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ABSTRACT: Near-infrared (NIR) light-mediated photody-
namic therapy (PDT), especially based on lanthanide-doped
upconversion nanocrystals (UCNs), have been extensively
investigated as a promising strategy for effective cellular
ablation owing to their unique optical properties to convert
NIR light excitation into multiple short-wavelength emissions.
Despite the deep tissue penetration of NIR light in living
systems, the therapeutic efficiency is greatly restricted by
insufficient oxygen supply in hypoxic tumor microenviron-
ment. Moreover, the coexistent tumor-associated macrophages
(TAMs) play critical roles in tumor recurrence during the
post-PDT period. Herein, we developed a unique photo-
sensitizer-loaded UCNs nanoconjugate (PUN) by integrating
manganese dioxide (MnO2) nanosheets and hyaluronic acid (HA) biopolymer to improve NIR light-mediated PDT efficacy
through attenuating hypoxia status and synergistically reprogramming TAMs populations. After the reaction with overproduced
H2O2 in acidic tumor microenvironment, the MnO2 nanosheets were degraded for the production of massive oxygen to greatly
enhance the oxygen-dependent PDT efficiency upon 808 nm NIR light irradiation. More importantly, the bioinspired polymer
HA could effectively reprogram the polarization of pro-tumor M2-type TAMs to anti-tumor M1-type macrophages to prevent
tumor relapse after PDT treatment. Such promising results provided the great opportunities to achieve enhanced cellular ablation
upon NIR light-mediated PDT treatment by attenuating hypoxic tumor microenvironment, and thus facilitated the rational
design of new generations of nanoplatforms toward immunotherapy to inhibit tumor recurrence during post-PDT period.

■ INTRODUCTION

Currently, cancer is a leading cause of human morbidity and
mortality worldwide.1 Despite traditional therapeutic strategies
(such as surgery, chemotherapy, and radiotherapy) presenting
benefits in improving survival rates, great challenges still remain
in the course of anticancer treatment including limited
efficiency, adverse effects in normal tissues, and higher risk of
tumor recurrence.2−5 Therefore, alternative therapeutic modal-
ities are still in high demand to benefit treatment options
against malignant tumors for patients. Among various treatment
approaches in recent decades, photodynamic therapy (PDT),
which relies on tissue oxygen and photosensitizer (PS) agents
to generate reactive oxygen species (ROS) (e.g., single oxygen
(1O2), etc.) under a beam of light irradiation, has been recently
considered as one of the promising therapeutic modalities for
effective cancer treatment due to its specific advantages
including intrinsically noninvasive safety and high spatiotem-

poral selectivity upon light illumination.6−8 However, the
activation wavelengths of most clinically used PS molecules
usually rely on short-wavelength light (e.g., ultraviolet (UV)
and visible light), which have limited tissue penetration depth
and potential photodamage owing to the inherent absorption of
some endogenous light chromophores including hemoglobin,
flavins, and melanin.9,10 Thus, one inspiring approach with
long-wavelength near-infrared (NIR) light (700−1000 nm)
irradiation, which displays deep-tissue penetration, minimized
photodamage, and low autofluorescence in living systems, has
been proposed as a promising method in phototheranos-
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tics.11−14 Despite a few NIR-light-responsive PS molecules have
been utilized for PDT studies in recent years, several inevitable
drawbacks, such as troublesome synthetic procedures and
limited 1O2 generation capabilities, heavily restrict their further
therapeutic applications.15,16 Therefore, the development of
innovative strategies that allow deep-tissue penetration with
effective PDT as well as negligible normal tissue damage is
highly desirable.
Recently, lanthanide-doped upconversion nanocrystals

(UCNs) have emerged and gained significant interest in
material science due to their unique optical properties to
convert NIR light into broad UV/visible emission,17−21 which
provide a powerful tool to activate various PS upon NIR light
irradiation to overcome the tissue penetration and safety issues
of current PDT approaches.22−26 Despite initial successes, the
oxygen-dependent nature of PDT greatly restricts its
effectiveness in the hypoxic tumor microenvironment due to
insufficient oxygen supply in tumor vascular systems.27−30 So
far, several strategies have been developed to alleviate tumor
hypoxia such as inhibiting oxygen consumption in tumor cells
by mitochondrial respiration inhibitors or increasing oxygen
supply to the tumor regions with hyperbaric oxygen treatment
and vasoactive drugs.31 Nonetheless, the clinical utilities of
these methods are limited by multiple constraints including
potential safety concerns, low oxygen-carrying capacities, and
inadequate delivery efficiencies to the hypoxia regions.32,33

More importantly, the principal coexistent host macrophage
cell populations in solid tumors, known as tumor-associated
macrophages (TAMs), play complex but pivotal roles in the
outcome of PDT in tumor microenvironment such as cancer
recurrence, invasion, angiogenesis, and metastases.34,35 Nor-

mally, macrophages are characterized as two distinct
populations, classically activated pro-inflammatory (M1)
phenotype (attacking invaders) and alternatively activated
anti-inflammatory (M2) phenotype (healing damages).36 The
polarization of macrophage is a highly dynamic process and the
phenotype of M1- or M2-polarized macrophages can be
reversed depending on the different physiological and
pathological environments. During post-PDT period, the
residual tumor cells will release chemo-attractants to mobilize
the steady recruitment of monocytes from the peripheral blood,
and these monocytes will quickly differentiate into TAMs to
support tumor progression by adopting an M2 phenotype to
produce pro-tumor cytokines (e.g., interleukin 10 (IL-10)), and
thereby to promote tissue repair and tumor recurrence
including angiogenesis, matrix remodeling, and immunosup-
pression.37,38 In contrast, the macrophages with M1-type
polarization are extremely deficient, which exhibit classic anti-
tumor activity to inhibit the cell growth by secreting multiple
cytotoxic cytokines such as tumor necrosis factor alpha (TNF-
α) and interleukin 6 (IL-6).39,40 Therefore, the development of
effective strategy to improve the PDT efficiency by increasing
the oxygen amounts in hypoxia environment as well as
reprograming the TAMs phenotype for tumor recurrence
inhibition during post-PDT period, is in high demand, and
relevant investigations are still limited so far.
In this work, as proof-of-concept, we presented a unique PS-

loaded UCNs nanoconjugate (PUN) to enhance the efficacy of
NIR light-mediated cellular ablation through attenuating
hypoxia status and synergistically reprogramming TAMs
populations (Figure 1). In order to increase the oxygen supply
in hypoxia conditions, manganese dioxide (MnO2) nanosheets

