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Abstract

In this work we first introduced a recently developed high-resolution, deep-tissue imaging
technique, ultrasound-switchable fluorescence (USF). The imaging principles based on two types
of USF contrast agents were reviewed. To improve USF imaging techniques further, excellent
USF contrast agents were developed based on high-performance thermoresponsive polymers and
environment-sensitive fluorophores. Herein, such contrast agents were synthesized and
characterized with five key parameters: (1) peak excitation and emission wavelengths (A¢x and
Xem), (2) the fluorescence intensity ratio between on and off states (Ion/loff), (3) the fluorescence
lifetime ratio between on and off states (ton/tofs), (4) the temperature threshold to switch on
fluorophores (Ty), and (5) the temperature transition bandwidth (Tgyy). We mainly investigated
fluorescence intensity and lifetime changes of four environment-sensitive dyes [7-(2-
Aminoethylamino)-N,N-dimethyl-4-benzofurazansulfonamide (DBD-ED), St633, Sq660, and
St700] as a function of temperature, while the dye was attached to poly(N-isopropylacrylamide)
linear polymers or encapsulated in nanoparticles. Six fluorescence resonance energy transfer
systems were invented in which both the donor (DBD-ED or ST425) and the acceptor (Sq660)
were adopted. Our results indicate that three Forster resonance energy transfer systems, where
both lon/lofs and ton/toff are larger than 2.5, are promising for application in future surface tissue
bioimaging by USF technique.

Index Terms
Bioimaging; Nanomaterials; FRET; Environment-sensitive; Thermosensitive

l. Introduction

It is always intriguing to reveal information in deep tissue by noninvasively imaging
techniques, which is critical for studying tissue structures, functions, and dysfunctions [1, 2].
However, most biological tissues are optically opaque to human eyes. Therefore, an imaging
technique is indispensable [2]. Optical microscopy, such as conventional wide-field
microscopy and confocal or multiphoton microscopy, is excellent in spatial resolution (<1
um) and can provide subcellular images [3], [4]. However, its imaging depth is significantly
limited in opaque biological tissues (<1 mm) due to strong light scattering [4]. Besides
cellular or subcellular information at very superficial tissue, deep tissue information is also
very attractive but is extremely difficult to detect using current microscopic imaging

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2015 June 03.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al. Page 3

techniques [3]. Therefore, deep-tissue (>>1 mm) high-resolution imaging is desirable for
both tissue biology studies and preclinical/clinical applications [1-3], [4].

Optical and ultrasonic techniques are commonly used for noninvasive tissue imaging [5-7].
They share many features, such as cost efficiency, safety, and flexibility in the selection of
the well developed and inexpensive imaging contrast agents [8]. They are also
complementary. For example, imaging deep tissue (30-50 mm) optical techniques have very
low spatial resolution (3-5 mm) due to strong light scattering [8]; however, ultrasound is
much less scattered by tissue and has relatively higher spatial resolution (below a few
hundred micrometers) [5, 6, 9]. Microbubbles are commonly used as ultrasound contrast
agents and usually restricted inside a tissue vascular system because of their micrometer size
[5]. However, optical contrast agents can simultaneously image both vascular and
extravascular molecular targets via spectroscopic techniques, because of their relatively
small size (< 1 micron) [1-3, 6, 8-10]. Therefore, ultrasound and optical hybrid imaging
techniques, such as photoacoustic imaging and ultrasound-medicated optical imaging, have
been intensively developed during the past years [5, 6, 11, 12]. These hybrid techniques take
advantage of both techniques and achieve unique features that are unable to be achieved by
individual ones [6, 12].

To quantitatively compare these techniques, depth-to-resolution ratio (DRR) is usually
adopted and high DRR is preferred [6, 13]. Fig. 1 schematically summarized the major
optical and ultrasonic related imaging techniques. Note that the values of DRR listed in Fig.
1 are for a general comparison among different techniques and the specific value for each
technique may vary for different applications. Diffuse optical tomography (DOT) and
laminar optical tomography (LOT) are two pure imaging techniques (meaning only optical
techniques are used) and can image several millimeter to centimeter deep tissue with low
resolution (submillimeter to millimeters) [7, 10, 14]. They are roughly located on the line of
DRR=10. This DRR is fundamentally limited by tissue light scattering [8]. Low-frequency
ultrasound (LFUS), high-frequency ultrasound (HFUS), photoacoutic tomography (PAT),
photoacoustic microscopy (PAM) and optical coherence tomography (OCT) have improved
the DRR up to ~100 [6, 13]. This DRR is fundamentally limited by acoustic diffraction
(except OCT) [6, 13]. Optical microscopy, such as optical coherence microscopy (OCM),
two photon microscopy (TPM), and confocal laser scanning microscope (CLSM), may
theoretically locate around the line of DRR=1000, but with a limited imaging depth (<1 mm,
see the horizontal dashed line) [4, 15, 16]. This DRR is fundamentally limited by the optical
diffraction and scattering [4, 15]. To break the light diffraction limit, super-resolution optical
microscopy has been intensively developed recently [17-20], such as stimulated emission
depletion microscopy (STED), photoactivation localization microscopy (PALM), and
stochastic optical reconstruction microscopy (STORM) [21, 22]. While these super-
resolution techniques can provide much higher spatial resolution (tens of nm) than
conventional optical microscopes, their imaging depths are usually limited (tens of microns)
[21, 22]. Therefore, the DRR may remain ~1000 [23] (hot shown in Fig. 1).

In Fig. 1, the horizontal axis represents the spatial resolution in micrometers (um) and the
vertical axis indicates the imaging depth in millimeter (mm). The four 45°-tilted dashed
lines represent DRR=10, 100, 500, and 1000, respectively. Theoretically, the yellow area

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2015 June 03.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al. Page 4

has been covered by the above-mentioned imaging techniques. The light green area has not
been covered due to various fundamental physics limits. The third area, shown in red, has a
DRR between 100 and 1,000. Currently, optical techniques based on the detection of
scattered light (such as DOT and LOT) have difficulties in reaching this area due to strong
tissue light scattering [7, 8, 10, 12, 14].. Ultrasound and photoacoutic techniques are difficult
to reach beyond the area of DRR>200 (for imaging depth >1 mm) because of the
fundamental physics limit of the acoustic diffraction [6, 13]. Accordingly, a fundamental
question is whether it is feasible to develop a new imaging method that is located inside the
red area with a DRR>200 (breaking the acoustic diffraction limit in ultrasound and PA
techniques) and an imaging depth >1 mm (breaking the imaging depth limit in optical
microscopy). To address this question, one may need to think outside the box to develop
some techniques that are fundamentally different from currently existing imaging
techniques. Recently, we proposed and developed a fundamentally different technique,
ultrasound-switchable fluorescence (USF) imaging [17-19]. It has been demonstrated that
the USF-based imaging technique has potential to break the acoustic diffraction limit and to
reach a relatively higher spatial resolution compared with similar ultrasound and
photoacoustic techniques [17, 18]. In this work, a general introduction to the USF imaging
principle is given in Section 1. In Section 11, our recent progress in the development of the
USF contrast agents, one of the USF imaging keys, is presented. The conclusions are given
in Section V.

