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Abstract: Optical coherence tomography (OCT) images largely lack molecular information or
molecular contrast. We address that issue here, reporting on the development of biodegradable
micro and nano-spheres loaded with methylene blue (MB) as molecular contrast agents for OCT.
MB is a constituent of FDA approved therapies and widely used as a dye in off-label clinical
applications. The sequestration of MB within the polymer reduced toxicity and improved signal
strength by drastically reducing the production of singlet oxygen and leuco-MB. The former
leads to tissue damage and the latter to reduced image contrast. The spheres are also strongly
scattering which improves molecular contrast signal localization and enhances signal strength.
We demonstrate that these contrast agents may be imaged using both pump-probe OCT and
photothermal OCT, using a 830 nm frequency domain OCT system and a 1.3 µm swept source
OCT system. We also show that these contrast agents may be functionalized and targeted to
specific receptors, e.g. the VCAM receptor known to be overexpressed in inflammation.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Methylene blue (MB) has been used clinically for over a century and is a constituent of several
therapies that have had FDA approval. It’s deep blue color makes it readily visible to the unaided
eye and it’s photophysics support imaging with a variety of optical imaging modalities [1–3],
including optical coherence tomography [4]. We recently demonstrated in vivo pump-probe
optical coherence tomography (PPOCT) imaging of the protokidneys in a zebrafish passively
tagged with MB [5]. Nevertheless, issues remain for this versatile multimodal contrast agent to
find regular use. When illuminated with visible light, MB can enter a metastable triplet state
that when quenched by oxygen, produces singlet oxygen radical which causes cellular damage
[6]. Roughly half of the methylene blue in vivo is reduced to leuco-MB, a colorless variant not
suitable as a contrast agent [7]. It has negligible scattering, hence relying on intrinsic scattering
for observation. Functionalization for active tagging runs the risk of altering the photophysics
that make it such a versatile contrast agent.

We have sought to address these issues by developing a contrast agent with MB encapsulated in
micro- or nano-particles of poly lactic-co-glycolic acid (PLGA), a biodegradable polymer. PLGA
is well suited for this application since it is FDA approved for various applications including drug
delivery, hence we expect the resulting MB-PLGA contrast agent to have few side effects and be
safe for use in animals and likely humans. Hence the regulatory pathway may be less arduous.
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While MB-PLGA particles could be imaged using various optical approaches, we are interested
in its use as a contrast agent for optical coherence tomography (OCT). OCT is widely used
in research and clinical applications to get high-resolution cross-sectional images of various
biological samples [8–13]. In OCT, the image contrast is derived from variations of refractive
index which provides a measure of tissue morphology. Unfortunately, very little information
on the biomolecular environment is carried by the standard OCT image. Efforts to incorporate
molecular contrast into OCT include two techniques that alternately exploit transient absorption
and localized heating to engender a time-dependent modulation of the OCT signal.
The two approaches, labeled pump-probe OCT (PPOCT) and photothermal OCT (PTOCT),

require an amplitude modulated excitation laser (pump laser), resonant with an absorption band
of the target contrast agent. This in addition to an otherwise typical OCT system, hence the
optical system requirements for both are largely identical. PPOCT incorporates the principles
of pump-probe spectroscopy and requires a second absorption resonance at the wavelength of
the OCT light source (see [14,15] for more details). Absorption of the pump laser generates a
transient absorption of the OCT light, hence amplitude modulation of the pump laser leads to an
amplitude modulation of the OCT signal. In PTOCT the absorption of the pump laser leads to
localized heating. Pump laser modulation leads to a modulation of the local refractive index,
hence a modulation of the phase of the OCT signal. In both, the modulation of the OCT signal is
frequency encoded at the pump laser modulation frequency.
Herein we report on the development of a synthetic route to generate both nano- and micro-

particles of PLGA filled with aqueous MB. We report on the physical properties of the resulting
contrast agents and demonstrate PPOCT and PTOCT imaging at 830 nm and PTOCT at 1310
nm. 830 and 1310 nm are two of the most widely used OCT wavelengths.

2. Materials and methods

2.1. Nano-/microparticle synthesis

Poly lactic-co-glycolic acid (PLGA) (50:50 and 75:25) were acquired from Evonik Industries.
Poly ethylene-maleic acid (PEMA), poly vinyl alcohol (PVA), Dulbecco’s phosphate buffered
saline (DPBS), N-(3-Dimethylaminopropyl)-N′-ethyl carbodiimide (EDAC), reduced dipotassium
salt (NADH) and diaphorase from Clostridium Kluyveri (NADH dehydrogenase) were purchased
from Sigma-Aldrich. NeutrAvidin protein was acquired from Thermo-Fisher. Biotinylated
vascular cell adhesion molecule 1 (VCAM-1) antibodies were purchased from Abcam. Methylene
blue was obtained from Fisher Scientific. All reagent grade organic solvents were purchased
from VWR.
MB-PLGA particles were fabricated by an oil-in-water (O/W) emulsion solvent evaporation

method [16–18]. Briefly, an oil phase was prepared by dissolving 0.05-0.1 mg/mL of methylene
blue and 2.5-10 mg/mL of PLGA polymer in dichloromethane (DCM). Then, the oil phase
was injected dropwise into a continuous water phase containing 3% of poly-vinyl alcohol
(PVA) and poly-ethylene-maleic acid (PEMA) dissolved in deionized water (DI water). Water
phase pH was adjusted using a sodium hydroxide solution (2M NaOH). PVA acts as a polymer
stabilizer, stabilizing the droplets and preventing particles from aggregating. PEMA increases
the number of carboxyl groups on the particle surface, increasing available active sites for ligand
functionalization [19]. During the emulsification process, the oil phase was broken into small
droplets by shear stress produced either by a magnetic stir plate (Isotemp, Fisher Scientific)
for microparticles or a 20 kHz sonicator tip (Q125, QSonica) for nanoparticles. The emulsion
mixture was stirred under a fume hood for 3 hours to ensure complete organic solvent evaporation
and allow particles to solidify. The particles were washed, collected via centrifugation, and
lyophilized (Freezone 2.5, LABCONCO). The dried MB-loaded particles were stored at -20°C
in the dark until use. Relevant parameters used to prepare PLGA particles in this study are
summarized in Table 1.
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Table 1. Fabrication parameters optimized to form MB loaded PLGA
particles of the intended average diameters.