Figure 1. Illustration of NIR light-mediated PDT strategy for the enhanced cellular ablation in tumor microenvironment. (a) Design and synthesis of
PUN (UCNs-MnO2-Ce6-HA). (b) Scheme of improved therapy by attenuating hypoxia status and reprogramming tumor-associated macrophages
(TAMs) from M2 to M1 phenotype to inhibit the recurrence of tumor cells toward immunotherapy during the post-PDT period.
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were modified on the surface of PUN, which could be degraded
to generate plenty of oxygen upon the reaction with
overproduced H2O2 in the acidic tumor microenvironment.41,42

Under 808 nm NIR light irradiation, the upconverted emission
at 655 nm could effectively activate the loaded PS molecules,
chlorin-e6 (Ce6), to produce more cytotoxic 1O2 based on the
improved oxygen level for enhanced PDT treatment. More
significantly, inspired by the attractive properties of hyaluronic
acid (HA), a natural glycosaminoglycan which could regulate
the activation states between pro-tumor M2-type and anti-
tumor M1-type macrophage,43−45 we modified HA as a
functional biopolymer on the outer layer of PUN to achieve
the immunomodulation of TAM polarization from M2 to M1
phenotype, which exhibited strong inhibition of tumor
recurrence after PDT treatment. Such promising studies may
hold the great potential to dramatically enhance NIR light-
mediated PDT efficiency in a hypoxic microenvironment as
well as to prevent the relapse of malignancies toward
immunotherapy during post-PDT period.

■ RESULT AND DISCUSSION

Figure 1 illustrates the design of NIR light-mediated PUN for
enhanced therapeutics in the hypoxic tumor microenvironment
as well as immunomodulation of the TAMs phenotype to
inhibit cancer recurrence. Generally, the core−shell UCNs were
prepared according to a previously established thermal
decomposition method in our group. In order to minimize
the undesired overheating effect typically associated with
conventional 980 nm laser irradiation, Nd3+-sensitized
lanthanide-doped nanoparticles were constructed to improve
pumping efficiency at 808 nm (Figure S1, Supporting
Information). Transmission electron microscopy (TEM)
revealed that the UCNs had uniform hexagonal morphology
with a narrow size distribution of 38 ± 3 nm (Figure 2a and
Figure S1). In order to increase the solubility of UCNs in water,
the surface-anchored hydrophobic ligands (oleic acid) were
removed in acid solution and the ligand-free nanoparticles were
further modified by poly(acrylic acid) (PAA) to prepare
hydrophilic nanostructures (UCNs-PAA). Moreover, the
formation of amorphous MnO2 nanosheets enwrapped on the
membrane of UCNs-PAA (UCNs-MnO2) was achieved by the

redox reaction between potassium permanganate (KMnO4)
and 2-(N-morpholino)ethanesulfonic acid (MES) to generate
Mn−O bonding via coordination interaction,41,46 which was
confirmed by transmission electron microscopy (TEM), UV−
vis spectroscopy, and Fourier transform infrared (FTIR)
spectroscopy (Figures S1, S2, and S3). The synthesized
UCNs-MnO2 was further coated with amino-contained
polyethylenimine (PEI) to facilitate subsequent surface
modification.47

To ensure the therapeutic efficiency, an effective PS molecule
(Ce6) was anchored on the surface of UCNs-MnO2-PEI by
amide condensation (UCNs-MnO2-Ce6) based on the
favorable overlap between specific absorption spectrum of
Ce6 and the upconverted luminescences (UCL) signal of
UCNs at 655 nm upon 808 nm laser excitation (Figure S4).48

Furthermore, to achieve the immunomodulation of TAMs
polarization, a natural biopolymer HA was finally regarded as
the outer layer of PUN (Figure 2b and Figure S1). The
successful localization of Ce6 and HA on the UCNs
nanoplatform were demonstrated by UV−vis spectroscopy
and FTIR characterization, respectively (Figures S3 and S5).
The optimal amount of Ce6 was determined to be 5.2%, and
there was 21.5 μM/mg HA detected on the PUN (Figures S6
and S7). In addition, the zeta potential of these UCNs-based
nanoparticles were monitored from UCNs-PAA (−38.3 mV),
UCNs-MnO2 (−16.8 mV), UCNs-MnO2-PEI (+42.7 mV) to
UCNs-MnO2-Ce6 (+14.6 mV) and UCNs-MnO2-Ce6-HA
(−23.4 mV), respectively (Figure 2c), demonstrating the
successful modification of different polymers on the surface
of UCNs. These results were also confirmed by the increased
hydrodynamic diameter of these nanoparticles in aqueous
solution by dynamic light scattering (DLS) (Figure S8).
Moreover, due to the great overlap between the broad
absorption spectrum of MnO2 nanosheets and the specific
emission spectra of UCNs and Ce6, respectively, the UCL
signals of UCNs and fluorescence of Ce6 were significantly
quenched (Figures S9 and S10). The prepared PUN dispersed
well in deionized water and presented almost unchanged
absorption spectra after storage at room temperature for 1
week, indicating the great solubility and stability of PUN in
buffers (Figure S11).

