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ABSTRACT: Photoacoustic (PA) probes absorbing in the second Visible %“:R"' NIR-I

near-infrared (NIR-II: 1000—1700 nm) window hold great ~  Tumor acidic ﬂ\\\\
S microenvironment

promise for deep-tissue diagnosis and treatment. Currently, NIR- OOOOO o0
IT PA probes typically involve complex synthesis and surfactant

adjuvant for processing and delivery. Furthermore, these NIR-II PA

probes are “always-on,” leading to inadequate signal-to-background ratio and low specificity. To address these challenges, this study
reports a pH-activatable and aggregation-enhanced NIR-II PA probe. Without using any toxic or exotic oxidants, the selected
polymer (PPE) is readily doped by oxygen in an ambient environment and simultaneously red-shifts its absorption profile from
visible to NIR-II region. By virtue of the carboxyl groups on the side chains, oxygen-doped PPE is readily water-soluble at a
physiological pH but tends to aggregate in an acidic environment. The pH-induced aggregation results in a significant PA
enhancement and thus allows specific PA imaging of acidic tumor microenvironment in vivo. Our study provides a facile and
surfactant-free strategy for achieving water-soluble and pH-responsive NIR-II PA probes, which could be applied for diagnoses of
cancer and other diseases associated with changes in pH. It paves the way for the development of new activatable NIR-II imaging
probes and also could facilitate the investigation of biological and pathological processes in deep tissue.
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Bl INTRODUCTION enzyme,"” and other stimuli.”” Meanwhile, several always-on
NIR-II conjugated polymers have been reported in recent
years,'*™"” but activatable NIR-II conjugated polymers have
been rarely explored.'” Conventionally, activatable PA probes
require to have a distinct absorption change in response to
stimuli. However, only a limited number of chromophores
have such properties, not mentioning the challenges in the
synthesis of NIR-II absorbing agents. In addition, most of the
reported NIR-II conjugated polymers are neutral polymers
attained through donor—acceptor molecular engineering,
which usually requires a huge amount of synthetic efforts.””
The inherently hydrophobic polymer backbones normally
require encapsulation in amphiphilic surfactants to enable their
water solubility. Such strategy raises concern that the
encapsulated nanoparticles have poor biodistribution, polymer

. . ) leakage, and surfactant detachment.'® Therefore, an alternative
In contrast, activatable probes are designed to amplify or boost o )
approach that is simple yet effective to prepare water-soluble

imaging signals in response to specific targets or events, so they NIR-II . 1 £ tivatable PA i L
offer a higher signal-to-background ratio and lower detection highly d:zgirrl]e ljlgla()t ed polymers for activatable rmaging s

limit.”~” However, despite these advantages, activatable NIR-II i, - .
) In addition to molecular engineering, the absorption spectra
PA probes have not been fully developed yet, preventing the

widespread application of this valuable tool>'® of conjugated polymers are also known to be modulated by

Among the reported NIR-II PA contrast agents, conjugated
polymers have been recognized as one of the most promising
candidates for the design of activatable NIR-II probes because
of their high absorption coeflicient, excellent photostability,
and outstanding biocompatibility.”'" Previously, activatable
conjugated polymers in the NIR-I window have been
demonstrated for imaging of pH,'” reactive oxygen species,''

The recent development of photoacoustic (PA) imaging in the
second near-infrared (NIR-II: 1000—1700 nm) window has
rapidly attracted extensive interest for both preclinical research
and clinical practice.""® Compared to the first near-infrared
(NIR-I: 750—1000 nm) window, the NIR-II window provides
higher imaging quality and deeper imaging depth since the
light scattering and tissue absorption are significantly reduced
and the maximum permissible exposure laser energy for skin is
increased.' ™ Most of the current NIR-II PA contrast agents
are “always-on” probes, which continuously emit signals
regardless of their interaction with the target of interest, and
they develop contrast signals through accumulation and
retention.” As a result, always-on NIR-II PA probes are
restricted by the inherent background signal to contend with.
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Scheme 1. Illustration of the Absorption-Tuning Process through the Ambient-Oxygen Doping of PPE and the Aggregation-