Parameter Microparticles Nanoparticles

Shear Stress Stir plate (1200 rpm) 1/8” Sonicator Tip (30kHz, ∼25 W)

Polymer Concentration 2 mg/ml 1 mg/ml

Emulsion Volume 90 ml 10 ml

Reactor Volume 200 ml 25 ml

Intended Diameter 2-5 µm 80-100 nm

2.2. Nano-/microparticle characterization

Particle size and count were determined using a bright field microscope (Eclipse 80i, Nikon) and a
nanoparticle tracking analysis system (NanoSight LM10, Malvern Instruments). Particle surface
charge was measured by zeta potential (Zetasizer Nanoseries, Malvern Instruments). Morphology
of the PLGA particles was verified by scanning electron microscopy (SEM Neoscope JCM-5000,
Nikon). Methylene blue encapsulation efficiency of PLGA particles was determined by measuring
light absorption at 665 nm and comparing against solutions of known MB concentration using
a microplate reader (Synergy HTX, BioTek). MB encapsulation efficiency was defined as the
ratio of total MB obtained from dissolved particles divided by the initial amount of MB used
during the particle fabrication process. Release rate of MB was determined by incubating PLGA
particles in phosphate buffered saline at 37°C and periodically measuring the amount of released
MB in the supernatant via spectrometry (Synergy HTX, BioTek).
Protection of methylene blue from enzymatic reduction was tested by a method previously

reported [20–22]. Briefly, MB loaded PLGA particles and free soluble MB were prepared in 3
mL of Dulbecco’s phosphate buffered saline (DPBS) (pH 7.4). NADH and diaphorase (NADH
dehydrogenase), an enzyme present in red blood cells capable of reducing MB in vivo [23,24],
were sequentially added into the samples. Fluorescence intensity of MB at 680 nm was monitored
for 1 hour using a photon-counting spectrofluorimeter (PC1, ISS). The fluorescence intensity of
these solutions without NADH and diaphorase was used as a control.

The generation of singlet oxygen by MB-PLGA spheres, was verified using the Anthracene-9,
10-dipropionic acid disodium salt (ADPA) method previously described [20]. MB loaded PLGA
particles and free soluble MB were prepared in 2 mL of DPBS (pH 7.4) and mixed with 100 µM
of ADPA, a singlet oxygen quencher commonly used to detect free radicals in a solution. The MB
solutions were illuminated with our pump light source at 663 nm (2.5 mW) and samples were
periodically collected for up to 30 minutes. The fluorescence emission spectra of ADPA under
excitation at 378 nm, was measured using a photon-counting spectrofluorimeter (PC1, ISS).

PLGA particles were labeled with targeting ligands via EDAC-carbodiimide and avidin-biotin
linkages as previously described [25]. Briefly, carboxylated PLGA spheres were initially modified
with NeutrAvidin proteins in EDAC and MES buffer. Subsequently, biotinylated human VCAM-1
antibody was added to PLGA micro and nanoparticles. Functionalized particles were washed
in DPBS, collected by centrifugation, and stored at 4°C in the dark until use. The coverage
density of VCAM-1 antibodies on the microparticle surface was measured by flow cytometry
(FACSCalibur, Becton, Dickinson and Company). Microparticles were stained with FITC-labeled
rabbit anti-Mouse IgG (H+L) secondary antibodies. Non-stained aVCAM-1 microparticles,
avidin-coated microparticles stained with the secondary antibodies and aVCAM-1 microparticles
stained with isotype controls were used as controls. Similarly, functionalization of PLGA
nanoparticles was evaluated by an ELISA assay. Avidin conjugated PLGA nanoparticles were
incubated with biotin-labeled horseradish peroxidase (B-HRP) for 30 min. Particles were then
washed with PBS to remove unbounded B–HRP and then transferred into an opaque 96-well plate.
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Amplex red fluorescent peroxidase was added to samples, allowing for a 10-min reaction [26].
The fluorescent intensity of untreated (control) and Amplex red treated particles was measured
using a microplate reader (Synergy HTX, BioTek). The number of functionalized micro and
nanoparticles was fixed matching their total volume (carrying similar total MB mass) to fairly
compare their site density.

2.3. Molecular contrast imaging

Two different OCT imaging systems were used to assess the utility of the contrast agent, a
frequency domain OCT (FD-OCT) at 830 nm and a Swept Source OCT (SS-OCT) at 1.3µm.
In both imaging systems a pump-probe approach was implemented to monitor pump induced
variations in the local optical properties due to the presence of encapsulated MB. The pump light
source for both systems was a 663 nm diode laser (Toptica, iBeam Smart PT660). Amplitude
modulated light from this laser was combined with the respective sample arms via a dichroic
mirror. The FD-OCT system, with axial and lateral resolutions of 7.6 µm and 19 µm respectively
(in air), has been described previously in [27] and [5]. Briefly, a super luminescent diode (SLD)
centered at 830 nm with a ∼40 nm bandwidth was used as the probe and typical OCT light source.
The probe light was launched into a 2× 2 fused fiber coupler to form a Michelson interferometer.
Pump and probe were focused to a spot diameter of 19 µm and the sample was laterally scanned
by a pair of galvo mirrors. A custom spectrometer was used as a detector. The SS-OCT system
was one we typically use for cochlear vibrometry on small animals first described in [28] but
updated over the years (see for instance [29] and references therein). The system is designed to
have high phase-stability which is crucial for PTOCT. Recent improvements include the addition
of a Vernier-tuned distributed Bragg reflector swept laser [30] at 1310 nm (Insight) with 92.6 nm
bandwidth utilizing a Mach-Zehnder type interferometer as described in [31], with axial and
lateral resolutions of 9.8 µm and 18.3 µm (in air). In order to introduce the pump into the Zeiss
stereo-microscope (Discovery,V8) system a dichroic mirror (Thorlabs, DMSP650L) was placed
just ahead of the microscope objective. The dichroic was highly reflective at 663 nm but gave -2
dB loss at 1310 nm. Nevetheless, the view through the eyepieces of the Zeiss stereo microscope
was good enough to align the sample in the imaging systems field of view.