Figure 2. Characterization of PUN (UCNs-MnO2-Ce6-HA) in buffers. TEM images of (a) UCNs and (b) PUN. Scale bar: 50 nm. (c) Zeta potential
of various nanostructures during the synthesis process of PUN. (d) UV−vis spectra of PUN (1 mg/mL) before and after reaction with H2O2 (10
mM) in neutral (pH = 7.4) and acid (H+) solutions (pH = 5.5). (e) UCL spectra of PUN in the presence of different concentration of H2O2 in acid
buffers. (f) 1O2 production of various UCNs-based nanostructures in acid and hypoxic environment with H2O2 upon 808 nm NIR light irradiation.
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We subsequently evaluated the feasibility of whether the
MnO2 nanosheets could catalyze the generation of oxygen in
the presence of H2O2 in acid buffer solutions. As shown in
Figure 2d, the strong absorption spectra of PUN (UCNs-
MnO2-Ce6-HA) presented an obvious decrease at acid solution
(pH = 5.5) along with the appearance of specific peak of Ce6
(∼655 nm) upon incubation with H2O2 (10 mM) for 30 min,
while it remained almost unchanged in neutral solutions (pH =
7.4) at the same conditions. Moreover, plenty of gas bubbles
were produced in the solution of PUN in the presence of H2O2
followed by the color change from dark to light brown in acidic
buffers. These results demonstrated that the MnO2 was
decomposed by the reaction with H2O2 to produce abundant
gases in acid solution. According to the established chemical eq
141,42,49

+ + → + ↑ ++ +MnO H O 2H Mn O 2H O2 2 2
2

2 2 (1)

the decomposition reaction of MnO2 demands the con-
sumption of H2O2 and H+ ions, simultaneously generating O2
and Mn2+ ions. Interestingly, it is well-known that the tumor
microenvironment is characterized by overproduction of H2O2
and lower pH value than surrounding normal tissues. On one
hand, tumor cells are metabolically hyperactive leading to the
massive consumption of O2 and generation of excessive ROS

levels including H2O2 in cancer stroma. On the other hand,
solid tumors had a unique metabolic profile to produce large
quantities of lactic acid to reduce the pH values based on the
enhanced glycolysis during tumorigenesis. Thus, the degrada-
tion of MnO2 exhibited specific selectivity to the tumor regions
rather than healthy tissues based on the overproduced H2O2
levels and acidic conditions in hypoxic microenvironment.
Moreover, after the decomposition of MnO2 nanosheets, the
quenched UCL signals of UCNs and fluorescence emission of
Ce6 were gradually recovered with the increasing concen-
trations of H2O2 in acid buffers (Figure 2e and Figure S12),
suggesting that the PUN could be regarded as an effective
biosensor to monitor the existent H2O2 in buffers by utilizing
the emission of UCNs and Ce6, respectively.
To further verify the capability of PUN to produce more 1O2

based on the enhanced oxygen level, we also evaluated 1O2
generation at hypoxic environment through the standard singlet
oxygen sensor green (SOSG), which could specifically react
with 1O2 to cause fluorescence increase at 530 nm.50 As shown
in Figure 2f, very little 1O2 generation was determined for PUN
without NIR light excitation (group 1) and for UCNs-MnO2-
HA with light irradiation (group 2), indicating that the NIR
light or the particle itself had negligible effects on the 1O2
formation. However, the remarkable increment (∼3.6-fold
increase) of green fluorescence intensity for PUN (group 4)

Figure 3. Enhanced PDT efficiency of PUN (UCNs-MnO2-Ce6-HA) in hypoxic tumor cells. (a) Confocal imaging of PUN in cells with different
conditions of normoxia, hypoxia, and hypoxia with H2O2 scavenger, respectively. Blue: Hoechst (Ex: 350/50 nm, Em: 460/50 nm); green: UCL at
545 nm (Ex: 980 nm, Em: 530/50 nm); red: UCL at 655 nm (Ex: 980 nm, Em: 610/75 nm); violet: Ce6 (Ex: 545/25 nm, Em: 610/75 nm). Scale bar:
20 μm. (b) Cell viability of tumor cells with different concentrations of PUN upon 808 nm NIR light irradiation (0.4 W/cm2) for 1 h. (c) FCM
analysis of elevated intracellular ROS level by a ROS indicator (DCFDA) (Ex: 488 nm, Em: 510/21 nm).
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was higher than that for UCNs-Ce6-HA (∼1.6-fold increase in
group 3), indicating that the greatly elevated 1O2 production
was achieved owing to the enhanced oxygen supply in hypoxic
conditions upon NIR light treatment. All of these results
strongly demonstrated that PUN could effectively increase
oxygen amounts by decomposing MnO2 nanosheets with H2O2
in acidic condition, which had great potential to promote more
cytotoxic 1O2 generation for the enhanced PDT efficacy in
hypoxic tumor microenvironment.
Encouraged by these promising results, we further explored

the applications of PUN for enhanced tumor cell ablation. In
order to mimic the endogenous H2O2 generation in hypoxic
microenvironment, as a model, the murine melanoma cell line
(B16F10) was incubated with PUN (100 μg/mL) and cultured
for 24 h in a pouch anaerobic system.51 As shown in Figure 3a,
in normoxic condition, no obvious UCL signals and Ce6
fluorescence were noticed owing to the quenching effects by
MnO2 nanosheets. However, in the hypoxic conditions, the
significant fluorescent increment of UCL signals at 545 nm
(red), 655 nm (green), and emissions of Ce6 at 675 nm
(violet) were observed clearly, which was confirmed by the
control experiment upon the pretreatment of H2O2 scavenger
(sodium pyruvate, 10 mM). These results indicated that the
effective cellular internalization of PUN and the presence of
endogenous H2O2 in hypoxic tumor cells to induce the
decomposition of MnO2 and production of oxygen for further
PDT treatment.
Inspired by these imaging results, we further evaluated the

therapeutic effects of PUN in hypoxia microenvironment
through a standard in vitro toxicology assay (TOX8) upon
NIR light irradiation.52 As shown in Figure 3b, there was high
cell viability (>90%) in the PUN-incubated B16F10 cells
without light exposure, suggesting minimum toxicity caused by
the particle itself. However, upon 808 nm laser irradiation (0.4