Il. Principle of USF Imaging
A. Basic USF Imaging Principles

The basic mechanisms have been discussed in our recent publications in [17, 19, 20, 24].
Briefly, USF imaging requires two basic elements: (1) imaging contrast agents and (2) an
acoustic-optical imaging system. The imaging principle is to use a focused ultrasound beam
to externally and locally control fluorophore emission from a small volume (close to or even
smaller than the ultrasound focal volume) [17, 19, 20, 24]. The imaging principle is
schematically shown in Fig. 2. Ideally, without applying ultrasonic energy, the contrast
agents should be dark (off, no fluorescence emission). Any detected fluorescence signal
should be considered as noise and may be generated from tissue autofluorescence and/or
imperfect USF contrast agents, which should be extremely weak in USF imaging. When the
ultrasonic energy is turned on and focused inside the sample, USF contrast agents in a small
volume (usually within the ultrasound focal volume) are switched on and fluoresce. By
scanning the ultrasound focus, the distribution of the USF contrast agents can be imaged
[17, 19]. Currently, two types of USF contrast agents have been developed: (1) fluorophore-
quencher-labeled microbubbles (F-Q microbubbles) [19, 25-27] and (2) fluorophore-labeled
thermosensitive polymers (FTP) or fluorophore-encapsulated nanoparticles (FEN) [17, 20].

In the first type, fluorophores and quenchers are attached on the microbubble surface via
various types of labeling techniques. Initially, the fluorophores are significantly quenched by
quenchers (or via self-quenching) so that no or very weak fluorescence can be detected. To
switch on the fluorescence signal, a short and focused ultrasound (mechanical) pressure
pulse is used to significantly expand microbubbles. Therefore, the average molecular
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distance between the fluorophores and quenchers on the microbubble surface can be
significantly increased during the expansion cycles (or the surface concentration of the
fluorophores on the bubble surface can be significantly reduced if only one type of
fluorophores is labeled). Thus, the quenching efficiency is dramatically reduced, which can
switch on the fluorescence from the fluorophores [19, 25-27]. Fig. 3 displays a schematic
diagram to show this concept. The large F—-Q microbubbles represent that a negative
ultrasound pressure cycle significantly increases the bubble size and reduces the quenching
efficiency so that the fluorophores can emit fluorescence signal. The small F-Q
microbubbles are located outside of the ultrasound focal volume so the fluorophores remain
quenched (off) [19, 24].

In the second type, polarity-sensitive fluorophores (high-quantum yields in low polarity
environment) are either conjugated on the chain of thermosensitive polymers [Fig. 4(a)] [17]
or encapsulated into nanoparticles that are made of thermosensitive polymers [Fig. 4(b)]
[20]. To control the fluorescence signal, a relatively long and focused ultrasound pulse
(ranging from a few to hundreds of milliseconds) with high intensity is adopted to heat the
sample up to a few degrees Celsius in the focal volume [17]. When the temperature (T) of
the USF contrast agents is heated up above the lower critical solution temperature (LCST) of
the thermosensitive polymers or nanoparticles, these polymers or nanoparticles experience a
reversible phase transition. This phase transition (between the two states of T<LCST and
T>LCST) leads to a significant change in the polarity microenvironment of the polymer or
nanoparticle. Thus, the polarity-sensitive fluorophores are “off” when T<LCST and “on”
when T>LCST, which shows a switch-like fluorescence emission property [17, 20, 28].
Specifically, when T<LCST, the polymer chain is elongated, which is called a coil state.
When T>LCST, the polymer chain shrivels into an insoluble glob, which is called a globule
state. Because the polarity of the microenvironment is significantly changed between the
two states, the polarity-sensitive fluorophores show a switch-like fluorescence emission
property [28]. A similar mechanism applies to the nanoparticles. When T<LCST,
nanoparticles are inflated with polarized solvent molecules that quench the fluorophores.
When T>LCST, the nanoparticles are dramatically shrunk and the polarized solvent
molecules (usually with much lower molecular weight than the fluorophores) are squeezed
out [29, 30]. Thus, the fluorophores fluoresce significantly. This concept is schematically
displayed in Fig. 4 [20]. A high-intensity focused ultrasound (HIFU) transducer can be used
to externally and rapidly increase the temperature of the tissue above the threshold
temperature to switch on the fluorophores (due to tissue absorption of acoustic energy) [17,
18] . After ultrasound exposure, the thermal energy is diffused quickly and the temperature
recovers to background temperature. Thus, fluorophores are switched off. The fluorophores
outside the focal zone always remain off due to T<LCST [17] .

B. Mechanisms of Breaking Acoustic Diffraction Limit

When adopting fluorophore-labeled thermosensitive polymers or nanoparticles, the spatial
resolution can be further improved based on two unique mechanisms, as has been
demonstrated recently [17, 18]. (1) When a nonlinear acoustic effect occurs, both lateral and
axial acoustic and thermal focal sizes are dramatically reduced below the diffraction-limited
size. This means the spatial resolution of the USF technique can be higher than the
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ultrasound and PA techniques when using the same ultrasound frequency [18]. (2) Unlike
ultrasound and PA techniques, the spatial resolution of the USF technique depends on the
size of the region where the fluorophores can be switched on [17]. Because of the existence
of a threshold of ultrasound-induced temperature to switch on fluorophores, USF
fluorophores can be switched on only in a volume where ultrasound energy is above the
threshold. Thus, the size of the region where fluorophores can be switched on is usually
smaller than the actual focal size of the ultrasound [17]. With appropriate selection of the
threshold and ultrasound power, the spatial resolution of USF technique can be further
improved in comparison with the spatial resolution determined by the nonlinear-effect-
produced focal size.