Enhanced PA Imaging of Tumor through pH Activation
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their redox states.”” The redox reaction of converting
conjugated polymer from a neutral state into a polaron/
bipolaron state is called doping, which is realized upon
addition of chemical dopants (oxidizing/reducin$ agents) or
application of an appropriate electrical bias.”’ The new
generated electronic levels of polaron/bipolarons are located
between the conduction and valence bands of neutral
conjugated polymers. Thereby, the doped conjugated polymers
have narrower band gaps and red-shifted absorption profiles.”’
This doping method is typically applied to induce desired
structural, spectroscoIpic, and electrical transport properties for
organic electronics.”’ In the last decade, due to the unique
optical properties of conjugated polymers after the formation
of polarons/bipolarons, doped conjugated polymers have also
been applied for PA imaging and photothermal therapy in the
NIR-I and NIR-II windows.”” ' Regardless of numerous
bioapplications that have achieved success with doped
conjugated polymers (e.g, polypyrrole,”” ***' poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate),”” and poly-
aniline’® %), a few long-standing intrinsic problems need to
be appropriately addressed. First, these conjugated polymers
usually need to be doped by strong chemical dopants to obtain
the NIR-II absorption, yet these dopants are susceptible to
dissociation in bioenvironments resulting in dedoping and loss
of their signature optical property.”® Second, the toxicity of
chemical dopants are cause for concern and unsuitable for
tissue.””*> Last but not the least, since the reported doped
conjugated polymers are either toxic to cells or insoluble in
aqueous solution, complicated surface modification is often
required.”” !

We herein report an aqueous compatible 3,4-ethylenediox-
ythiophene-alt-3,4-ethylenedioxythiophene copolymer bearing
carboxylate side chains (PPE) as an activatable NIR-II PA
contrast agent (Scheme 1).>** Without adding any surfactant,
PPE is readily soluble in water at neutral physiological pH.
The freely dissolved PPE with its small size is beneficial for
deep-tissue penetration and ideal biodistribution.’® Further-
more, because of the low oxidation potential of PPE, it can be
directly doped by oxygen in the ambient environment, red-
shifting its absorption to the NIR-II region. The high
physicochemical stability and negligible cytotoxicity of PPE

after doping was validated, and its outstanding PA properties in
the NIR-II windows were demonstrated. Notably, the free
polymer chains could be activated by pH to aggregate into
large particles in an acidic environment, as the carboxylate side
chains were converted to carboxylic acids. The aggregation
induced significant enhancement in the PA intensity of doped
PPE, enabling its application for pH imaging. Finally, its
potential for pH-activatable imaging of a tumor, which has an
acidi?)c7 grslicroenvironment (pH 6.5—6.8), was demonstrated in
vivo.” "

B EXPERIMENTAL METHODS

Chemicals and Polymer Synthesis. All reagents
purchased from suppliers were used without further
purification. PPE was synthesized according to the previous
literature.”™*> 'H nuclear magnetic resonance (NMR) spectra
were recorded on a mercury 300 at 293 K with deuterated
chloroform as the solvent. Details can be found in the
Supporting Information.

Characterization. Dynamic light scattering (DLS) was
performed using a Malvern Nano-Zetasizer. UV/vis/NIR
spectra were recorded with a Cary-5000 spectrometer.

Electrochemistry. A three-electrode cell was fabricated
with indium tin oxide (ITO)/glass substrates coated with PPE
as the working electrode, a leakless Ag/AgCl as the reference
electrode, cell culture medium as the electrolyte, and a
platinum wire as the counter electrode. Cyclic voltammetry
experiments were performed using a three-electrode cell, at a
scan rate of 40 mV s”'. The redox potential of PPE was
estimated by E, ), = (Ec'P + anp) /2: E,—peak potential of the
cathodic peak: E, ,—peak potential of the anodic peak.