W/cm2) for 1 h, a higher cytotoxicity (∼51% cell viability) was
observed with PUN (200 μg/mL) incubation than that of cells
in control groups treated with the UCNs-MnO2-HA (∼86%
cell viability) or UCNs-Ce6-HA (∼74% cell viability) in
hypoxic conditions. The enhanced cytotoxicity could be
attributed to the elevated intracellular ROS level, which was
confirmed by a standard fluorescent ROS indicator (2′,7′-
dichlorofluorescin diacetate, DCFDA) in tumor cells.53 As
shown in Figure 3c and Figure S13, both of the quantitative
flow cytometry (FCM) analysis and confocal imaging indicated
that the cells incubated with PUN under NIR light treatment
exhibited an increased fluorescence intensity than that of cells
in control groups treated with the UCNs-Ce6-HA or UCNs-
MnO2-HA, respectively. These results successfully demonstra-
ted that PUN presented a remarkable anti-tumor effect based
on the enhanced PDT treatment upon NIR light irradiation in
hypoxic tumor microenvironment.
Considering that the coexistent TAMs play critical roles in

the recurrence of tumor cells during post-PDT period, ongoing
explorations were performed to further improve therapeutic
outcomes by reprograming the TAMs activities from pro-tumor
M2 to anti-tumor M1 phenotype based on the anchored HA
biopolymer on PUN surface. Normally, the models of
classically (M1-like) and alternatively (M2-like) activated
macrophages were established by stimulating initial murine
monocyte macrophage RAW 264.7 cell line (M0-like) with
interleukin 4 (IL-4) and lipopolysaccharide (LPS)/interferon-γ
(IFN-γ), respectively.54−56 The successful polarization of
monocyte macrophages to M1 or M2 phenotypes were
determined by the upregulated expression of mannose
receptors (CD86 marker for M1 and CD206 marker for
M2), which could be specifically stained by FITC- and PE-
labeled antibodies respectively for confocal imaging and FCM
analysis (Figure 4a and Figure S14). More importantly,

Figure 4. Reprograming of the macrophages from M2 to M1 phenotype by PUN (UCNs-MnO2-Ce6-HA) in RAW264.7 cells. (a) Confocal imaging
of macrophages with M0 (monocyte), M1, and M2 phenotype upon IL-4 and LPS/IFN-γ stimulation, and immunostaining with FITC-anti-CD86 or
PE-anti-CD206, respectively. Green: FITC (Ex: 488 nm, Em: 510/21 nm); red: PE (Ex: 543 nm, Em: 580/50 nm). Scale bar: 50 μm. (b,c) FCM
analysis of the reprogramed M1-type macrophages from M2-type (TAMs) after incubation with HA biopolymer (1 μM) at different molecular
weight (b) and PUN nanoplatform (c). FITC-anti-CD86: Ex: 488 nm, Em: 530/50 nm.
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numerous studies have demonstrated that HA, a ubiquitously
glycosaminoglycan of the extracellular matrix, may function as
an inflammatory mediator to regulate the phenotype of
macrophages based on different molecular weights.44,45,57 In
order to reprogram the macrophages from M2 to M1
phenotype, we cultured M2-type TAMs in the presence of
HA biopolymer (1 μM) with different molecular weights, and
detected the reversed M1-like macrophages by FCM after
staining with FITC-anti-CD86. As shown in Figure 4b, the
enhanced FITC fluorescence intensity in M2-like macrophage
cells upon 40 kDa HA stimulation is more than that of cells
incubated with HA at lower (5 kDa) and higher (100 kDa)
molecular weight, indicating that M1-like macrophages were
achieved upon the treatment with intermediate HA biopolymer,
which may activate the innate immune response via a TLR2-
MyD88-IRAK1-TRAF6-PKCζ-NK-κB-dependent pathway as
reported previously.43,58 In line with these results, we further
evaluated the efficiency of phenotype regulation from M2 to
M1 macrophage upon HA-modified PUN treatment. As shown
in Figure 4c, little fluorescence intensity change was detected
before (0.1%) and after (1.2%) addition of UCNs-MnO2-Ce6,
suggesting that the particle itself indicated negligible effect for
the macrophage phenotype. Upon the incubation with PUN,
significant increment of FITC-anti-CD86 fluorescence signals
(96%) was determined by FCM analysis, which presented a
similar immunomodulation effect of macrophages under HA
biopolymer stimulation (98%), demonstrating that the HA-

modified PUN could act as a mediator to effectively reprogram
M2-like TAMs to M1-like macrophages.
Furthermore, we also investigated the possibility whether

such PUN could inhibit the recurrence of tumor cells during
the post-PDT period. In order to establish the tumor cell
relapse model, the B16F10 cells were first incubated with PUN
(200 μg/mL) as previously for PDT treatment at hypoxia
microenvironment upon 808 nm NIR light irradiation, and
then the residual tumor cells were cultured for several days to
promote the cell growth (Figure 5a). To understand the
influence of tumor cell proliferation in the presence of
macrophages at different phenotypes, we cocultured relapsed
tumor cells with activated RAW264.7 cells at different
conditions on the upper chamber of a permeable transwell
insert. After several days’ incubation, the tumor cell viabilities
were determined by a standard in vitro toxicology assay
(TOX8). As shown in Figure 5b, compared with day 1, the
tumor cells at day 4 without RAW264.7 cells treatment
exhibited obvious enhancement of cell viabilities (∼1.9-fold
increase), indicating tumor cell recurrence after PDT treatment
(group 1). Interestingly, when the cells were incubated with
M2-like TAMs, the cell viabilities presented higher increment
(∼2.6-fold increase) in group 2, suggesting the pro-tumor
properties of TAMs. However, once the tumor cells were
cocultured with M1-like macrophages, the remarkably
decreased cell viability (∼26%) was observed in group 3,
indicating the anti-tumor efficiency of M1-type macrophages.