lll. Thermosensitive Polymer- or Nanoparticle-based USF Contrast Agents

A. What is an Ideal USF Contrast Agent?

B. Materials

To compare different USF contrast agents quantitatively, five parameters have been defined
in our previous work [20]]: (1) peak excitation and emission wavelengths (Aex and Aem); (2)
the fluorescence intensity ratio between on and off states (Ion/loff); (3) the fluorescence
lifetime ratio between on and off states (ton/tofs); (4) the temperature threshold to switch on
fluorophore (Ty); and (5) the temperature transition bandwidth (Tgyy). To achieve the best
signal-to-noise ratio (SNR), an ideal USF contrast agent should have the following
properties: (a) both gy and Aem are located at red or near infrared (NIR) regions to avoid
significant tissue absorption (therefore large penetration depth) and autofluorescence
(therefore small background fluorescence noise); (b) an lon/lofs, as large as possible, and
Tton/Toff to reduce background fluorescence generated from fluorophores at the off state and
increase the on-to-off ratio (or SNR); (c) for different future applications, Ty, should be
adjustable roughly in a range of 25°C to 42°C for both phantom (at room temperature) and
in vivo studies (>physiological body temperature, ~37°C); (d) Tgy should be as narrow as
possible (typically a few °C) to avoid tissue thermal damage, and, (e) if possible, the
fluorescence intensity at on state itself (Ig,) and the fluorescence lifetime at on state itself
(ton) should be as large as possible to increase signal strength and fluorescence emission
decay time, which can help to improve SNR. In practice, if simultaneously achieving all the
best values of the above parameters is difficult, parameter optimization based on specific
applications should be considered.

The promising results of the USF imaging technique heavily rely on excellent and unique
USF contrast agents. Therefore, synthesis of new USF contrast agents is critical for the
further development of this new imaging technique. In the following sections of this paper,
newly synthesized fluorophore-labeled thermosensitive polymers and nanoparticles for USF
imaging are presented.

N-isopropylacrylamide (NIPAM), N-tert-butylacrylamide (TBAm), acrylamide (AAm),
acrylic acid (AAc), allylamine (AH), N,N,N’,N’-tetramethy| ethylene diamine (TEMED),
ammonium persulfate (APS), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), sodium dodecyl sulfate (SDS), N,N’-methylenebisacrylamide (BIS),
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and 7-(2-Aminoethylamino)-N,N-dimethyl-4-benzofurazansulfonamide (DBD-ED) were
purchased from Sigma-Aldrich Corporate (St. Louis, MO, USA). SeTau 425 mono-N-
hydroxysuccinimide (NHS), Square 660 mono-NHS, Seta 700 mono-NHS, Seta 633 mono-
NHS and Square 660 mono-NH, were purchased from SETA BioMedicals (Urbana, IL,
USA), and denoted as ST425, Sq660, St700, Sq633, and Sq660a respectively (note that
Sg660 and Sq660a have the same absorbance and fluorescence spectra/lifetime). All
chemicals were used directly without further purification.

In this study, poly(N-isopropylacrylamide) (PNIPAM) is selected as the thermoresponsive
polymer. Compared with other thermoresponsive polymers, (i.e., Pluronic [31] and poly-N-
vinylcaprolactam, [32]), this is because (1) it has better performance of structure change
from a coil state to a globule state, (2) it has relative narrower temperature transition
bandwidth (Tgw), (3) the methods of adjust LCST of a PNIPAM polymer have been well
developed [29, 30]; and the LCST can be adjusted from 20°C to 49°C [29, 30, 33], which is
beneficial for both in vitro and in vivo studies, (4) it can be copolymerized with other
materials, including amine-containing or carboxyl-containing monomers, which enables
conjugation between thermosensitive polymers and environment-sensitive fluorophores with
functional groups.

Four polarity-sensitive fluorophores (DBD-ED, St633, Sq660, and St700) are either attached
to PNIPAM linear polymer or encapsulated in PNIPAM nanoparticles (NPs) for
investigating their fluorescence intensity and lifetime as a function of temperature. In
addition, six Forster resonance energy transfer (FRET) systems (including both polymer
chain and NP structures) are designed, synthesized, and characterized in which DBD-ED or
ST425 is used as the donor and the Sq660(a) as the acceptor. All these dyes with the desired
function groups are commercially available and are found polarity sensitive in both
fluorescence intensity and lifetime.

1) USF Contrast Agents Based on Linear Thermosensitive Polymers as
Fluorophore Carriers—Fig. 5 shows the structures of the three types of fluorophore-
labeled linear polymer structures, which include donor only, acceptor only, and FRET
systems. In general, the thermosensitive linear polymer is first synthesized, and then
fluorophores are grafted into the polymer by covalent binding (conjugation). The donor has
short excitation/emission wavelengths in visible light, while the acceptor has a red/NIR
emission (long wavelength). A short wavelength excitation light (for donor) is used to excite
the system, so that there is a small amount of acceptor fluoresced. When the polymer
(fluorophores carrier) shrivels into the globule state, donors and acceptors get closer to each
other, leading to FRET from the donor to the acceptor. Therefore, the emission of the
acceptor (in long wavelength) can be observed.

a) Synthesis of Thermosensitive Linear Polymers: As shown in Fig. 6, three components
of the polymer are necessarily included: (a) main thermosensitive unit, i.e., NIPAM; (b)
LCST-controlling unit i.e., TBAm or AAm; (c¢) functional unit, i.e., AAc or AH. AAm
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monomer has amine group, the activity of which, however, is quite inert in the amide form.
We will discuss the functions of these three components in the following sections.

Linear polymers were synthesized through free radical polymerization. All reactions were
carried out in a 250 mL Schlenk tube. The three main steps are: (1) Purging procedure: The
solution was first purged with nitrogen for 10 min. When adding initiator (APS)/accelerator
(TEMED) into the solution, oxygen was purged out by vacuuming (1 min) and filling with
nitrogen (5 s), which was repeated three times; (2) reaction conditions: 4 h with stirring at
room temperature; (3) purification procedure: the sample was dialyzed with appropriate
molecular weight cut-off (MWCQO) membrane for three days to remove the unreacted
monomers, initiator, and other small molecules. These three steps are also used in the
synthesis of polymer NPs in the following sections.