Photoacoustic Spectroscopy. The OPO Laser (EKSPLA
NT320) with pulse width S ns, repetition rate 10 Hz, was
applied as excitation laser resource, and the laser energy was
40—120 pJ at the focus spot on the sample. Photoacoustic
signals were acquired by a single element transducer (v317-sm,
20 MHz). A preamplifier (Olympus 5682, voltage gain 30 dB)
and a Pulser/receiver (Olympus 5073 pr, ultrasonic bandwidth
75 MHz, voltage gain 39 dB) were used to improve the system
sensitivity. All of the samples were in the solution state and
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Figure 1. Preparation and characterization of (doped) PPE. (a) Synthetic route of water-soluble PPE. (b) Mechanism of p-type doping of PPE. (c)
Absorption spectra of PPE aqueous solutions which are undoped (in neutral form, stabilized by N,H,), partially doped by the dissolved oxygen in
the solution for 15 min (mostly in polaron state), and fully doped by the dissolved oxygen in the solution for 4 h (mostly in bipolaron state). The
wavelength regions corresponding to neutral, polaron, and bipolaron states are highlighted in vibrant blue, purple, and pale blue, respectively. The

inset is the photograph of PPE aqueous solutions at the three states.

(d) Detection of radical concentration of PPE in the neutral, polaron, and

bipolaron states by electron paramagnetic resonance (EPR) spectroscopy. (e) Cyclic voltammograms of the PPE in basal cell culture medium as

biologically relevant electrolytes at a scan rate of 40 mV s™".

sealed in a 1 mm diameter glass tube. D,O was applied as the
sound coupling agent.

Photoacoustic Tomography. The ultrasound and photo-
acoustic signals were processed by a high-frequency ultrasound
imaging system (VantagelZS, Verasonics Inc.). For the
penetration study in chicken breast, a Q-switched Nd:YAG
laser (Continuum Surelite SL I1I-10) with S ns pulse with a 10
Hz repetition rate was applied as the laser source. A
transmission-mode detection modality was adopted. The
laser light was guided to the tissue surface by a fiber bundle,
and the photoacoustic signals were detected from the other
side of the tissue by a low-frequency transducer array (L7-4,
PHILIPS/ATL). For the other photoacoustic tomography
experiments, the EKSPLA OPO Laser with pulse width S ns,
repetition rate 10 Hz, was applied as excitation laser. In the
meantime, a refection-mode detection was applied using a
customized collinear probe, which has a customized high-
frequency ultrasound array with 128 elements and 50%
bandwidth (L22-14 v, Verasonics Inc.).

Cytotoxicity Test. HEK cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine

serum in a humid environment containing 5% CO, and 95%
air at 37 °C. PC-3 cells were cultured in F-12K containing 10%
fetal bovine serum in a humid environment containing 5%
CO, and 95% air at 37 °C. Cells were first seeded in 96-well
plates (3000—5000 cells per well), and the culture medium was
replaced with a fresh medium containing PPE at different
concentrations (0—200 xg mL™") and incubated for 24 h. The
cell viability was then measured by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Tumor Mouse Model. Four to six weeks old male nude
mice obtained from Charles River Laboratories were
inoculated subcutaneously with 3 X 10° PC-3 cells in the
rear left flanks. Mice were used in imaging studies when either
PC-3 tumors reached 8—10 mm in diameter. All protocols
were approved by the Boston University’s Institutional Animal
Care and Use Committee (IACUC) (PROT0201800533).

Ex Vivo PA Tomography Imaging. Typically, 100 ug
mL™" PPE solutions were sealed in transparent polyurethane
tubes (Vention medical Inc., inner diameter of 1.4 mm, wall
thickness of 0.1 mm). The tubes were fixed on a holder and
emerged in a water tank.

https://dx.doi.org/10.1021/acs.analchem.0c04601
Anal. Chem. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.analchem.0c04601?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04601?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04601?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04601?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c04601?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

In Vivo PA Tomography Imaging. PC-3 xenografted
tumors-bearing mice were anesthetized using 2% isoflurane in
oxygen delivered through a nose cone, and their body
temperature was maintained by a heat pad during the PA
imaging period. Doped PPE (pH = 7.4, 40 yL, 150 ug mL™")
were administrated intratumorally or intramuscularly. Images
were recorded right after the injections. All animal experiments
were performed in compliance with the Guidelines for the
Care and Use of Research Animals established by the Boston
University Animal Studies Committee. All protocols were
approved by the Boston University’s Institutional Animal Care
and Use Committee (IACUC) (PROT0201800533).