The OCT line rate was 10 KHz using our FD-OCT (300 M-scans) and 100 KHz using our
SS-OCT system (10,000 M-scans). Molecular contrast OCT images with the MB-PLGA particles
were processed in the following way. The pump laser was amplitude modulated at frequency f,
while collecting an OCT M-scan. The M-scan was processed normally to get the complex OCT
signal as a function of time. A Fourier transform of the signal along the time dimension was
calculated. The frequency domain signal was then filtered around the pump frequency, f. The
only difference between PPOCT and PTOCT processing was that for PPOCT the magnitude of
the OCT M-scan is analyzed in the frequency domain while for PTOCT the phase of the OCT
M-scan is analyzed. One M-scan leads to one A-line in the molecular contrast image.
An in vitro setup was used to test and characterize the signal generated from the MB-based

contrast agents. PLGA microparticles with MB concentrations of 8.9, 22.9 and 42.9 mM were
suspended in DPBS and loaded into 200 µm inner diameter capillary tubes. Tubes were imaged
using the FD-OCT system with a pump power of 4.4 mW and probe power of 3.5 mW. A
contrast-to-noise-ratio (CNR) was defined as the ratio of the signal magnitude at the modulation
frequency divided by the noise floor. The noise floor was defined as the median of the magnitude
at frequency bands at ±1 kHz relative to the pump modulation frequency [5]. A ratio of 4 was
experimentally determined as an acceptable pump-probe signal detection threshold that effectively
removed all background. Similarly, soluble MB, MB microparticles and MB nanoparticles
were suspended in DPBS, and transferred into 500 µm diameter PDMS microchannels. The
backscattering and the molecular contrast signal generated from the MB solutions and PLGA
particles were evaluated by imaging with both the FD-OCT and SS-OCT systems.
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Coronary segments from human hearts were harvested from non-specific adult autopsy cases
according to a protocol approved by the Texas A&M University Institutional Review Board. The
artery sections were immediately stored in DPBS at 4°C and used within 48 hours. Arterial
segments were cut along the longitudinal direction of the vessel, hydrated with warmDPBS (37°C)
and placed inside a custom-made parallel flow chamber with the lumen facing up. Tissues were
treated with either MB solution (50 µg/mL), a-VCAM1 functionalized MB-PLGA microparticles
(1× 107 p/mL) and MB nanoparticles (1.84× 1010 p/mL) suspended in DPBS, and incubated
at 37°C for 20 minutes. Arterial segments incubated with DPBS solution and non-targeted
MB-PLGA particles were used as a control. After incubation, arteries were washed with DPBS
(37°C) under laminar flow (wall shear rate= 100 s−1) for 5 minutes to remove unbounded particles
and imaged using the previously described FD-OCT system. After imaging, the arterial segments
were fixed in formalin and sent to a histology lab to get tissue slides prepared. India ink was
used to label the arterial cross sections scanned with our FD-OCT. Evaluation of digitized artery
segments was performed to evaluate particle binding and endothelium permeability of MB PLGA
particles.

3. Results

3.1. Nano-/microparticle synthesis and characterization

Methylene blue loaded PLGA particles were prepared by a modified single oil-in-water (O/W)
emulsion solvent evaporation method. By controlling the shear stress applied during the
emulsification process, PLGA microparticles and nanoparticles were successfully synthesized
with an average diameter of 2.7 µm (± 1 µm) and 84 nm (± 30 nm), respectively. These two
particle sizes are chosen based on our previous studies and others, which demonstrates that 2-3
µm is an optimal particle size for targeting the vascular wall in atherosclerotic-flow conditions
while < 200 nm nanoparticles are suitable for penetrating into a deeper tissue layers [25,32–34].
Overall, using our modified O/W emulsion solvent evaporation methods, MB-PLGA particles
were produced at a rate of 1.44 x108 microparticles/hour or 4.22× 1012 nanoparticles/hour. They
are spherical in shape with fairly smooth surfaces [Figs. 1(A) and 1(C)] and have an average MB
encapsulation efficiency of 82.6% in microspheres and 48.4% in nanospheres. Physicochemical
properties of MB-PLGA particles were determined by measuring their absorption spectra via
spectrometry. MB is a cationic phenothiazine dye with an absorption peak at 664 nm in its
monomeric form. At high concentration (> 20 µM) or upon interaction with oppositely charged
surface, MB tends to aggregate and form dimers [35,36], which exhibit a distinct absorption
peak at ∼ 600 nm [see Fig. 2(A)]. Figure 3(A) shows the optical density of free MB (30 µM),
MB-PLGA microparticles and MB-PLGA nanoparticles in DI water. All MB formulations
exhibit similar spectra. The long tail at shorter wavelengths on the MB nanoparticles spectrum is
mainly due to particle-size dependent light scattering. The presence of a primary absorption peak
at 664 nm and a secondary peak at 600 nm, indicates the formation of both MB monomers and
dimers in all cases. The extent of MB dimerization, however, is different and can be evaluated by
calculating the ratio of absorbance at 600 to 664 nm, namely a dimer to monomer ratio (D/M).
Free MB (30 µM) had the D/M ratio of 0.61. As free MB concentration in solution increases
from 20 µM to 200 µM, the D/M ratio increases from 0.59 to 1 [Fig. 2(A)], as expected [37].
However, further decrease of MB concentration below 20 µM, does not affect the D/M ratio.
Instead, higher MB concentration is favorable in this concentration range because it provides
stronger absorbance.