Using P(NIPAM-AACc 200:1) as one example, a general procedure is described here.
Samples of 1.3644 g NIPAM (monomer) and 4 uL AAc (monomer) at a molar ratio of 200:1
were dissolved with 50 mL deionized (DI) water in the tube. Along with the purging
procedure, 0.067 g APS (initiator) and 51 uL TEMED (accelerator) were added into the
tube. After the reaction, the sample was dialyzed with a 3.5K MWCO membrane. The
resulting solution was collected and freeze-dried, which then was ready for further
conjugation with amine-fluorophores. For the conjugation with NHS-fluorophores, the
amine-functionalized polymer of P(NIPAM-AH) was synthesized by following the same
protocol except using AH instead of AAc.

Our hypothesis is that all of the polarity-sensitive fluorophores grafted into the polymer
should be embedded when the polymer shrinks (forming a hydrophobic core, low-polarity
environment), by which their fluorescence intensity and lifetime would be increased to the
maximum. If any fluorophores are outside of the globule, i.e., in a high-polarity environment
(exposed to the solvent), no significant increase in fluorescence intensity or lifetime would
be observed. An extra amount of dye is not necessary along the polymer chain, and, as a
result, the ratio of dye/polymer needs to be optimized. As shown in Fig. 6, the percentage of
the functional unit in the polymer composition determined the ratio of dye/polymer in the
conjugates. To investigate the effect of the amount of AAc, for instance, another two
polymers with different ratios of NIPAM to AAc were synthesized by following the same
protocol: P(NIPAM-AAc 100:1)and P(NIPAM-AACc 600:1). Since the ratio of the
monomer(s) to the initiator remained the same in all the three batches of P(NIPAM-AAC)
polymers, the length of the three polymers were likely in close range. Therefore, the lower
molar ratio of NIPAM to AAc indicated the increased conjugating sites (carboxyl from
AACc) available for amine-functionalized fluorophores. The fluorescence intensity and
lifetime as a function of temperature were measured for all the polymers, and other USF
parameters mentioned above were also measured.

To control the temperature threshold (LCST) of the polymers, the LCST-controlling unit
AAmM or TBAm was copolymerized with NIPAM. It was found that adding hydrophilic
monomers (such as AAm) could increase the LCST [29, 30, 33] and adding hydrophobic
monomers (such as TBAm) could decrease the LCST. More important, the introduction of
TBAmM might further improve the hydrophobicity inside the globule when the temperature
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>L CST, which could potentially increase the values of Ign/loff and ton/toss. Therefore, the
following polymers were synthesized: P(NIPAM-TBAmM-AAc 85:15:1), P(NIPAM-TBAmM-
AAC 185:15:1), P(NIPAM-TBAmM-AAc 585:15:1), and P(NIPAM-AAmM-AAc 200:32:1).
The TBAm remained at 15% mole in these copolymers because we found that TBAm could
be well dissolved in DI water at this ratio.

b) Conjugation of Fluorophaores on the Polymers: After the synthesis of polymers, the
conjugation (post-labeling) between the polymer and fluorophores is based on the chemical
reaction between carboxyl and primary amine (Fig. 6). The fluorophores used in this study
can be divided into two groups based on the functional groups. The first type is fluorophore
with NHS, which is an activated carboxyl group and can directly react with primary amine
(NH>). The corresponding thermosensitive polymer is synthesized with amine-containing
monomers (such as AH) to form P(NIPAM-AH). The second type is fluorophore with
primary amine that can conjugate with carboxyl in the presence of the condenser EDC. The
corresponding thermosensitive polymer is synthesized with carboxyl-containing monomers
(such as AAc) to yield P(NIPAM-AAC).

The conjugating reaction was carried on in a 7 mL brown glass tube for protecting light-
sensitive dyes. The general procedures for conjugation are:

(A) As for amine-containing dyes, i.e., DBD-ED or Sq660a, 5 mg polymer, 25 mg EDC
(condenser), and 0.3 mg DBD-ED or/and 5 pL Sq660a (stock solution:1 mg/100 uL
DMSO:dimethyl sulfoxide) were dissolved in 5 mL DI water in the tube. Then the tube was
stirred and reacted overnight at room temperature. After reaction, the conjugates were
purified with appropriate MWCO dialysis membrane as described earlier. (B) As for NHS-
dyes, i.e., ST425, St633, Sg660, and St700, 5 mg polymer, and 10 pL dye (stock solution: 1
mg/100 uL DMSO) were dissolved in 5 mL PBS (8 mM sodium phosphate, 2 mM
potassium phosphate, 0.14 M NaCl, 10 mM KClI, pH 8.3~8.6). Then, the solution was stirred
and reacted for reacting overnight at room temperature. After that, 1 mL of 20 mM Tris
buffer (pH 7.8) was added into the solution to quench the unreacted NHS moieties of the dye
for two hours. Finally, the sample was dialyzed for purification. The similar procedures
were also performed in the conjugation between polymer NPs and dyes in the following
sections.

It is necessary to point out that the procedures of the conjugation between DBD-ED and
polymers in the current study are different from those described previously [17, 34]. In [17,
34], DBD was first chemically reacted with a monomer of acrylic acid (AAc) to form DBD-
AAc. Then the DBD-AACc was copolymerized with NIPAM. In the current study, the
P(NIPAM-AAC) copolymer was first synthesized, then the amine-containing DBD-ED
(commercially available) was conjugated on the carboxyl-containing copolymer (on AAc).
The benefits of such post-labeling strategy in the current procedures include: (1) all
chemical components are commercially available and no chemical synthesis at the level of
small molecules is needed; (2) the unattached DBD-ED molecules (small molecular weight)
can be easily separated from the conjugated polymers (large molecular weight) via a dialysis
method with an appropriate MWCO membrane (commercially available). Nevertheless, the
procedure in [17, 34] requires a complicated method to separate DBD (a small molecule)
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from DBD-AA (another small molecule). More interestingly, the polymers synthesized from
current protocol show higher values of the ratios of lg/log and ton/tof Compared with the

polymers synthesized from the protocol in [17, 34], but at the expense of the slight increase

in the transition bandwidth Tg.