Bl RESULTS AND DISCUSSION

Preparation and Characterization of (Doped) PPE.
PPE was prepared according to the reported standard
conditions (Figures la and $1-85).>** Due to the strong
ion—dipole interactions between carboxylates and water, PPE
is readily soluble in 0.1 M KOH aqueous solutions without the
addition of any stabilizer or surfactant.”* Also, PPE is known to
switch between its neutral form and doped oxidized forms
(Figure 1b).** The undoped fresh PPE displayed a vibrant
blue color in the neutral state (~600 nm) (Figure 1c). The
basic solution was tuned to the physiological pH by titration
with HCI until the pH value was ~7.4. Immediately, PPE
turned into purple with its absorption profile red-shifted to the
NIR-II region (~1000 nm), indicating that PPE was
spontaneously doped (oxidized) to the polaron state by
oxygen in a physiological pH environment (Flgure lc; the
absorption spectrum was recorded at 15 min).** For a longer
exposure time (4 h) in the ambient environment, PPE was
further turned to bipolaron state with a pale blue color and its
absorption profile was further red-shifted beyond 1500 nm and
became noticeably flat in the entire NIR-II region (Figure 1c).
While additional oxidizing agents such as FeCl; or Fe (OTs);
were prewously employed in the doping of conjugated
polymers,”>*® here we demonstrated that PPE can be directly
doped by ambient oxygen in a physiological pH environment.
This doping method circumvents the cytotoxicity problems
caused by the chemical dopants.

Next, electron paramagnetic resonance (EPR) spectroscopy
was applied to determine if the bipolaron samples contained
any residual radical species from the polaron state. The EPR
results of PPE (Figure 1d) in the neutralized, polaron, and
bipolaron states aligned well with the UV—vis—NIR absorption
analysis, shown in Figure lc, confirming the distinct para-
magnetic nature of the polaron state and the diamagnetic
nature of the bipolaron and neutral states. A sharp, symmetric
signal at g = 2.0031 was observed for the PPE radical. A radical
signal was not detected in the bipolaron state and eliminated
the possibility of any residual radical leftover in bipolaron
samples. This result proves that the doping procedure allowed
full conversion of the PPE polarons to bipolarons.
Furthermore, a small distorted signal at ~3700 G was detected
for all of the samples, presumably due to the aqueous
environment, radical impurities, sample tube material, or slight
misalignment between the positioning of the sample and the
field. This is a background signal and can be ignored for the
purposes of this discussion.

To further understand the doping mechanism of PPE, the
electrochemical properties of PPE were investigated by cyclic
voltammetry (Figure le). The redox potential (E;/, = (E,

E,,)/2; E,: peak potential of the cathodic peak, E,: peak

potential of the anodic peak) of PPE was calculated to be
—0.25 V vs Ag/AgCl. Such a negative value of the redox
potential indicates the high tendency of PPE to lose
electrons.>” Meanwhile, the neutral physiological pH, which
is relatively more acidic than the original pH of KOH solution,
also contributed to a reduced oxidation potential because
cation radicals are more stable in acidic conditions.*”*!
Consequently, a low concentration of the dissolved oxygen
in the solution is able to dope PPE into polaron/bipolaron
states.*