At equivalent total MBmass, MB embedded in PLGA particles demonstrated higher D/M ratios
relative to that of free MB, i.e. 0.87 in microparticles and 0.95 in nanoparticles compared to 0.61
in free MB [Fig. 3(A)]. This is likely because encapsulation increases local MB concentration,
which seems to induce MB aggregation within the particles. In addition, negatively charged
COOH-PLGA polymer used in this study possibly further enhances MB aggregation as it can
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Fig. 1. SEM images of (A) MB-PLGA microparticles (50:50 PLGA) and (C) MB-PLGA
nanoparticles (75:25 PLGA). Effect of mechanical stir speed on MB-PLGA particle size:
(B) Magnetic stirrer speed on 50:50 PLGA microparticles (3% surfactant, pH 8.4), (D)
Sonicator tip resonance amplitude on 75:25 PLGA nanoparticles (3% surfactant, pH 8.4).
Value=mean±SD (n= 3, number of particle batches analyzed).

Fig. 2. (A) Optical density of methylene blue solutions at different concentrations suspended
in DI water. (B) Effect of continuous phase pH on MB encapsulation efficiency and particle
size of PLGA microparticles (50:50 PLGA, 3% surfactant). (C) Optical density spectrum of
PLGA microparticles loaded with different concentrations of methylene blue. (D) Methylene
blue release from 50:50 PLGA microparticles and 50:50 and 75:25 PLGA nanoparticles in
DPBS at pH 7.4, 37°C. Value=mean±SD (n= 3).
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Fig. 3. (A) Normalized absorption spectrum of MB solution, MB-PLGA microparticles
(MB µp), and nanoparticles (MB np). (B) Diagram of molecular energy transitions for the
methylene blue transient absorption and photothermal effect. Driven energy transitions are
indicated by straight arrows and spontaneous transitions as wavy arrows. (C) Normalized
MB fluorescence emission at 680 nm over time after addition of NADH enzyme to free MB,
MB-PLGA microparticles and MB-PLGA nanoparticles in DI water. (D) Percentage of
ADPA bleaching for free MB, MB-PLGA microparticles and MB-PLGA-nanoparticles with
our pump 660 nm light source for 30 min. Value=mean±SD (n= 3).

attract MB (positively charge in solution) binding to the surface [18,36,38]. Since the efficiency
of both PPOCT and PTOCT techniques partially depends on the absorbance intensity of MB
at the pump wavelength (663 nm), MB contrast agent formulation can be optimized such that
the MB monomeric form is maximal. For instance, an internal concentration of 22.9 mM MB
in PLGA particles is optimal as an OCT contrast agent (Fig. 7). As we have shown previously
for PPOCT [39], we expect the CNR to grow with concentration, peak, and get smaller as the
concentration continues to grow.

The emulsion solvent evaporation method has been widely used to fabricate various polymeric
particles [16,40]. Along with the mechanism of particle formation, several fabrication process
parameters such as emulsification speed, surfactant concentration, polymer ratio, and viscosity
and pH of the continuous phase, have been extensively investigated [41–43]. Similar to others,
our study showed that the mechanical stir speed during the emulsification process dominantly
control particle size. As the mechanical stir speed increases from 700 rpm to 1800 rpm, particle
size decreases from 5.15 µm to 1.70 µm [Fig. 1(B)]. The higher shear force generated by the
increase in the stir speed causes the emulsified droplets to break up and yield smaller particles.
Further increase in shear energy generated by a sonicator could reduce particle size down to 84
nm [Fig. 1(D)].

In addition to the stir speed, pH of the continuous aqueous phase significantly affectsMB-PLGA
particle formation and MB encapsulation efficiency. Since MB is a hydrophilic molecule, MB
favorably partitioned out of the organic phase to the aqueous continuous phase during the
emulsification and solvent evaporation process, resulting in relatively low MB encapsulation
efficiency at neutral pH [44]. As pH increased from 6 to 10, encapsulation efficiency increased



Research Article Vol. 11, No. 8 / 1 August 2020 / Biomedical Optics Express 4262

from 26% to 83% [Fig. 2(B)]. This is partly because the level of MB dimerization increases
with the continuous phase pH [45]. The formation of MB dimers and MB aggregates in alkaline
solution may delay and hinder MB molecules from leaking out of the polymer matrix during the
fabrication process. Further increase to pH 10 resulted in decrease of encapsulation efficiency
while no significant difference in particle recovery was observed between pH of 8 and 10. As
shown in Fig. 2(B), the particle size was not affected by the change of the continuous phase
pH. By using a water phase pH of 8.4, MB was encapsulated intro micro particles with an
encapsulation efficiency of 82.6%. Similarly, PLGA nanoparticles were fabricated with a MB
encapsulation efficiency of 48.4%.
Cumulative release of MB from PLGA micro and nanoparticles were studied in DPBS at