2) USF Contrast Agents Based on Thermosensitive NPs as Fluorophore
Carriers—Instead of linear polymer, PNIPAM-based NPs were used as fluorophores
carriers in this section. Fluorophores are either encapsulated inside the NPs [Fig. 7(a)] or
attached on the surface of NPs [Fig. 7(b)]. As for encapsulation, the synthesis was referred
to the protocol in our previous work in which no chemical modification was needed in the
dye molecule [29]. The attachment on the NPs’ surface was also based on the conjugation
between amine and carboxy! (like the conjugation for linear polymers).

a) Encapsulation of Fluorophores into NPs: The protocol from our previous method was
used [20]. To form polymer NPs, a cross-linker (BIS, 0.0131 g) and a surfactant (SDS,
0.0219 g) were added into the reaction solution. Other reagents are the same as that in the
synthesis of linear polymer. No chemical modification at the dye molecule was needed. 1
mg DBD-ED or 10 pL dye-NHS (1 mg/100 pL DMSO) was added prior to polymerization.

Three types of dye-encapsulated NPs were synthesized: (1) dye@P(NIPAM-TBAm 185:15)
NPs, (2) dye@PNIPAM NPs, and (3) dye@P(NIPAM-AAm 86:14) NPs. The symbol of @
means the dyes are inside the NPs. The measured LCSTs are 31, 35, and 42°C, respectively.

b) Conjugation of Fluorophores on the Surface of NPs: The conjugation procedure is the
same as that for linear polymers. The only difference was the use of 5 mL polymer NPs
solution or dye-encapsulated polymer NPs solution, rather than using 5mg linear polymer.
Two formats are listed as follows:

I.  Donors @NPs~acceptors format, as shown in Fig. 7(a). The donors are
encapsulated inside the NPs, after which the acceptors are grafted onto the surface.
For instance, DBD-ED@P(NIPAM-AH 86:14)NPs~Sq660. DBD-ED was
encapsulated inside the P(NIPAM-AH 86:14) NPs, and Sq660 was introduced on
the surface via NHS (from the dye) and amine (from AH) conjugation. We define
this as Protocol 1.

1. NPs~donors~acceptors format, as shown in Fig. 7(b). Both donors and acceptors
are grafted onto the surface of the polymer NPs. For instance, P(NIPAM-AAc
200:1)NPs~DBD-ED~Sqg660a. Two dyes were covalently binded to the surface via
the conjugation between amine (from dyes) and carboxyl (from AAc). We define
this as Protocol I1.

3) Fluorescence Intensity and Lifetime Measurement—The fluorescence intensity
and lifetime measurement system adopted in this study has been described in [20]. Briefly,
Fig. 8 shows the major components including a subnanosecond pulse nitrogen laser (800 ps
pulse width, nitrogen laser: OL-4300, dye laser: OL-401, Optical Building Blocks
Corporation, Birmingham, NJ), a pulse delay generator (PDG, DG645, Stanford Research
Systems, CA), a temperature controller (PTC10, Stanford Research System, Sunnyvale,
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CA), a photomultiplier tube (PMT, H10721-20, Hamamatsu, Japan), an amplifier (C5594,
Hamamatsu, Japan) and a multichannel GHz oscilloscope (DPO 7254, Tektronix, OR). The
dye laser is pumped by nitrogen laser illuminated excitation pulses with a pulse width of
~800 ps. The pulse energy was adjusted by a rotational neutral density filter and measured
by a pulse energy meter system (Labmax-Top laser power/energy meter, Santa Clara, CA).
The excitation wavelength was selected as 470 or 609 nm. The former was adopted as the
excitation wavelength for the DBD-ED and the FRET systems. The latter was adopted as the
excitation wavelength for the square dyes. For DBD-ED samples, a 561 nm long-pass filter
was used as the emission filter to reject excitation photons. For red or NIR dye samples and
the FRET systems, a bandpass filter with a central wavelength of 711 nm and a bandwidth
of 25 nm was used as the emission filter, except for using 650/60 nm bandpass filter for the
St633 dye.

To accurately synchronize the laser pulse, fluorescence signal, and data acquisition, the
following strategies were adopted. The laser pulse was delayed ~100 ns by coupling the
laser beam into a 20 m optical fiber (FT200EMT, Thorlabs Inc., Newton, NJ). When an
excitation light pulse was fired by the laser, a small amount of laser energy was split by a
beam splitter and was delivered to a fast photodiode (PD) to generate an electronic pulse.
This pulse was used to trigger the PDG. The output of the PDG was used to trigger the
oscilloscope for data acquisition. The triggering time was adjusted by controlling the output
delay time of the PDG. Thus, the data acquisition of the oscilloscope was well synchronized
and matched with the fluorescence signal. Our experimental data showed that the 100 ns
delay from the laser pulse was large enough to account for the total electronic delay of the
trigger signal.

The sample was placed in a quartz cuvette (Starna Cells, Atascadero, CA) that was
submerged in a transparent water tank. The temperature of the water bath was controlled by
the temperature controller with a heater and a temperature feedback probe. The fluorescence
signal was averaged 100 times and the averaged data was fit to a single exponential decay
function to calculate the fluorescence lifetime. The peak fluorescence intensity of the
emission decay curve was adopted to calculate the intensity related parameters.

As mentioned previously, five parameters are used to evaluate the performance of a USF
contrast agent: Ay and Aem, lon/loff, Ton/Toff, Tth, and Tgy. We summarize the
performance of all the USF contrast agents developed in this work in Table I (linear
polymers-based) and Table Il (NPs-based). Conjugates of polymer/dyes are classified into
three groups: donor only, acceptor only, and FRET system (donor and acceptor). The ideal
contrast agent for deep tissue imaging would be of large Aex and Aem, lon/lof, and ton/Toff
and top, but narrow Tgyy, along with appropriate Ty,

1) USF Contrast Agents Based on Linear Thermosensitive Polymer as
Fluorophore Carriers

a) DBD-ED (donor)-labeled linear thermosensitive polymer: Although the Aey and Aem
are located at a visible wavelength range, the DBD dye has shown long fluorescence lifetime
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(ton) When the temperature is above the temperature threshold (Ty,), i.e., 14 ns, whereas it
has a short tof (~4 ns) when the temperature is below Ty, [17, 34]. Thus, the large value of
Ton/Toff Mmakes this dye attractive in USF imaging because the background fluorescence
noise can be potentially suppressed by using a time-gating detection method [17].
Accordingly, this unique property motivates us to investigate this type of dye as USF
contrast agents.