Biocompatibility and PA Properties of PPE After
Oxygen Doping. To test the doping stability of PPE in
physiological environments, we monitored the absorption
spectra of PPE in phosphate buffered saline (PBS) (pH = 7.4)
and in minimum essential medium (MEM) cell culture
medium (pH = 7.4, containing 10% fetal bovine serum) over
18 days. Figure 2a shows that the absorption of PPE remained
unchanged over time in PBS (pH = 7.4). When the PPE was
dissolved in MEM cell culture medium, it was less doped than
that in PBS (pH = 7.4), probably because of the existence of
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Figure 2. Biocompatibility and PA properties of PPE after oxygen
doping. (a) Absorption spectra of doped PPE in PBS (pH = 7.4) over
time. (b) Cell viability of PC-3 and HEK cells after 24 h incubation
with varied concentrations of doped PPE. The percentage cell
viability of treated cells was calculated relative to that of cells treated
with the same volume of PBS (pH = 7.4). (c) PA spectra of doped
PPE in PBS (pH = 7.4). PA intensity was normalized by laser energy
at each wavelength. (d) PA intensity of doped PPE vs number of
pulses under 1100 nm laser irradiation. The total exposure time was
about 5 min for 3000 pulses. The laser light energy at the focus point
was ~45 uJ. (e) PA intensity of doped PPE at 1100 nm as a function
of mass concentration in PBS (pH = 7.4). R* > 0.99. Error bars
represent standard deviations. (f) PA image of the 0.5 mg mL™'
doped PPE contained in a polyurethane tube at 4.4 cm depth. Laser
energy density was tuned to 45 mJ cm™ at 1064 nm.
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antioxidants (e.g., serum, glucose, amino acids) in the culture
medium (Figure S6a).*” The partially doped PPE with a broad
absorption peak at around 1000 nm also remained stable for
more than 18 days in the cell culture medium (Figure S6a).
The excellent solubility and stability of PPE after doping in
PBS (pH = 7.4) and in the cell culture medium indicates the
feasibility of using doped PPE for in vivo imaging in the NIR-II
window. Additionally, a cytotoxicity test was performed with
an MTT assay to confirm the biocompatibility of doped PPE
(Figure 2b). No noticeable toxicity was found up to 200 ug
mL™" after 24 h incubation, showing the promise of the doped
PPE for biological applications.

After the aqueous stability and biocompatibility of PPE were
confirmed, its potential for PA imaging was evaluated. Figures
2c and S6b show that the doped PPE efficiently generates PA
signals in the entire NIR-II region in PBS (pH = 7.4) and in
the cell culture medium, respectively. No obvious PA intensity
loss was observed after exposure to 3000 laser pulses
(corresponding to more than S min) at 1100 nm, suggesting
the good photostability of doped PPE (Figure 2d). A linear
relationship between the concentration and PA signal at 1100
nm was observed (Figures 2e and S6c). Under the same
experimental condition, the detection sensitivity, defined as 1:1
signal-to-background ratio, was estimated to be 4.8 yg mL™" in
PBS (pH = 7.4).

Previously, we have demonstrated that NIR-II conjugated
polymer nanoparticles have the advantage of deeper ima$in
depth over conventional NIR-I PA contrast agents. "'
Therefore, it is worth testing if the water-soluble PPE as a
molecular contrast agent is also capable for deep-tissue imaging
as it generates a strong PA signal in the NIR-II window. PA
imaging of doped PPE was conducted with a chicken breast
tissue phantom in a similar manner as our earlier study.'* A
polyurethane tube containing an aqueous solution of doped
PPE was embedded in layers of chicken breast tissue with the
same thickness below and above the tube, and a laser light at
1064 nm was illuminated from the top surface of the tissue
while the PA signal was detected from the bottom surface of
the tissue. The laser fluence was ~45 mJ cm ™ and 100 images
were acquired and averaged at the same position. An imaging
depth of 4.4 cm was obtained with the concentration of 0.5 mg
mL™" (Figure 2f), which is comparable to the imaging depth
(~S cm) that was achieved with NIR-II conjugated polymer
nanoparticles.'*'® We also recorded PA images at different
depths, and the derived signal-to-noise ratio (SNR) from the
images was plotted as a function of depth and fitted into an
exponential function (Figure S7). The PA imaging depth limit
with 0.5 mg mL™' doped PPE was determined to be 4.9 cm at
1064 nm, which is 8.7 times higher than the calculated optical
penetration depth (0.56 cm) in the current experimental
conditions.”* These results demonstrate that doped PPE as a
water-soluble polymer is of great potential for deep-tissue
imaging in the NIR-II window.