pH 7.4, 37° C for 24 hours. Considering the average procedural and imaging times of OCT
we chose to evaluate the MB release at two hours, expecting that would be sufficient for most
imaging protocols. MB release during this time window must be controlled to maintain sufficient
MB signal throughout the process. As shown in Fig. 2(D), MB-PLGA (50:50) microparticles
demonstrated a sustained release profile with ∼11% of total MB release in 2 hours. On the other
hand, MB-PLGA (50:50) nanoparticles displayed a burst release profile with ∼ 81% of MB
release in 2 hours [Fig. 2(D)]. The significant higher release rate from nanoparticles compared to
microparticles is likely due to an increase in surface-to-volume ratio as particles become smaller.
To reduce the amount of MB release, MB-PLGA nanoparticles were fabricated using 75:25
PLGA polymer with the same base formulations. Figure 2(D) shows that the MB release from
75:25 PLGA nanoparticles was significantly reduced particularly in the first few hours, i.e. 46%
of total MB at the 2-hour window. This result agrees with previous work reporting that a slower
release profile is associated with a PLGA polymer having a higher lactic acid to glycolic acid ratio
[41,46]. The efficiency of MB as a contrast agent in biological environment is in part inhibited by
its lack of target specificity and relatively short circulation lifetime. An average of 78% of MB
is reduced by NADH/NADPH dehydrogenases and/or enzyme reductase in red blood cells and
peripheral cells to colorless leucomethylene blue (LMB) [7,47,48]. The photophysics of LMB are
substantially different than MB rendering it invisible to our imaging system. Microencapsulation
has been previously used to protect MB from the enzymatic reduction [20].

In order to demonstrate that our formulation also provides protection from reduction to LMB
we did the following experiment. To mimic the enzyme activities in the biological environment,
free MB and MB-PLGA particles in DI water were sequentially incubated with NADH and
diaphorase (NADH dehydrogenase). The fluorescence intensity of MB at 680 nm was monitored
for an hour. The decrease in fluorescence intensity indicates the reduction of MB into LMB,
which lacks emission at this wavelength. As shown in Fig. 3(C), approximately

96% of free MB was rapidly reduced within the first two minutes. In contrast, by encapsulating
MB within PLGA particles, only 5% of MB in microparticles and 12% of MB in nanoparticles
was reduced. These results indicate that a majority of MB remains sequestered within the PLGA
matrix and therefore protected from enzymatic reduction.

MB has been investigated as a therapeutic agent, particularly in photodynamic therapy (PDT),
because of its high yield of singlet oxygen (1O2) generation, and membrane permeability [49,50].
In PDT, relaxation of excited MB molecules into the ground state generate reactive oxygen
species (ROS), which irreversibly causes damage to nearby cells. Although the 1O2 generation is
favorable in PDT for cancer treatment, it is an undesirable side effect for a contrast agent, hence
we sought to minimize ROS production.

Microencapsulation is a potential approach to regulate 1O2 local release by controlling the
polymeric network and the sequestration of MB molecules within particle shells [20,51,52]. In
this study, MB was entrapped within the PLGA polymeric matrix non-covalently. Our hypothesis
is that MB-PLGA could potentially reduce, or at least delay, the local release of 1O2 to their
surrounding environment. To test this hypothesis, free MB, MB-PLGA microparticles and
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MB-PLGA nanoparticles were illuminated with the pump light source at 660 nm for up to
30 min. The release of 1O2 from irradiated MB to aqueous solution was monitored using a
chemical probe, ADPA [20,52]. Once ADPA reacts with 1O2, it is irreversibly reduced into
ADPA endoperoxide, which causes a decrease in the fluorescence emission of ADPA at 400 nm.
The decrease in ADPA fluorescent intensity, reported as the percentage of ADPA bleaching in
Fig. 3(D), indirectly estimates the efficiency of 1O2 generation and release into the surrounding
environment. As previously shown in existing studies, free MB generates 1O2 upon irradiation
while exhibiting no cytotoxicity without illumination (i.e. low dark toxicity) [20,22,53]. In
contrast, MB embedded within PLGA microparticles and nanoparticles favorably reduced the
release of 1O2 by 97% (34-fold) and 75% (4-fold) relative to that of free MB, respectively. This
reduction is likely due to a delayed diffusion of 1O2 through the polymer network to the outside
where they can interact with the ADPA molecules. These results show that MB-PLGA particles
can reduce local release of 1O2 thus mitigating the unwanted associated cell death.
To enable active targeting on the inflamed vascular wall, we functionalized biotin-VCAM-1

antibodies on MB-PLGA micro and nanospheres surface [Fig. 4(A)]. Microparticles functional-
ization was confirmed by flow cytometry using FITC-secondary antibodies [Fig. 4(B)]. Human
aVCAM-1 ligands were immobilized on MB microparticles with a site density of approximate
2959.7 sites/µm2. Functionalization of PLGA-MB nanoparticles was estimated by an ELISA
assay. The fluorescence intensity generated by the secondary antibody attached to both micro and
nanoparticles suggest a 2-fold increase of site density on nanospheres compared to microspheres
[Fig. 4(C)]. This result was expected for nanoparticles due to their higher ratio of surface area
per particle volume allowing them to capture more ligands.

Fig. 4. (A) Schematic of PLGA particle surface functionalization with biotinylated
antibodies. (B) Flow cytometry histogram of aVCAM-1 MB-PLGA microparticles labeled
with a FITC-secondary antibody (blue) and uncoated MB-PLGA microparticles (gray).
(C) ELISA assay results of functionalized MB-PLGA micro (MP) and nanoparticles (NP)
(HRP-secondary antibody). Statistical significance is indicated as * for p< 0.05.

3.2. Molecular Contrast Imaging

As an OCT contrast agent, MB enables two molecular contrast pathways: transient absorption
and photothermal effect [Fig. 3(B)]. MB molecules irradiated with a pump light source (peak
at 660 nm), reach the singlet excited state and rapidly populate the ground triplet state through
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intersystem crossing. Once in the ground triplet state, MB molecules can further absorb probe
light (peak at 830 nm) or return to the singlet ground state through non-radiative relaxation
(vibrational, collisional, etc.).