A unique property of USF contrast agents is the switching-like fluorescence response to
temperature. Fig. 9 shows this switching property in which the fluorescence intensity and
lifetime are plotted as a function of temperature systems. The three systems have the same
polymer, P(NIPAM-AAc 200:1), but different dyes: (A) DBD-ED, (B) Sq660, and (C)
DBD-ED, and Sg660a (note that Sq660 and Sq660a have the same absorbance and
fluorescence spectra/lifetime). As an example, Fig. 9(a) demonstrates how the above-
mentioned five parameters are defined based on the fluorescence lifetime change (blue solid
curve with filled triangles) and fluorescence intensity change (blue dashed curve with blank
triangles). In this case, DBD-ED was grafted onto the linear thermosensitive polymer
P(NIPAM-AACc 200:1) via post-synthesis conjugation. The fluorescence lifetime of DBD-
ED fluctuates between ~1.34 to ~2.0 ns (mean value 1.67 ns) when the temperature is below
LCST of the polymer. It increases sharply at ~35°C, and then saturates at 5.2 ns (mean
value) when temperature is above 40°C. Therefore, the lifetime ratio ton/toff Can be
calculated as ~3.1 (5.2/1.67) (marked by green dashed lines). Ty, and Tgyy can be found as
~35 (pointed out by the black solid arrow) and ~5°C (40-35, light-blue round dot lines)
respectively. Similarly, 1o,/lo#f can be calculated as ~1.6 (0.66/0.42) (see the pink dash dot
lines). Similar parameters for the other two systems can be found in Table | (see the label
2.2 and 3.1). The signal induced by ambient temperature fluctuation was found negligible.

It can be seen in Fig. 6 that AAc provides the binding site for DBD-ED. Thus, the AAc
content in the co-polymer P(NIPAM-AACc) will potentially determine the amount of DBD-
ED in the final conjugate product. Assuming NIPAM-to-AAc is at a perfect molar ratio and
the conjugation efficiency is also adequately high, the resulted DBD-labeled conjugation
would show comparable performance to that prepared through DBD-AAc copolymerization
in our previous report [17]. Three sets of experiments including ratios of NIPAM/AAc at
100:1, 200:1, and 600:1 were investigated, and the results are shown in Table 1 (label No.
1.2-1.4). P(NIPAM-AAC 100:1)~DBD-ED shows the highest values of ton/toff, Which is
~4.7. The fluorescence lifetime ratio top/toss is higher than that in the previous report (3.5);
however, the lon/lof (1.4) and to,, (4.8 ns) are about three-fold smaller than those in the
previous report [17] and Tgy (=8 °C) is wider. By fixing the ratio of NIPAM/AAc at 200:1,
Ton/Toff lon/loss and toy can be further improved to be 5.4, 1.8, and 10 ns by
copolymerization with TBAm (with a molar ratio of TBAm-to-NIPAM at 15:185), a
monomer that is of higher hydrophobicity than NIPAM (see No. 1.5 in Table 1). A great
diversity of Ty, was accomplished by adjusting the ratio of LCST-controlling unit (TBAm-
to-NIPAM = 85:185; AAm-to-NIPAM = 32: 200), which had also been demonstrated in
Table I (label No. 1.5 & 1.6).This will allow us to target a board range of applications (such
as from phantom test to in vivo animal studies) in future work.
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b) Red or NIR Dye (Acceptor) Labeled Linear Thermosensitive Polymer: Red or NIR
dyes are more intriguing for deep tissue imaging applications because of the lesser tissue
absorption and autofluorescence emission. Red or NIR polarity-sensitive dyes were attached
to the linear thermosensitive polymer, and the conjugates’ fluorescence responses toward
temperature increase were investigated (see the labels of N0.2.1-2.3 in Table | for detailed
results). St633 shows an excellent lon/logf (4.3), but the ton/tof Was found barely
increased. Sq660 has a good ton/toff (2.2), and the 1on/lo#f is also acceptable (1.6), as
shown in Fig. 9(b).

c) Linear-polymer-based FRET Systems: Ideally, to achieve high SNR, large values of
both lon/logr and ton/toff are preferred. While fluorophore-labeled thermosensitive
polymers show good switching effect via the significant change in the polarity
microenvironment, Forster resonance energy transfer (FRET) can be considered as the
second switching mechanism. If polarity sensitive dyes can be used as either donors or
acceptors or both, the combination of the two switching mechanisms (polarity change and
FRET efficiency change between T<LCST and T>LCST) may enhance the switching
efficiency and the two ratios. The hypothesis is that, when T<LCST, the FRET between
donors and acceptors is weak because both are at the “off” state and the average donor-
acceptor distance is relatively large. When the T>LCST, the FRET becomes strong because
both are at the “on” state and the average donor-acceptor distance is significantly reduced.
Another benefit is that FRET makes the lifetime signal detected from the acceptors much
longer than the signal when no FRET occurs because the lifetime of the FRET signal is
determined by the longer lifetime between the donor and acceptor.

Fig. 9(c) shows the fluorescence lifetime and intensity changes of Sq660a in the FRET
system as a function of temperature, which is obtained by using 470 nm as the excitation
wavelength and a 711/25 nm bandpass filter for emission detection. The lifetime of Sq660a
in the FRET system of P(NIPAM-AAc 200:1)~DBD-ED~Sqg660a was found to increase
when temperature reaches 34°C (purple solid line with filled circles). The saturated lifetime
was found to be ~5.3 ns (T=36°C), whereas the maximum lifetime of Sq660a alone is only
2.1 ns (consistent with the result of testing pure Sq660a dye in low polarity solvent, e.g.,
1,4-dioxane). This result strongly indicates that FRET does happen between DBD-ED and
Sq660a when T>LCST. Also, the combination of the two switching mechanisms (polarity
change and FRET efficiency change) leads to improvement at ton/toff (~3.4) and lon/lost
(~3.8), compared with the results of Sq660 alone [1.6 and 2.2 in Fig. 9(b)].

