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Doxorubicin-loaded hyaluronic acid-polypyrrole
nanoparticles were developed for pH-responsive activatable
fluorescence imaging and therapy of proliferating

macrophages.

Atherosclerosis is the major reason for cardiovascular disease,
which accounts for 39% of all global deaths under the age of 70.*
Macrophages, representing up to 20% of the cells within
atherosclerotic lesions, play a pivotal role both in the development of
atherosclerosis, and also in atheroma plaque destabilization and
rupture, an occurrence that frequently leads to thrombo-occlusive
complications (i.e., myocardial infarction and strokes).? Thus,
antimacrophage therapeutic strategies including systemic modulation
of macrophage activity and local photodynamic therapy using
conventional and smart photosensitizers have been attempted.®*

It has recently been reported that the majority of macrophages in
atherosclerotic lesions are derived from local macrophage
proliferation rather than the inflammatory monocyte recruitment
from peripheral blood.® These reports reveal that targeting
macrophage proliferation could be a new strategy to treat established
atherosclerosis.  However, few studies have evaluated
antiproliferating agents.®®’ Here, we developed drug-loaded
hyaluronic acid-polypyrrole nanoparticles (HA-PPyNP) as a smart
theranostic platform for noninvasive fluorescence imaging and
therapy of proliferating macrophages in atherosclerotic lesions (Fig.
1).

We first synthesized hyaluronic acid-conjugated polypyrrole
nanoparticles (HA-PPyNP), and then antiproliferating agent
doxorubicin (DOX) was loaded on the surface of HA-PPYNP by
forming a charge complex between the highly negatively charged
HAs and positively charged DOXs. Polypyrrole nanoparticles
(PPyNP) are reported to have an immense absorption coefficient (i.e.,
10*-fold to 10°-fold higher than conventional organic fluorochromes)
with a broad peak,® and therefore may have a great potential as ultra-
efficient energy quenchers. We hypothesized that, when DOXs are
located near a PPyNP surface, energy transfer from DOX to PPyNP
is effective, resulting in the quenching of DOX fluorescence (OFF).
Since the carboxylic acids of HA are negatively charged at an
extracellular pH of 7.4, the charge complex between DOX and HA-
PPyNP is relatively stable and fluorescence of DOX-loaded in HA-
PPyNP (i.e., DOX@HA-PPYNP) remains turned off while
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circulating in the blood stream. However, preferential accumulation
of DOX@PPyNP into atherosclerotic plaques with leaky vascular
structure and enhanced permeability,® followed by endocytosis by
macrophage cells results in fluorescence activation of DOX; DOX
release from HA-PPyNPs is stimulated by the loss of the negative
charges of HA under acidic lysosomal conditions for pH < 5.
Therefore, in contrast to free DOX, for which fluorescence is always
turned on, and with unfavorable pharmacokinetic behavior, pH-
responsive theranostic nanomedicine DOX@HA-PPyNP may have
utility in fluorescence imaging with high target-to-background ratios
and may be important for the treatment of proliferating macrophages
with reduced systemic toxicity.
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Fig. 1. Schematic diagram of the pH-responsive theranostic system. DOX
forms a charge complex with HA on the surface of polypyrrole nanoparticles,
leading to fluorescence quenching of DOX (OFF) through a FRET
mechanism. When DOX-loaded HA-PPyNPs are taken up into the
proliferating macrophage cells, DOX release from the PPyNP surface is
stimulated, resulting in both the turn on of DOX fluorescence and therapy of
the proliferating macrophages.

HA-conjugated PPyNP (HA-PPyNP) was prepared by adding
HA polymers during PPyNP synthesis. HA with negatively charged
carboxyl groups was expected to form physical crosslinking with the
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positively charged polypyrroles via a charge-charge interaction;
therefore, HA molecules could be incorporated on the surface of
PPyNP during nanoparticle synthesis. The morphology of the
prepared HA-PPyNP was round-shaped under scanning electron
microscopy (Fig. Sla, ESIT). The mean hydrodynamic size and zeta
potential of HA-PPYNP in an aqueous solution were 88.4 nm and
—26.1 mV, respectively (Fig. Sic, ESIT). Since PPyNP prepared in
the absence of HA has positive zeta potential (+5.47 mV), the
negative zeta potential of HA-PPyNP indicates coverage of HA
molecules on the surface of PPyNP. The FT-IR spectra of HA-
PPyNP relative to PPyNP and HA also confirmed that HA was
successfully incorporated in PPyNP (Fig. S2, ESIT).
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Fig. 2. (a) Fluorescence quenching of DOX after addition of various amounts
of HA-PPyNP (from top to bottom: 0, 10, 20, 40, 60, 80, 100, 120, 150, 200
ng) (Inset: x-axis, HA-PPyNP to DOX ratio; y-axis, fluorescence intensity at

593 nm). (b) Hydrodynamic size distribution of HA-PPyNP and DOX@HA-
PPyNP (Inset: SEM images of DOX@HA-PPyNP).