Fourier analysis of FD-OCT M-scans reveals clear contrast encoded in both the magnitude and
the phase components of the OCT signal at the pump modulation frequency (Fig. 5). Pump-probe
spectroscopy analysis revealed a bi-exponential decay for MB molecules encapsulated into PLGA
spheres, potentially an indicator for signal contribution from both transient absorption and
photothermal effect [Fig. 6.(A)]. MB-PLGA particles decay was calculated to have an average
lifetime of 394.7 µs. Longer triplet state lifetimes were observed when the particle solution was
bubbled with N2 to remove dissolved oxygen [(Figs. 6(C) and 6(D)]. MB solution presented a
mono-exponential decay with an average lifetime of around 2.2 µs [Fig. 6(B)], in agreement with
previously reported values [37].

Fig. 5. Fourier domain analysis along time of (A) magnitude and (B) phase components
from FD-OCT M-scans containing signal MB microparticles. Doted lines indicate range of
frequencies considered as noise floor.

MB microparticles were loaded into capillary tubes (200 µm inner diameter), imaged with
our FD-OCT system and their CNRs were estimated from the processed OCT B-Scans. PLGA
microparticles loaded with 8.9, 22.9 and 42.9 mM MB, had CNRs of 4.43, 5.47 and 5.86,
respectively [Fig. 7(E)]. Similar CNR trends were observed for nanoparticles. Based on CNR
results, PLGA microspheres loaded with 22.9 mM MB and nanoparticles loaded with 20.6 mM
MB were considered good candidates for OCT contrast agents.
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Fig. 6. Transient absorption decays of (A) MB-PLGA micro and nanoparticles, and (B) MB
solution and MB nanoparticles suspended in DI water with atmospheric oxygen saturation
(assumed a SO2 of 20.95%). (C) Transient absorption decays of MB-PLGA nanoparticles at
different relative SO2%. (B) Avg lifetime of MB nanoparticles as function of relative SO2%.
NEOFOX oxygen sensor probe (Ocean Optics, Inc.) was used to estimate the relative SO2%.
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Fig. 7. (A) PLGA microparticles with average diameter of 2.7 µm loaded with 8.9, 22.9
and 42.9mM of MB. (B) Magnitude and (C) phase and (D) complex B-scans of MB-PLGA
particles suspended in 200 µm capillary tubes. (E) CNR values at the magnitude, phase and
complex images for each batch of PLGA-MB microparticles. (F) Number of pixels with
CNR greater than the established threshold (CNR≥4).

In order to compare the molecular contrast OCT signal generated from MB solution, mi-
croparticles and nanoparticles, suspensions were prepared in DPBS and introduced into PDMS
microchannels (500 µm diameter). MB molecules in solution or encapsulated were irradiated
by the modulated pump light source enabling contrast. The signals at the pump modulation
frequency (4 kHz) due to the contrast agent are displayed in Fig. 8. The OCT B-scan is shown in
gray scale, with the molecular contrast signal shown in a blue scale overlay. The first column
is with no pump light, hence we expect no molecular contrast signal. Indeed, the signal at the
modulation frequency was below the established threshold (for the magnitude, phase, and complex
signals). The following 3 columns represent the magnitude of a temporal (time-dimension of
M-scan) Fourier transform at the pump modulation frequency. The FFT was calculated for
the interferometric magnitude, phase or complex (magnitude and phase) signals. From our
prior experience [27], we expected signal due to transient absorption to be primarily in the
magnitude (column 2), photothermal in the phase (column 3), with the complex incorporating
both mechanisms for molecular contrast. This data is consistent with that expectation. The
FD-OCT system which can measure signal from both transient absorption and photothermal
effects shows signal in both the magnitude and phase. However, the SS-OCT which should be
insensitive to transient absorption only shows signal in the phase. In other words, the system
with a probe at the triplet state absorption frequency (830 nm) shows signal from both transient
absorption and photothermal effects while the system with a non-resonant probe (1310 nm) only
shows signal due to the photothermal effect.
To further study the feasibility of MB-PLGA particles as targeted molecular contrast agents

for OCT, we designed an ex-vivo experiment to validate binding of aVCAM-1 functionalized
MB-PLGA particles. Artery segments were processed as outlined in methods. Artery sections
treated with MB solution (50 µg/mL) or non-targeted MB-PLGA particles did not show OCT
contrast (images not shown). The lack of contrast signal was expected as a result of the washing
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Fig. 8. PDMS microchannels (500 µm inner diameter) loaded with MB solution, MB-PLGA
microparticles and MB-PLGA nanoparticles. The OCT B-scan is shown in gray scale with
the molecular contrast signal overlain in blue. Images were recorded with the FD-OCT
system (830 nm probe) for the top 3 rows and the SS-OCT system (1310 nm) in the bottom
row. Note: The nanospheres had not entirely settled to the bottom of the microchannel in
the SS-OCT images, hence the weak signal above a stronger signal at the bottom of the
microchannel. Pump-off images show no molecular contrast signal because the threshold,
CNR≥4, was sufficient to remove all background, hence there was no molecular contrast
signal when the pump was off.
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step with DPBS solution which likely washed away the MB solution and removed the unbounded
particles. Resulting images for both targeted micro and nanoparticles are shown in Fig. 9. As
expected, the MB microspheres (3.7 µm) mostly remained near the surface [Fig. 9(A]) while the
nanospheres (84 nm) penetrated more deeply [Fig. 9(C)].

Fig. 9. Images of human artery sections treated with (A-B) aVCAM-1 MB-PLGA mi-
croparticles and (C-D) aVCAM-1 MB-PLGA nanoparticles. OCT B-scans (gray scale) with
overlain molecular contrast (complex) signal (blue) (A,C) and their respective histology
sections (B,D). Calcified regions are indicated with reds arrows.