2) USF Contrast Agents Based on Thermosensitive NPs as Fluorophore
Carriers

a) DBD-ED (Donor)-Encapsulated Thermosensitive NPs: The dye was encapsulated into
thermosensitive NPs by following the similar steps as described in our previous work [20].
No functional unit in polymer composition and no conjugation are needed. The size of the
NPs is about ~120 nm £40 nm [20]. Similarly, Fig. 10(a) shows the switching-like
fluorescence response of DBD-ED@PNIPAM NPs. ton/toff is ~3.3 and top, is ~6 ns. More
importantly, lon/loff Was estimated to be ~4, which is the highest l1o,/1off ratios among
linear polymer-based contrast agents (Table I).
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Interestingly, DBD-ED@P(NIPAM-AAmM 86:14) NPs (No.-1.6 in Table I) shows an
improved performance in comparison with P(NIPAM-AAmM-AAc 200:32:1)~DBD-ED
(No.-4.2 in Table I). The underlying mechanisms are still being investigated. The Ty is
slightly above 37°C and can be further adjusted by controlling the NIPAM-to-AAm ratio.

b) Red or NIR Dye (Acceptor)-Encapsulated Thermosensitive NPs: Sq660 was
encapsulated inside thermosensitive NPs, and the resulting product Sqg660@PNIPAM NPs
were tested [Fig. 10(b)]. The lg,/loff ratio was estimated to be ~3.3, which is two-fold larger
than that with linear polymer format (~1.6). Although ton/toff is limited at ~1.3, the lifetime
versus temperature curve maintains excellent switching-like shape.

c) Nanoparticle-based FRET Systems

|. Protocol |, donors@NPs~acceptors. Measuring at 711/25nm, the top, value of Sq660 in
the FRET system DBD-ED@P(NIPAM-AH 200:1)~Sq660 was found to be ~3.4 ns (No.6.1
in Table 1), which is larger than the longest lifetime of Sq660 when in hydrophobic
conditions (~2.1 ns).This confirms the FRET occurrence between encapsulated DBD-ED
and surface-grafted Sq660. The Ion/losf ratio (~6.9) is one of the highest in the present work,
which is two-fold higher than that of linear polymer format [Fig. 9(c)]. To improve ton/toff
(1.4) and top, a new design for an NPs-based FRET system was carried out and denoted as
Protocol II.

I1. Protocol 11, NPs~donors~acceptors: In this protocol, the donors and acceptors were
conjugated simultaneously on the surface of NPs. The fluorescence lifetime and intensity
changes of Sg660a in the FRET system, as function of temperature, were measured, as
shown in Fig. 10(c). The to, and ton/tofs are ~6 ns and ~3.3, which are markedly improved
compared with that in Protocol | (~3.4 ns and ~1.4). Taken together, one can deduce that this
type of NPs-based FRET system’s performance is better than that used for linear polymer,
see No.3.3 in Table | and N0.6.2 in Table II.

E. Discussion

1) Linear Polymer-Based USF Contrast Agents—As mentioned above, the synthesis
protocol of DBD-conjugated thermosensitive polymers in this study is different from the one
used in [17, 34]. We named our current method post-synthesis conjugation, while the
method in previous reports was named DBD-AAc copolymerization. The current method is
of great advantage in the convenience of synthesis and purification. The difference in lg,/
lofs and ton/Tof between the two synthesis methods, the green squares (1.2-1.6) and the
brown star (1.1) in Fig. 11, can be attributed to the low efficiency of post-synthesis
conjugation. Some functional units (AAc) along the chain might be blocked by the random
coils [35] formed by hydrophobic moieties in the polymer, i.e., isopropy! side group of
NIPAM. These functional units seem the perfect sites for locating DBD-ED (because of
high hydrophobicity environment), but unfortunately, are not completely available for the
post-synthesis conjugation. Thus, the two ratios (Ion/loff and ton/toff) are limited in a
certain range. When TBAm was introduced into the polymer through copolymerization, the
ton/Toff (5.4) is higher than that in previous report (3.5). It has a relatively broader Tgw
(4°C), which is in an acceptable range for USF imaging.
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Three red or NIR polarity-sensitive dyes, St633, Sq660, and St700, were investigated. One
of the most important advantages is that tissue autofluorescence and absorption are
significantly suppressed at red or NIR light. Among them, Sq660 shows acceptable Ion/loff
and ton/toff ratios (the blue star with No. 2.2 in Fig. 11). Although St700 is a polarity
sensitive dye, the conjugate with a linear polymer shows a negatively-switching
performance (lon/loff and ton/Tosf ratios drop as temperature increases, No.5.1 in Fig. 11).
The mechanism is unclear.

The lon/loff ratio is generally below 2 when the polymer is labeled with donor/or acceptor
alone, whereas the ton/tofs ratio for acceptor alone (Sq660) is smaller than 2.5. These two
ratios were improved in the FRET system, where ton/toff =3.4 and lon/lpg=3.8. Also, the
Ton reaches 5.3 ns, which is twofold larger than the maximum lifetime of Sq660 itself. The
long fluorescence decay time can further be used to reduce the background noise from
autofluorescence (generally < 4 ns). The trade-off is that the FRET system needs a short
wavelength to excite the sample (470 nm). With the help of the time-gating method [17],
however, such a FRET system would be potentially applicable in surface tissue bioimaging.

2) NPs-based USF Contrast Agents—It is apparent that NPs-based contrast agents
listed in Table Il have higher l1gn/lo¢s ratios (>3) than those using linear polymers (Table I).
Herein, the problem of low efficiency in conjugation does not exist, since fluorophores are
directly encapsulated into the NPs. It is possible that the ratio of fluorophores/monomer is
higher in NPs format than linear polymer format, leading to increase in lgn/lof. On the
other hand, ton/tofs is slightly smaller in NPs format, likely due to the self-quenching
between fluorophores inside NPs.

As fluorophores are attached on the surface of NPs for FRET study, the dropping of ton/toft
by self-quenching is much less. For example, when both of DBD-ED and Sq660a were
immobilized on the surface of NPs, the top/toff is 3.3 (N0.-6.2 in Fig. 11); however, when
DBD-ED was encapsulated inside the NPs, but Sq660 was immobilized on the surface, the
Ton/Toff IS 1.4 (No.-6.1 in Fig. 11).Like linear polymer-based format (see No.-3.1 and
No.-3.2 in Fig. 11), the introduction of hydrophobic TBAm monomer in the FRET system is
not beneficial in improving the two ratios (see No.-6.2 and No.-6.3 in Fig. 11).