DOX-loaded HA-PPyNP (i.e., DOX@HA-PPyNP) was prepared
by forming a charge complex between positively charged DOX and
the negatively charged HA layer of HA-PPyNP. We first determined
whether the formation of the charge complex between DOX and
HA-PPYNP resulted in fluorescence quenching of DOX. As
mentioned above, PPyNP has immense absorption coefficients with
a broad peak,* and therefore the fluorescence of DOX is expected to
be quenched via fluorescence resonance energy transfer (FRET)
from the excited DOX to PPyNP when they are located in close
proximity. As expected, the fluorescence intensity of DOX was
gradually reduced upon addition of an increasing amount of HA-
PPyNP in the agueous solution (Fig. 2a). In particular, we fitted two
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trend lines indicating log-linear decrease, suggesting that HA-
PPyNP’s quenching efficiency is not substantial after reaching a
1:10 ratio of DOX to HA-PPyNP (inset plot in Fig. 2a). Therefore, in
the following experiments, DOX@HA-PPyYNP was prepared at a
1:10 (wt/wt) mixing ratio.

When DOX@HA-PPYNP was prepared in a 1:10 ratio (that is,
DOX:HA-PPYNP) and unbound free DOX was purified, the loading
content of DOX in DOX@HA-PPYNP was determined to be 6.5%
(wt/wt) from the analysis of UV/Vis absorption spectra. The mean
hydrodynamic size of DOX@HA-PPyNP was similar (i.e., 92.8 nm)
with that of HA-PPYNP, but its size distribution was much narrower
(Fig. 2b). The zeta potential of DOX@HA-PPyNP also increased to
—21.4 mV compared with that of HA-PPYNP (=26.1 mV). These
data support the negatively charged carboxyl groups in HA were
partially neutralized by the charge interaction with the positively
charged DOX. A relatively small increase in the zeta potential of
DOX@HA-PPYNP compared with HA-PPYNP might indicate that
DOX are located not on the outer part of the HA layer of HA-PPyNP
but deep inside the HA layer, close to the PPyNP core. DOX@HA-
PPyNP had a round-shaped morphology, as observed by scanning
electron microscope (SEM) (Fig. 2b inset).

(a) (b)
04 20000
s Free DOX —— Free DOX
[a) —— DOX@HA-PPYNP | = [ \—— DOX@HA-PPYNP
o 03 < 15000
3 2
< 02 ' 10000
5 5
2 2
2 01 = 5000
2 N —
3% % 7
| =3 \
0.0 = ey 0
400 500 600 700 800 550 600 650 700
Wavelength (nm) Wavelength (nm)
(c) (d)

20000

—— Omin
30 min
60 min

—— 90 min

—— 120 min

5 15000 1

10000

5000

P
550 600 650 700 750
Wavelength (nm)

F.L intensity (a.u.)

Fig. 3. (a) UV/Vis absorption and (b) fluorescence emission spectra of free
DOX and DOX@HA-PPyNP (10 uM DOX equivalent). (c) Fluorescence
intensity of DOX@HA-PPYNPs in the presence of serum proteins. (d)
Dispersion stability of HA-PPyNP and DOX@HA-PPYNP in PBS solution
containing 50% FBS. Pictures were taken after 1 week of incubation at room
temperature.

Fig. 3a shows the UV/Vis absorption spectra of free DOX and
DOX@HA-PPyNP at 10 uM DOX equivalent. The absorption
spectrum of DOX loaded at HA-PPyNP became broader and weaker
than that of free DOX at the same concentration (also see Fig. S4,
ESIf). The fluorescence of DOX@HA-PPYNP was 8-fold lower
than that of free DOX at the equivalent concentration (Fig. 3b). This
quenching is believed to be induced by FRET from the DOX to
PPyNP, but self-quenching between the DOX molecules, loaded
onto the HA-PPYNP surface, might be possible.

Fluorescence quenching in DOX@HA-PPyYNP was stably
maintained in the presence of a high serum content (Fig. 3c). When
we dispersed DOX@HA-PPYNP in phosphate buffer solution
containing 50% (v/v) fetal bovine serum (FBS), there was only a
0.16x increase in the fluorescence of DOX during the 2 h incubation
time, indicating that most of the DOX remained in the charge
complex formation with HA and were not released into the solution.
This can occur if DOXs are located in deeper positions of the HA
layer of the particle surface as mentioned above, preventing an
interaction between DOX and serum proteins. As shown in Fig. 3d,
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no precipitate was observed for up to one week when both HA-
PPyNP and DOX@HA-PPyNP were dispersed in the aqueous
solution with a high serum content (50%), indicating excellent
dispersion stability of these nanoparticles in the serum condition.
Next, we tested the drug-release behavior of DOX@HA-PPyNP
at two different pH conditions (Fig. 4). At pH 7.4, only 54% of DOX
was released from the nanoparticles over 48 h. In contrast, it took 8 h
to obtain 57% drug release under acidic conditions (i.e., pH 5.0), and
the amount of the drug released reached approximately 100% after
24 h under this acidic pH condition. This can be explained if under
acidic pH, the charge interaction between DOX and the carboxyl
group was weakened due to the neutralization of carboxyl groups of
HA, thereby stimulating drug release from DOX@HA-PPyNP.
These data imply that the release of physically bound DOX
molecules could be accelerated inside lysosomes of cells, while drug
release in the neutral pH environment of the blood stream is
significantly reduced.
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Fig. 4. pH-dependent drug release from DOX@HA-PPyNP (n = 3).