4. Discussion

Despite high spatial resolution, OCT typically only provides morphological information of
biological tissues. Since OCT contrast mainly relies on variations of tissue refractive index, most
endogenous molecular biomarkers do not produce unique OCT signals. Several exogenous OCT
contrast agents such as indocyanine green dye (ICG) [54], gold nanoparticles [55], intralipid
fat emulsion [56,57], and Janus microspheres [58], have been introduced to provide molecular
information. However, most of these approaches have experienced limited success due to lack of
target specificity, high concentrations needed to be detected, and poor biodegradability/clearance.

Here we have explored biodegradable PLGA-based contrast agents for molecular imaging with
OCT, nominally for targeting atherosclerotic lesions. PLGA-based carriers have been broadly
used as contrast agents and therapeutics in the clinic due to their safety and relatively simple
fabrication [54]. The contrast agents were designed to enhance morphological image contrast and
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provide molecular details at the arterial surface and within the atherosclerotic plaque, which could
prove important for predicting plaque vulnerability. Since the efficiency of particle localization
on and within tissues has been shown to be size-dependent [25,26], e.g. microparticles favor
vascular surface targeting while nanoparticles favor intracellular penetration, the PLGA-based
contrasts agents were fabricated into two size ranges (2.7 µm, 84 nm) (Fig. 1) to optimally target
both locations.
Methylene blue was selected as our contrast agent due to its low cytotoxicity, its ground

and triplet state absorption peaks that match available light sources and its clinical use. The
functionality of methylene blue as an OCT contrast agent is impacted by the co-presence of
MB in monomeric and dimeric forms. Generally, as the concentration of MB in free solution
increases (from 20 µM to 200 µM), the D/M ratio increases [Fig. 2(A)]. Similar results were also
observed when MB was encapsulated within PLGA microparticles [Fig. 2(C)].
Our experiments have shown that the encapsulation efficiency can be modulated by the pH

of water phase used during the emulsification process. As the water phase pH increases, the
encapsulation efficiency was found to increase linearly from pH 4 to pH 8.4 [Fig. 2(B)]. This
could be partly because the level of MB dimerization was enhanced in the alkaline solution
[45,59]. The formation of MB aggregates may delay and hinder MB molecule clusters from
leaking out of the polymer matrix/shell during the fabrication process, resulting in the higher
encapsulation efficiency at a higher pH. In addition, it is possible that the increase of water phase
pH changes the charge distribution/polarity at the water phase-PLGA chain border, which slows
down the MB diffusion to the outer phase [60,61]. Microparticles synthesized using a pH of 8.4,
provided the best encapsulation efficiency (82.6%). As shown on Fig. 7(E), the improvement
in CNR was relatively small at nearly double the MB concentration (from 22.9 mM to 42.9
mM). Therefore, 22.9 mM was chosen as a good compromise between signal strength and MB
dosage. Once the optimal fabrication parameters were determined for microparticles, MB-PLGA
nanospheres were prepared following the same protocol with the only difference being the shear
stress/time applied to the emulsion.

PLGAparticles are biodegradable and thus expected to release drugs in physiological conditions
over time. Monomer ratio (lactic acid:glycolic acid) and polymer molecular weights are common
PLGA properties that are varied to achieve desired drug release kinetics and profiles for specific
applications. As shown in Fig. 2(D), 50:50 PLGA nanoparticles loaded with 20.6 mM released
81% of encapsulated MB in the first 2 hours of incubation at 37 °C, compared to 11% of MB
from 50:50 PLGA microparticles during the same time frame. The faster release profiles from
nanospheres could be explained by a greater surface-to-volume ratio compared to microparticles
and the overall positioning of MB molecules concentrated relatively close to the sphere surface.
By fabricating the nanoparticles using PLGA having a higher molecular weight and a higher
lactic/glycolic ratio (75:25), the MB release was shown to be significantly reduced particularly
during the first 2 hours. This result agrees with previous works reporting that a slower release
profile is associated with PLGA polymer with a higher lactic acid to glycolic acid ratio [41,46].
Although some of MB might be released during in-vivo imaging procedures, our in-vitro studies
[Fig. 2(D)] suggest that the MB release from 50:50 PLGA microspheres and 75:25 PLGA
nanospheres during this time window should not compromise the contrast imaging sensitivity.
The PLGA carrier system provides an environment where the physical distribution and the

state of MB molecules are preserved, unlike free MB. The susceptibility of enzymatic reduction
is one of methylene blue’s biggest drawbacks for in-vivo therapeutic and molecular imaging
applications. In circulation, MB is reduced by either NADH/NADPH dehydrogenases or enzyme
reductase in red blood cells and peripheral cells to colorless leucomethylene blue (LMB) [24–26],
rendering it invisible to our molecular contrast OCT imaging system. By encapsulating MB into
PLGA particles, MB was protected from the enzymatic interaction. Specifically, 95% of MB
encapsulated within microparticles and 88% of MB encapsulated within nanoparticles remained
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in their native states after 30 min of enzymatic exposure [Fig. 3(C)]. These results indicate that
a majority of MB remains immobilized within the PLGA matrix during the treatment. The
slight decrease of MB intensity could be attributed to the reduction of MB molecules bound
at the particle surface. This result demonstrates that a protective environment formed by the
PLGA matrix successfully prevents large enzymatic molecules to penetrate and interact with
the encapsulated MB. Thus, MB-PLGA provides extended photostability of MB in circulation,
which in turn reduces the need of high doses and potentially minimizes associated cytotoxicity.
These results suggest that encapsulation of MB into PLGA could be beneficial for other clinical
applications such as sentinel lymph node detection.