Figure 5. Inhibition of tumor cells recurrence by PUN (UCNs-MnO2-Ce6-HA) after PDT treatment. (a) Scheme of enhanced cells ablation after
incubation with reprogrammed M2-type TAMs upon PUN stimulation. (b) Cell viability of tumor cells during the post-PDT period cocultured with
(1) no cells as control; (2) M1-type macrophages; (3) M2-type TAMs; (4−6) TAMs incubated with UCNs-MnO2−Ce6 (4); PUN (5) and HA (6),
respectively. (c−e) Quantitative cytokine analysis of pro-tumor IL-10 (c), anti-tumor IL-6 (d) and TNF-α (e) in different groups. (f) FCM analysis
of tumor cell death process with standard annexin V-FITC/propidium iodide (PI) assay kit.
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These results suggested that the macrophages of different
phenotypes exhibited completely different effects on the growth
of tumor cells. More importantly, considering that HA-
modified PUN could effectively reprogram the macrophage
phenotype, we further cocultured the tumor cells at post-PDT
period with M2-like TAMs in transwell supports toward PUN
stimulation. As shown in Figure 5b, at day 4, remarkable
inhibition of tumor growth was determined by much lower cell
viabilities (∼39% and ∼35%) after incubation with TAMs
treated by PUN (group 5) or HA biopolymer (group 6),
respectively, while tumor cell relapse was still observed after
incubation with TAMs upon UCNs-MnO2-Ce6 treatment
(group 4). These results strongly demonstrated that HA-
modified PUN could effectively inhibit tumor recurrence after
PDT treatment based on the reprogramming of TAM activities
from M2 to M1 polarization.
In order to further explore the underlying reasons for tumor

cell death and relapse cocultured with macrophages on different
phenotypes, we investigated the excreted cytokines by
RAW264.7 cells at various activation states. It has been
reported that the M2-type TAMs produce pro-tumor and
cytoprotective cytokines (e.g., IL-10) to promote tissues repair,
while M1-type macrophages secrete anti-tumor cytokines (e.g.,
IL-6 and TNF-α) to inhibit the tumor growth. As shown in
Figure 5c−e, few cytokines were detected in the medium of
tumor cells without RAW264.7 cells treatment (group 1), while
a high level of IL-10 was examined when the tumor recurrence
occurred after incubation with M2-type TAMs (group 3),
clearly suggesting that IL-10 might promote the relapse of
tumor cells. Moreover, unregulated expressions of IL-6 and
TNF-α were observed when the cell growth was inhibited upon
M1-like macrophages treatment (group 2), indicating that these
cytokines might prevent the recurrence of tumor cells. To
further confirm our hypothesis, we incubated the tumor cells
with these three cytokines respectively and detected their cell
viabilities. As expected, the cells viability presented a 2.5-fold
increase upon IL-10 stimulation, and 21% and 35% decrease
under IL-6 and TNF-α treatment, respectively (Figure S15),
indicating that the polarized RAW264.7 cells in different
phenotypes could promote or inhibit the cell recurrence by
excreting specific cytokines in the tumor microenvironment.
Based on these results, we further explored the potential
mechanisms for the enhanced tumor cell death cocultured with
reprogrammed macrophages toward PUN stimulation. As
shown in Figure 5d,e, the M2-type TAMs upon UCNs-
MnO2-Ce6 treatment presented low level expression of
cytotoxic IL-6 and TNF-α (group 4). However, when the
macrophages were incubated with PUN (group 5) or HA
biopolymer (group 6), obvious increment of these cytokines
was determined, suggesting that HA-modified PUN could
regulate the anti-tumor cytokines secretion by reprogramming
the TAMs phenotype to inhibit the tumor cell recurrence.
Furthermore, by using FCM analysis with standard annexin V-
FITC/propidium iodide (PI) assay kit, we also demonstrated
that both apoptosis and necrosis occurred in the process of
tumor cells death cocultured with TAMs upon HA-modified
PUN treatment (Figure 5f).59 All of these results strongly
demonstrated that the PUN not only improved the PDT effect
in hypoxic tumor microenvironment, but also reprogrammed
the M2-like TAMs to M1-like phenotype to further prevent the
tumor recurrence during the post-PDT period.

■ CONCLUSIONS

In summary, we proposed a novel nanoplatform (PUN) by
integrating MnO2 nanosheets and HA biopolymer to improve
NIR light-mediated PDT efficacy in hypoxia tumor micro-
environment and to inhibit tumor recurrence by reprogram-
ming TAMs populations during the post-PDT period. Upon
reaction with overproduced H2O2 in the acidic tumor
microenvironment, the MnO2 nanosheets were degraded for
the production of massive amounts of oxygen to greatly
increase the oxygen-dependent PDT efficiency upon 808 nm
NIR light irradiation. More importantly, the bioinspired HA
polymer could effectively reprogram the polarization from pro-
tumor M2-type TAMs to anti-tumor M1-type macrophages to
inhibit tumor relapse after PDT treatment. Such promising
studies not only provide an attractive opportunity to greatly
enhance the NIR light-mediated cellular ablation efficiency in
hypoxic tumor microenvironment, but also significantly
facilitate the rational design of new generations of nanoplat-
forms toward immunotherapeutic approaches to regulate the
macrophages phenotypes, which holds excellent potential to
avoid the recurrence of various malignant tumors in the future.