Next, the utility of DOX@HA-PPyNP in activatable
fluorescence imaging of macrophage cells was tested in an in vitro
live cell imaging study (Fig. 5a and S5, ESIt). Both free DOX and
DOX@HA-PPYNP were applied to Raw264.7 macrophage cells at a
concentration of 2 uM DOX equivalent. Since the fluorescence of
DOX@HA-PPYNP is expected to be quenched in the extracellular
environment and activated inside the acidic lysosomes of the
macrophage cells because of stimulated drug release, the
fluorescence images were obtained every 15 min for 3 h without
washing the nanoparticles using a Live Cell Imaging System. As
expected, only weak fluorescence signals were detected in the
extracellular space of the DOX@HA-PPyNP-treated group for 3 h,
and fluorescence intensities generated inside the cells became
stronger over time, so the location of the macrophage cells could be
clearly discriminated from the fluorescence images. When the cells
were treated with free DOX, free DOX in the extracellular space was
highly fluorescent and therefore it was hard to detect macrophage
cells owing to the high background signals. These results support the
potential utility of DOX@HA-PPYNP for the fluorescence imaging
of atherosclerosis lesions with a high target-to-background ratio.

Before testing the in vitro therapeutic efficacy of DOX@HA-
PPyNP, the cytotoxicity of HA-PPyNP was evaluated by treating
macrophage cells with HA-PPyNP for 24 h over a concentration
range of 0-500 pg/mL. Raw264.7 cells treated with HA-PPyNP
showed no toxicity even at the highest concentration (Fig. S6, ESIT),
implying that the nanoparticle itself is highly biocompatible and
nontoxic to the macrophages. Then, the therapeutic potential of the
pH-responsive DOX@HA-PPyNPs was tested (Fig. 5b). Raw264.7
cells were treated with DOX@HA-PPyNP for 3 h at various
concentrations (0—5 pM DOX equivalent), washed three times to
remove free drugs in the extracellular space, and further incubated
for 48 h to allow proliferation of the macrophages. The viability of
the cells was then evaluated. Human primary vascular smooth
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muscle cells (VSMCs) were used as a normal cell control, and
treated with DOX@HA-PPyNP in the same conditions as the
Raw264.7 cells above. About 60% of cell death of the proliferating
macrophages was achieved at a concentration of 0.5 uM DOX
equivalent, whereas more than 90% of VSMCs were viable in this
condition. Cell viability of the macrophages dropped to 18.6% at a
concentration of 2.5 uM DOX equivalent. However, 80% of VSMCs
survived up to the concentration of 5 pM DOX equivalent.
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Fig. 5. (a) Live images of Raw 264.7 cells incubated with either free Dox or
DOX@HA-PPYNP (2 uM DOX equivalent). Fluorescence images were
obtained every 15 min for 3 h without washing the cells. Red color indicates
fluorescence signals from DOX. (b) In vitro cytotoxicity of DOX@HA-
PPyNP (n = 4). ***P < 0.001.

When VSMCs were treated with free DOX, significant cell death
was observed for high concentrations of the drug, but the cell
viability of DOX@HA-PPyNP-treated VSMCs was constant (Fig.
S7a, ESIY). The cell viability of free DOX-treated macrophage cells
was similar to that of DOX@HA-PPyNP-treated macrophages (Fig.
S7b, ESIt). An additional cytotoxicity test and confocal microscopy
study performed in the presence of free HA as a competitor
supported the view that the therapeutic effect of DOX@HA-PPyNP
on the proliferating macrophage cells was enhanced in part due to
CD44-mediated endocytosis of the nanoparticles (see Fig. S8, ESI+).
10 CD44 expressed on the surface of activated macrophages is the
principal receptor for HA. These in vitro cytotoxicity data indicate
that DOX@HA-PPYNP might have great utility for the selective
treatment of proliferating macrophages in atherosclerosis lesions
while reducing the adverse side effect to normal cells.

In summary, DOX@HA-PpyNP showed high potential as a
pH-responsive theranostic for imaging and therapy of
proliferating macrophages in atherosclerosis lesions.
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