Upon 660 nm excitation, MB molecules generate reactive species which can deconstruct and
compromise the integrity of proximal tissues. This property has been investigated extensively in
the context of photodynamic therapy, but is undesirable in diagnostic applications. Figure 3(D)
shows that the local generation of radical species by excited MB was significantly reduced when
MB was encapsulated within PLGA particles. This reduction could be contributed to several
factors including the formation of MB dimers [Fig. 3(A)], a longer diffusion path within the
PLGA matrix [51], and a quenching of MB excited states. Since MB dimers have a different
absorption peak (at 600 nm, compared to 660 nm for MB monomers), they do not produce 1O2
upon 660 nm irradiation. Also, there are two photochemical pathways (type I and type II) that
are involved in the photoinduced generation of reactive species [35,38]. In type I mechanism,
excited MB transfers electrons to biomolecules and forms several different radical species. In
type II, excited MB transfers energy to surrounding oxygen molecules and generates 1O2. Type
II is generally accepted as a primary pathway that is responsible for photobiological activities
while type I is a secondary mechanism [62]. MB dimers have been previously shown to shift the
photochemical pathways for MB from type II to type I, resulting in the decrease in 1O2 formation
[36,38]. Lastly, since 1O2 molecules exist just for a few microseconds, a longer diffusion time
could mean that 1O2 generated by MB inside of the sphere recovers to the stable form, 3O2,
before exiting the particle. This result shows that MB-PLGA particles can hinder 1O2 production
external to the particle, thus mitigating associated adverse effects. Although, MB dimers seem to
prevent the generation of 1O2, they don’t contribute to the generation of Pump-Probe contrast.
Therefore, a low D/M ratio is still preferred inside the PLGA particles.

In the context of the results noted above, we would argue that MB-PLGA is a superior contrast
agent over free MB. The PLGA matrix provides protection against leuco-MB production and
unwanted photoinduced generation of reactive species. As a contrast agent for OCT it provides
high local concentration as well as a much higher scattering cross-section than free MB. The
latter is clearly demonstrated in Fig. 8 (top row) where the molecular contrast signal is only
registered at the walls of the tube because there is no detectable scattering in the aqueous solution
of MB. Compare that to the lower three rows where the PLGA particles provide strong scattering
contrast. This provides for better localization of the molecular contrast signal.

The imaged ex vivo human arterial segments corresponded to fibrocalcific plaques as observed
in the OCT B-scans [Figs. 9(A) and (C)] and confirmed by histopathology [Figs. 9(B) and
(D))]. The OCT B-scan in Fig. 9(A) shows highly attenuated areas with fairly well-defined
boundaries in the center and right end of the segment. The accumulation of aVCAM-1MB-PLGA
microparticles is confined to the low-attenuated fibrotic tissue surrounding the calcified areas. As
expected, the acellular calcified areas do not show microparticle accumulation. The histology in
Fig. 9(B) clearly confirms the presence of large calcified areas in the center of the segment shown
as void areas with dark blue fragmented calcification debris (a small calcified area is also seen on
the right end of the segment). The OCT B-scan in Fig. 9(C) shows low-attenuated fibrotic areas
in the center of the segment, and small highly attenuated areas with fairly well-defined boundaries
at both ends of the tissue sections. Accumulation of aVCAM-1 MB-PLGA nanoparticles was
observed throughout the fibrotic plaque areas and around the calcifications. The histology section
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shown on Fig. 9(D) clearly confirms a mostly fibrotic plaque with calcified areas on both ends.
These results suggest that targeted MB-PLGA micro and nanoparticles were mainly accumulated
in fibrotic regions of the arterial sections.

Although vascular endothelial integrity could be compromised in ex-vivo tissues, our ex-vivo
experiments presented a similar particle permeability trend to findings observed from in-vivo
experiments performed elsewhere [33,63]. Since the ex-vivo experiment was performed under
static incubation, penetration of PLGA particles through the arterial endothelium was mainly
determined by sphere average diameter (Fig. 9). Endothelial cell junction gaps in atherosclerotic
plaques might be big enough to allow nanoparticles to permeate much deeper than microspheres,
making them a better approach for foam cells targeting and imaging [33,34]. Higher permeability
of MB nanoparticles under in-vivo pressure and flow conditions could be expected, making these
contrast potentially useful for imaging and characterization of plaque biomarkers in deeper tissue
layers.

For simplicity, only one cell adhesion molecule (VCAM-1) was used to conjugate MB micro
and nanoparticles. However, the methodology presented can be used to functionalize PLGA
spheres with other biotinylated molecules/antibodies to target/image other critical biomarkers in
atherosclerosis such as CD36, a membrane protein related to macrophage foam cell formation.
These targeted PLGA platforms could therefore enable the characterization of pathogenic
processes by investigating molecular activity and receptor expression at the vascular endothelium.
Ex-vivo experiments confirmed binding of functionalized MB-PLGA particles to human vascular
endothelium inflammatory receptors. A static incubation of aVCAM-1 micro and nanoparticles
was selected due to the dimensions of the custom-made flow chamber, since a large number of
spheres would have been needed to run a flow experiment at the rate and particle concentration
desired. To minimize the effect of non-specific binding of PLGA particles, artery sections were
washed under flow at 100 s−1 with DPBS+. Molecular contrast OCT images demonstrates the
potential of these targeted contrast agents. Although MB and PLGA polymers have been safely
used on several medical applications [2,38,64], other factors such as particle circulation time,
vascular margination and targeting efficiency must be studied and optimized to before the in vivo
translation of these contrast agents.

5. Conclusions

In conclusion, we have developed a versatile robust molecular contrast agent by combining the
advantages of a biodegradable polymer and the spectral properties of methylene blue that can
provide specific labeling of biomarkers in atherosclerosis and other diseases. PLGA particles
loaded with MB, were fabricated into spheres with average diameters of 2.7 µm and 84 nm and
encapsulation efficiencies above 48%. The enhancement of chemical and photo-stability of
encapsulated MB was experimentally confirmed. To the best of our knowledge, this is the first
time that MB loaded PLGA particles are used as molecular contrast agents for OCT.
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