■ EXPERIMENTAL PROCEDURES

Materials and Methods. Y(CH3CO2)3, Yb(CH3CO2)3,
Er(CH3CO2)3, Nd(CH3CO2)3, oleic acid, 1-octadecene, NH4F,
NaOH, poly(acrylic acid) (PAA, Mw 1800), 2-(N-
morpholino)ethanesulfonic acid (MES), polyethylenimine
(PEI, Mw 25000, branched), 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide hydrochloride (EDC·HCl), N-hydrox-
ysuccinimide (NHS), singlet oxygen sensor green (SOSG), in
vitro toxicology assay kit (TOX8, resazurin based), Hoechst
33342 (bisBenzimideH 33342trihydrochloride), 2′,7′-dichloro-
fluorescin diacetate (DCFDA), Corning transwell inserts (12
well, 0.4 μm pore), and Annexin V-FITC apoptosis detection
kit were purchased from Sigma-Aldrich. Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin-
streptomycin, and trypsin-EDTA were obtained from Invi-
trogen (Carlsbad, CA, USA). The GasPak pouch anaerobic
system was purchased from Becton Dickinson (BD), USA. The
interleukin 4 (IL-4), lipopolysaccharide (LPS), interferon-γ
(IFN-γ), FITC-anti-CD86, and PE-anti-CD206 were obtained
from Biolead, USA. All the commercially reagents were used as
received unless otherwise noted.

Instruments. Fluorescence emission spectra were recorded
on a RF-5301PC spectrofluorophotometer (Shimadzu, Japan)
at room temperature. The upconversion luminescence spectra
of UCNs and their nanoconjugates were measured at an angle
of 90° to the excitation laser (808 nm) and an optical SEC-
2000 spectrometer coupled 2048 pixels CCD assay (ALS Co.,
Ltd., Japan). A filter with short pass 750 nm was placed before
the spectrometer to minimize scattering from the excitation
laser beam. Transmission electron microscope (TEM) images
were obtained using a FEI EM208S TEM (Philips) operated at
100 kV. Dynamic light scattering (DLS) and zeta potential
measurements were performed by Brookhaven 90 Plus
Nanoparticle Size Analyzer. The cell viabilities were measured
by a Bio-Tek EL-311 microplate reader. Confocal imaging of
living cells were carried out on Carl Zeiss LSM 800 confocal
laser microscope (Germany). The upconversion imaging of
cells were recorded on a Nikon confocal fluorescence
microscope (Nikon, Eclipes TE2000-E, Japan) equipped with
980 nm NIR laser wide-field fluorescence add-on (EINST
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Technology Pte Ltd., Singapore) in our lab. Flow cytometry
(FCM) analysis was performed using a BD LSRFortessa X-20
cell analyzer (USA). Photoirradiation experiments were
performed with an 808 nm NIR diode laser (Changchun
New Industries Optoelectronics Technology Co., Ltd., China).
Preparation of PUN Nanostructures. Synthesis of

NaYF4:Yb/Er/Nd (20/0.5/1%) Core UCNs. Typically, the core
UCNs were prepared by following the references published
before.23 2 mL methanol containing RE(CH3CO2)3 (RE = Y,
Yb, Er, and Nd), 3 mL oleic acid, and 7 mL 1-octadecene were
added in a 50 mL three-neck flask. The total lanthanide amount
was 0.4 mmol and the ratio of Yb/Er/Nd was 20/0.5/1%. The
mixture was heated to 150 °C for 60 min before cooling down
to room temperature. Subsequently, a methanol solution (6
mL) containing NH4F (59.3 mg) and NaOH (40.0 mg) was
added dropwisely and stirred for 30 min at 50 °C. Then
methanol was evaporated and the solution was kept at 290 °C
for 1.5 h under nitrogen atmosphere. After cooling down to
room temperature, the core UCNs particles were precipitated
by ethanol, washed several times by centrifugation, and
redispersed in 4 mL hexane for the next step.
Synthesis of NaYF4:Yb/Tm/Nd (30/0.5/1%)@NaYF4:Nd

(20%) Core−Shell UCNs. Typically, 3 mL oleic acid and 7
mL 1-octadecene were added in a 50 mL three-neck flask, then
2 mL methanol containing 0.4 mmol RE(CH3CO2)3 (RE = Y/
Nd (80/20%)) was also added in the solution. The mixture was
heated to 150 °C for 60 min before cooling down to room
temperature. Then the as-synthesized NaYF4:Yb/Er/Nd core
particles in 4 mL hexane were added along with a methanol
solution (6 mL) containing NH4F (59.3 mg) and NaOH (40.0
mg). The resulting mixture was stirred for 30 min at 50 °C.
After evaporating the methanol, the residual solution was kept
at 290 °C for 1.5 h under nitrogen atmosphere and cooled
down to room temperature. The UCNs were precipitated with
ethanol and collected through centrifugation several times after
ethanol washing. Finally, the core−shell UCNs were redis-
persed in 4 mL cyclohexane and conserved in the fridge at 4 °C.
Synthesis of UCNs-PAA. The as-prepared oleic acid capped