pH-Activatable Aggregation-Enhanced PA Imaging
In Vitro and In Vivo. Besides its outstanding performance in
deep-tissue PA imaging, PPE also has advantages in its
functionality for activatable imaging. By introducing carbox-
ylate ions to the side chains, PPE was readily soluble in water
under neutral or basic conditions. As the solution became
more acidic, carboxylates convert into carboxylic acids, and the
resulted greater hydrophobicity of the polymer in the aqueous
solution leads to the aggregation (Figure 3a). The diameter of
doped PPE in those basic solutions was not detectable with
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Figure 3. pH-activatable aggregation-enhanced PA imaging in vitro
and in vivo. (a) Mechanism of the acid-induced aggregation of PPE.
(b) Intensity-averaged size of doped PPE at different pH. (c)
Absorption spectra of doped PPE at different pH. (d) PA images of
100 pug mL™' doped PPE at different pH. (e) Corresponding PA
intensity from (d). (f) PA intensity as a function of intensity-averaged
size of doped PPE. (g) PA images in muscle and tumor after local
administrations of doped PPE (pH = 7.4, 40 uL, 150 ug mL™"). (h)
Corresponding PA intensity from (g). Asterisk represents statistically
significant difference in PA intensity between muscle and tumor; *p <
0.1 (n = 3). Error bars represent the standard error of the mean.

dynamic light scattering (DLS), but it increased dramatically
when the pH was lower than 7.0 (Figure 3b). On the other
hand, the absorption spectra of doped PPE did not change in
this physiological pH range (Figure 3c), indicating it reached a
stable doping state and the aggregation had negligible influence
on the optical absorption profiles as the chemical structure was
not altered. Then, the PA intensities of 100 ug mL™" doped
PPE in the solutions with different pH were collected at 1064
nm and plotted (Figure 3d,e). With such a low concentration
of the doped PPE, negligible PA signal was found at pH = 7.4
and 7.0, but the signal was dramatically amplified at pH = 6.5
and continued to increase as the pH value declined.
Particularly, the PA brightness of doped PPE at pH = 6.5
and 5.5 were 3.1- and 5.0-fold of that at pH = 7.4, respectively.
Since we have ruled out the contribution of the absorption
change to the enhanced PA effect, such observation is likely
attributed to the size growth (Figure 3f). Indeed, the localized
heat flux increases with the growth of particle size and the PA
pressure is theoretically proportional to the heat transfer rate.*
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Similar size-growth-induced PA enhancements were observed
with gold nanoparticles and polymer nanoparticles.’®**’
Thus, other than a chemical approach-induced absorption
variation, PPE was activated through a supramolecular
approach-induced morphology change. Our design has
advantages in its simplicity and generality.

Due to the glycolysis under hypoxic conditions, the tumor
microenvironment has been known as characteristically
acidic.”® Therefore, the pH-activatable doped PPE is
promising for specific tumor imaging in vivo. As a proof-of-
concept, in vivo PA imaging after local administration of doped
PPE (pH = 7.4, 40 uL, 150 g mL™") in muscle or tumor was
carried out. Figure 3g shows that PPE was obviously brighter
in the tumor than that in the muscle, and the enhancement was
quantified as high as 3.4-fold (Figure 3h). These results
highlight the potential of doped PPE for sensitive tumor
imaging in vivo. Moreover, the small-sized polymers at normal
tissue pH are capable of penetrating into deep tissue, while the
large-sized aggre§:tes at tumor acidic pH could prolong the
tumor retention.

B CONCLUSIONS

In summary, we have reported an activatable and water-soluble
NIR-II contrast agent through facile preparation. Taking
advantage of its low oxidation potential, PPE can be directly
doped by oxygen in the environment and its absorption
simultaneously shifts from the visible to the NIR-II region
(1000—1700 nm). The doped PPE shows high stability in
both PBS (pH = 7.4) and cell culture medium over time. The
utility of ambient-doped PPE for PA imaging is demonstrated.
Furthermore, the protonation of PPE is capitalized to a
develop pH-activatable PA probe that tends to aggregate at an
acidic pH and results in the enhanced PA brightness.
Therefore, the pH-activatable PPE holds promise for PA
imaging of tumor acidic microenvironment in vivo and as well
as other diseases associated with changes in pH, such as
inflammation, cardiac ischemia, and Alzheimer’s disease.'”
This approach could be further developed for activatable
photothermal therapy since, theoretically, a PA probe also acts
as an efficient optothermal convertor.*°
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