DOTA for
the probe unity, especially in the presence of plasma proteins.
MR images of mice injected with high ratio PLP-D [70] and low
ratio PLP-D [5] were aligned with the in vitro results. In mice
injected with PLP-D [70], the MRI contrast enhancement
appeared in the kidneys and bladder at 30 min post-injection
and was detected in large amounts in the liver and spleen. The
signals in the liver rapidly decayed after 30 min, whereas the
signal in the bladder was extremely strong throughout the
investigation. For the PLP-D [5], the probe resided in the vena
cava (a large blood vein in the mouse body) and the liver,
whereas no signal was observed in the kidneys or bladder. The
biodistribution of the imaging probe as entrapment in various
organs implies different clearance pathways. Generally, the
kidneys and bladder are accumulation sites for structures
smaller than 10 nm. Conversely, the distribution in the liver
was associated with the capture by the RES of structures larger
than 100 nm. The PLP-D [70] probe was eliminated by both the
renal and hepatic pathways, indicating possible degradation.
There is a high risk of PLP-D chains dissociating from the
micelles owing to the strong interaction with the plasma pro-
teins of PLP-D [70], and consequently excreting via the
kidneys.

Consistent with the MRI, the fluorescence images displayed
a shorter blood residence time in mice injected with PLP-D
[70] than PLP-D [5]. Within 10 min, the circulation of both
probes was bright enough to depict the blood vessels.
However, a large portion of PLP-D [70] accumulated in the liver
and spleen after 10 min and rapidly decayed. Nonetheless, a
small but stable portion can escape from the RES recognition
and circulate through the blood vessels for up to 60 min prior
to the entire degradation. Conversely, the relative intensity
ratios between vessel/liver and spleen/liver were stable for up
to 60 min, indicating that a large portion of the PLP-D [5]
probe could evade RES recognition. However, the effect of RES
could not be completely avoided for periods longer than
60 min.

Several studies have consistently reported that PEG-shell
structures smaller than 100 nm can prolong the circulation
process by suppressing protein absorption in the bloodstream
and avoiding protein corona formation.'® This aids them in
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escaping the macrophage response in the liver and spleen.®®
Moreover, the negatively charged surface of PEG reduces
protein adsorption and enhances long circulation.>**” The dia-
meter of the proposed and developed micellar structure was
approximately 20 nm, and the PEG chains were partly associ-
ated with the negative charge derived from DOTA at the end.
The protein adsorption could be suppressed at the surface of
micelles to prolong the circulation period. However, in the
body, numerous factors can escalate protein interactions to the
negative surface of micelles, including the co-adsorption by
low-molecular-weight ions in the body fluids and annihilation
of the electrostatic repulsion between the micelle surface and
proteins.®® The location on the micelle surface allows Gd-
DOTA to be directly exposed to water and maximize its relaxiv-
ity. Moreover, the remained -COOH groups on the surface of
Gd-DOTA also provide binding sites to functionalize with other
biomolecules for further applications in biomedical research.
Therefore, the regulation of the ratio of DOTA molecules on
the surface of micelles is vital for preserving the probe stabi-
lity, enhancing probe evasion from the RES recognition.
However, the regulation ratios should be optimized to utilise
the merits of bimodal OTN-NIR and MR imaging.

Conclusions

An OTN-NIR fluorescence and MRI bimodal imaging probe
with ca. 20 nm size without ceramic components was success-
fully prepared and applied in mouse imaging. It demonstrated
well bright OTN-NIR fluorescence and MRI contrast enhance-
ment to depict the blood circulation and to observe the organs
in live mice. The probe exhibited absorption and emission in
OTN-NIR and T, contrast enhancement effect in MRI. The
imaging results revealed that the Gd-DOTA introduction ratio
is important to control the biological response of the probe
without losing the imaging contrasts. It was found that Gd-
DOTA percentage ratios/PLGA-PEG micelle between 0.5 and
10% can give sufficient MRI contrast with a reduction of the
RES response.
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