UCNs (UCNs-OA) were precipitated using ethanol and
redispersed in a 10 mL acid aqueous solution (pH = 4)
adjusted by HCl (0.1 M). Then the solution was sonicated for
30 min followed by vigorous stirring for 2 h. During this
reaction, the carboxylate groups of the oleate ligands were
protonated (to yield oleic acid). Then the aqueous solution was
extracted with 30 mL diethyl ether to remove the oleic acid
three times. The combined ether layers were re-extracted with
10 mL water. Finally, the dispersible ligand-free UCNs in the
water were recuperated by centrifugation (20000 rpm, 10 min)
after precipitation with 20 mL acetone. The bare UCNs were
redispersed in 20 mL water containing 200 mg of PAA (Mw =
1800) by sonication. The pH value was adjusted to 7.4 by
NaOH (1 M) solution and stirred for 24 h at room
temperature. After the reaction, the products (UCNs-PAA)
were collected by centrifugation (20000 rpm for 10 min),
washed with water for several times, and redispersed in water.
Synthesis of UCNs-MnO2. Typically, 1 mL stock solution of

UCNs-PAA (10 mg/mL) was added into a microcentrifuge
tube containing 2.5 mL MES buffer (0.1 M, pH 6.0) followed
by 2.5 mL KMnO4 (100 mM) addition sequentially. The
resulting mixture was sonicated for 30 min until a brown colloid
solution was formed. The prepared UCNs-MnO2 was collected
by centrifugation (20000 rpm, 10 min), washed three times

with water to remove the excess reactants, and redispersed in 1
mL water.

Synthesis of UCNs-MnO2-PEI. The MnO2-capped UCNs
were encapsulated with branched PEI as reported previously.23

Briefly, 10 mg of UCNs-MnO2 in 1 mL water were activated by
EDC·HCl (50 mg) and NHS (10 mg) for 30 min. Then the
mixture was added dropwise to 2 mL PEI (10 mg/mL) in PBS
(pH 7.4) followed by 30 min sonication. After 24 h magnetic
stirring, the UCNs-MnO2-PEI was purified by centrifugation
(18000 rpm for 10 min) and washed three times with ethanol/
water (1:1 v/v) to remove excess reactants.

Synthesis of PUN (UCNs-MnO2-Ce6-HA). Generally, the Ce6
(1 mg) was first activated with EDC (23.0 mg) and NHS (13.8
mg) to form the active succinimidyl ester for 30 min, and added
to the as-prepared UCNs-MnO2-PEI solution for amide
condensation reaction. After overnight magnetic stirring, the
UCNs-MnO2-Ce6 was purified by centrifugation (18000 rpm
for 10 min) with ethanol/water (1:1 v/v) washing three times.
Then HA (17.2 mg, 40 kDa) was also covalently anchored on
the surface of prepared UCNs-MnO2-Ce6 followed by the same
reaction. The unreacted HA was removed by centrifugation
(18000 rpm for 10 min) and washed three times with water.
The final product (UCNs-MnO2-Ce6-HA) was redispersed in 1
mL PBS (pH = 7.4) and stored in the fridge before use.

Evaluation of Singlet Oxygen Generation of PUN in
Buffers. The singlet oxygen (1O2) generation was determined
by a highly specific 1O2 probe (SOSG) according to the
protocol reported previously.50 Briefly, SOSG (100 μg) was
dissolved in 33 μL methanol as stock solution (5 mM).
Different UCNs-based nanostructures including PUN contain-
ing Ce6 (1 μM) were mixed with SOSG (2.5 μM) in nitrogen-
purged PBS (10 mM) with neutral (pH = 7.4) and acid
conditions (pH = 5.5). After addition of H2O2 (10 mM) in
different groups, and the solutions were stored in hypoxic and
dark environment in a BD GasPak pouch anaerobic system,
which could reduce oxygen tension to less than 2% within 2 h
in a transparent plastic bag. Then the solutions in the hypoxic
condition were irradiated with 808 nm NIR light laser (0.4 W/
cm2) for 1 h in the dark. The generated 1O2 in different groups
was recorded based on the enhanced fluorescence of SOSG at
530 nm compared with background signals (Ex: 494 nm).

Cellular Uptake and Cytotoxicity Assessment of PUN
in Living Tumor Cells. The murine melanoma cell line
(B16F10) was purchased from American Type Culture
Collection (ATCC). The cells were cultured in DMEM
supplemented with 10% FBS, 100 units/mL penicillin and
100 μg/mL streptomycin and maintained in a humidified
incubator with 5% CO2 at 37 °C. For cellular uptake study, the
B16F10 cells were seeded in an ibidi confocal dish (35 mm,
plastic bottom) at a density of 1 × 105 cells/well in 1 mL
DMEM medium overnight. The dish was placed in a GasPak
pouch anaerobic system for 24 h to generate the endogenous
H2O2 by mimicking the hypoxic tumor microenvironment.
Then the cells were incubated with PUN (100 μg/mL) for 8 h,
washed two times with fresh DMEM, and stained with Hoechst
33342 by following the standard protocols for confocal imaging.
For cell viability test, fresh log-phase B16F10 cells were seeded
in a 96-well plate (1 × 104 cells/well in 100 μL DMEM) and
cultured for 24 h. The cells were incubated with different
concentrations of PUNs for 8 h, washed with DMEM to
remove free nanoparticles, and placed in a GasPak pouch
anaerobic system for 4 h to mimic the hypoxic tumor
microenvironment. Then the cells were exposed to 808 nm
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NIR light irradiation at the power density of 0.4 W/cm2 for 60
min in the dark (10 min break after 10 min irradiation). After
24 h incubation, the cell viabilities were determined by in vitro
toxicology assay kit (TOX8, resazurin based) according to
standard manufacturer’s protocol.52 For intracellular ROS level
determination by FCM analysis and confocal imaging, the
hypoxic cells were incubated with DCFDA (10 μM) in the dark
for 30 min after treatment with various UCNs nanostructures
(100 μg/mL) upon 808 nm NIR light irradiation (0.4 W/cm2,
1 h). Each experiment was repeated three times and the average
values were used for analysis.
Immunomodulation of Tumor-Associated Macro-