3) Overview of USF-Qualified Contrast Agents—We summarized all contrast agents
in Fig. 11 based on lgn/loff and ton/Tofr [ANd Aem in Fig. 11(b)]. For comparison, our
previously developed ICG-based USF contrast agents (N0.8.1-8.7 in Fig. 11) and two other
contrast agents from other groups (No.1.1 and 9.0 in Fig. 11) [34, 36] were included. If we
divide Fig. 11(a) into four areas by crosslines (x=2, y=2; blue dashed lines), the samples in
the top right area are good candidates for USF imaging because both two ratios are high.
The samples in the top left area have high lon/lof and low tgn/tofs. Therefore, the time-
gating method may be relatively less efficient due to the low tgn/toff Value. Thus, the USF
detection method will be mainly based on fluorescence intensity change of the USF contrast
agents. The samples in the bottom right area have high ton/toff and low lon/loss. Thus, the
time-gating USF detection method used in [18] should be adopted for significantly
attenuating background noise. The samples in the bottom left area have lower values for
both ratios. Thus, they are relatively less efficient or not suitable (N0.5.1 in the Fig. 11) for
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USF imaging. We tested the reversibility of our contrast agents at several heating/cooling
cycles, i.g. room temperature and 41°C (data not shown). No significant loss in florescence
intensity and lifetime was observed for 6 cycles.

V. Conclusion

In this study, USF contrast agents were synthesized by using environment-sensitive
fluorophores and thermosensitive polymers or NPs. These contrast agents in blue and red or
NIR range show high lifetime on-to-off ratio (ton/Toeff), high intensity on-to-off ratio (1on/
loff), narrow temperature transition bandwidth (Tgyy), and adjustable temperature threshold
(Tt). Six FRET systems, where both donor (DBD-ED or ST425) and acceptor (Sq660) are
environment-sensitive, were reported in the present work in which the ton/Tess and lgp/logs Of
Sq660 were significantly improved in comparison with that of Sq660 alone. The present
work offers a series of potentially applicable contrast agents for future tissue imaging by
using USF technique. Although in this work the polarity microenvironment change was used
to explain the mechanism of switching on the fluorescence signal, it is also worth pointing
out that other mechanisms may exist simultaneously. This may include the changes of
hydrogen bonding possibility and/or viscosity microenvironment of the fluorophores caused
by the polymer phase transition [28]. The details should be investigated in future for USF
imaging.
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Fig. 1.
Major related optical and ultrasonic imaging techniques.
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A

Fig. 2.
Schematic diagrams show the basic principles of USF imaging. The left panel shows the

case when ultrasound transducer (UST) is off and the fluorophores are off. The right panel
represents that the UST is on and some fluorophores in the focal volume are switched on.
OC, optical condenser; AC: acoustic coupling.
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Fig. 3.

chhematic diagram shows the concept of USF based on fluorophore-quencher-labeled
microbubbles; F, fluorophores; and Q, quenchers. An ultrasound pressure pulse switches
“on” the fluorophores. The dotted cylinder represents ultrasound focal zone in which the
ultrasound interacts with F-Q microbubbles. The green dotted arrows indicate the excitation
light. The dotted orange circles and arrows represent the fluorescence emission from the
expanded (switched-on) microbubbles.
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Fig. 4.
Schematic diagrams showing the USF principle based on (a) a polymer chain structure, and

(b) a NP structure. Adopted from [20].
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Fig. 5.
Schematic diagrams of the fluorophore-labeled linear polymer systems. From top to bottom:

donor only, acceptor only, and FRET system.
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Fig. 6.
Schematic diagram of the composition of polymers in the current study. NIPAM, TBAm,

AAm, AAc, H. Dyes are attached to the polymer via post-labeling conjugation.
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Schematic diagrams of the FRET systems based on (a) fluorophore-encapsulated NPs and

(b) fluorophore-attached NPs.
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Fig. 9.

FI?Jorescence lifetime and intensity changes as a function of temperature of linear
thermosensitive polymer-based USF contrast agent. (a) Polymer labeled with DBD-ED
alone, (b) Sq660 alone, and (c) DBD-ED and Sq660a for FRET study. Excitation
wavelength: (a, ¢) 470 nm; (b) 609 nm. Emission detection filter: (a) 561 nm long-pass
filter; (b, ¢) 711/25 nm band-pass filter. For (a and c): P(NIPAM-AAc 200:1); for (b):
P(NIPAM-AH 200:1).

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2015 June 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cheng et al.

Lifetime (ns)
e

20

29

28

2.7

26

25

Lifetime (ns)

24

23

22

2.1
20

Lifetime (ns)
S

20

Fig. 10.

15
(A) -
i ¢
F
0.9 5
z
w
07 £
3
&
—A-Lifetime 0.5
= Intensity 03
0.1
25 30 35 40 45 50
Temperature ("C)
14
(8)
1.2
1 —
3
<
0.8
z
c
]
06 =
~@-Lifetime
04
== Intensity
0.2
25 30 35 40 45 50
Temperature ("C)
1
() @@
z
2
]
&
~@-Lifetime
+ & Intensity
0.1

25 30 35 40 45 50
Temperature (°C)

Page 31

Fluorescence lifetime and intensity changes as a function of temperature of thermosensitive
NPs-based USF contrast agent. (a) DBD-ED@PNIPAM NPs, (b) Sq660@PNIPAM NPs,

and (c) P(NIPAM-AACc 200:1)~DBD-ED~Sqg660a NPs for FRET studies. Excitation

wavelength: (a, ¢) 470 nm, (b) 609 nm. Emission detection filter: (a) 561 nm long-pass filter,

(b, ¢) 711/25 nm bandpass filter.
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(a) Overview of the performance, i.e., fluorescence lifetime ratios and intensity ratios, as
well as (b) emission wavelength of all thermoresponsive fluorescence contrast agents in our
studies and related literatures. The number labeled on each point can be referred to Table |
and Table Il (from 1.1 to 6.4). Labels from 7.1 to 9.0 are data points cited in our previous
works [20], which includes: (7.1) DL700@P(NIPAM-AAc 200:1) NPs; (8.1 and 8.2)
ICG@PNIPAM NPs; (8.3 and 8.4) ICG@P(NIPAM-AAmM 86:14) NPs; (8.5 and 8.6)
ICG@P(NIPAM-TBAM 185:15) NPs; (8.7) ICG@P(NIPAM-AAmM 90:10) NPs; (9.0)
ICG@PIluronic micelle. Data points (1.1) and (9.0) are adopted from [28] and [36].
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