phage (TAMs) Phenotype by PUN. Typically, the murine
monocyte macrophage RAW 264.7 cell line (M0-type) was
purchased from American Type Culture Collection (ATCC).
The cells were cultured in DMEM supplemented with 10%
FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin
and maintained in a humidified incubator with 5% CO2 at 37
°C. For macrophage polarization, the RAW264.7 cells were
seeded in 6-well plate (5 × 105 cells/well in 1 mL DMEM) and
cultured overnight. The models of classically (M1-type) and
alternatively (M2-type) activated macrophages were established
by stimulating M0-type RAW 264.7 cells with IL-4 (50 ng/mL)
and LPS (1 μg/mL)/IFN-γ (50 ng/mL) for 24 h, respectively.
The macrophage cells with different phenotypes were collected
and seeded in an ibidi μ-slide 4 well confocal dish (5 × 104

cells/well in 0.5 mL DMEM) for overnight incubation. After
fixing with methanol for 5 min and blocking by 1% BSA in PBS
for 30 min at room temperature, the cells were stained with
FITC-anti-CD86 (1 μg/mL) and PE-anti-CD206 (1 μg/mL)
for 1 h. The free antibodies were removed by washing several
times and the cells were observed by confocal imaging. For
immunomodulation of M2-type TAMs with PUN, the
macrophage cells were incubated with HA biopolymer (1
μM) at different molecular weight and PUN or other UCNs-
based nanostructures (50 μg/mL) for 24 h. The reprogramed
macrophage cells with different phenotypes were harvested by
scraping and adjusted the cell suspension of 5 × 105 cells in ice
cold PBS (200 μL) containing 10% FBS. Then FITC-anti-
CD86 (1 μg) or PE-anti-CD206 (1 μg) was added into the cell
suspension and incubated at room temperature for 45 min.
Finally, the cells were washed three times with PBS by
centrifugation (2000 rpm, 5 min) and resuspend in 1 mL PBS
for FCM analysis.
Inhibition of Tumor Cells Recurrence by PUN During

post-PDT Period. Normally, the RAW264.7 macrophage cells
at different polarization states upon IL-4, LPS/IFN-γ, HA (40
kDa), PUN, and other UCNs-based nanostructures stimulation
were prepared as previously, and seeded into a permeable
transwell insert (1 × 105 cells/well in DMEM). The B16F10
cells were seeded in 12-well plate (5 × 105 cells/well in 1 mL
DMEM) and incubated with PUN (200 μg/mL) as previously
for PDT treatment in GasPak pouch anaerobic system upon
808 nm NIR light irradiation (0.4 W/cm2, 1 h). After 24 h
incubation in normoxia conditions, the medium was changed
and the residual tumor cells were cocultured with the
macrophages in the upper chamber of transwell insert upon
different polarization states (M1 or M2 type). The tumor cells
viabilities were determined every day after PDT treatment by a
sensitive in vitro toxicology assay kit (TOX8) according to
standard manufacturer’s protocol.52 The medium in the plate
was collected at day 4 for detection of various cytokines based
on mouse IL-6, IL-10, and TNF-α ELISA (enzyme-linked

immunosorbent assay) kit according to the procedure described
by the manufacturer (Beyotime Institute of Biotechnology,
China). The standard solutions of these cytokines were
incubated with tumor cells after PDT treatment to prove
their cytoprotective or cytotoxic properties.
Moreover, the possible mechanism of tumor cell death upon

M2-type TAM treatment was determined by FCM analysis
using a standard Annexin V-FITC apoptosis assay kit.59 Briefly,
the M2-type RAW264.7 cells were incubated with HA (1 μM,
40 kDa), UCNs-MnO2-Ce6 (50 μg/mL) and UCNs-MnO2-
Ce6-HA (PUN, 50 μg/mL) in the transwell supports for 24 h,
respectively. The B16F10 cells were seeded in 12-well plates (5
× 105 cells/well in 1 mL DMEM) and incubated with PUN
(200 μg/mL) for PDT treatment upon 808 nm light irradiation
as previously. After 24 h incubation, the residual tumor cells
were cocultured with the macrophages at different polarization
states in the upper chamber of transwell insert in the incubator
for 3 days. The tumor cells were harvested with trypsin and
resuspended in 1 × annexin-binding buffer to afford the dilute
cells density (5 × 105 cells in 200 μL binding buffer). Then 5
μL Annexin V-FITC solutions (100 μg/mL) were added to the
cell suspension for 15 min incubation at room temperature.
After washing with binding buffer for two times, the cells were
resuspended in 200 μL binding buffer and stained with 5 μL
propidium iodide (PI) solutions (100 μg/mL) for another 15
min incubation at room temperature. The free regents were
removed by washing two times and the cells samples were
mixed gently within 400 μL ice-cold binding buffer for FCM
analysis. The cells were enumerated by BD LSRFortessa X-20
flow cytometer (FITC: Ex: 488 nm, Em: 525/50 nm; PI: Ex: 532
nm, Em: 610/20 nm). Usually, in each panel of FCM analysis,
the lower left quadrant shows the healthy cells (Annexin V-
FITC−/PI−), the lower right quadrant shows early stage
apoptotic cells (Annexin V-FITC+/PI−), the upper right
quadrant shows late-stage apoptotic cells (Annexin V-FITC+/
PI+), and the upper left quadrant shows necrotic cells (Annexin
V-FITC−/PI+), respectively. The percentage of necrotic, early,
and late apoptotic cells indicates the cell damage upon M2-type
TAMs treatment. The results were processed with FlowJo 7.6.1
software.
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