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ARTICLE INFO ABSTRACT

Keywords: Inspired by erythrocytes that contain oxygen-carrying hemoglobin (Hb) and that exhibit photo-driven activity,
Hem"gk’bi'“ microgel we introduce homogenous-sized erythrocyte-like Hb microgel (pGel) systems (5-6 pm) that can (i) emit heat, (ii)
Upconversion supply oxygen, and (iii) generate reactive oxygen species (ROS; '05) in response to near-infrared (NIR) laser

Photothermal therapy
Photodynamic therapy
Hypoxic tumors
Oxygen-generation

irradiation. Hb pGels consist of Hb, bovine serum albumin (BSA), chlorin e6 (Ce6) and erbium@lutetium
upconverting nanoparticles (UCNPs; ~35 nm) that effectively convert 808 nm NIR light to 660 nm visible light.
These Hb pGels are capable of releasing oxygen to help generate sufficient reactive oxygen species (*O3) from
UCNPs/Ce6 under severely hypoxic condition upon NIR stimulation for efficient photodynamic activity. More-
over, the Hb pGels emit heat and increase surface temperature due to NIR light absorption by heme (iron pro-
toporphyrin IX) and display photothermal activity. By changing the Hb/UCNP/Ce6 ratio and controlling the
amount of NIR laser irradiation, it is possible to formulate bespoke Hb pGels with either photothermal or
photodynamic activity or both in the context of combined therapeutic effect. These Hb pGels effectively suppress
highly hypoxic 4T1 cell spheroid growth and xenograft mice tumors in vivo.

1. Introduction

Hemoglobin (Hb) is a natural tetrameric protein present in eryth-
rocytes and comprising two o and two B polypeptide subunits that binds
to oxygen [1]. The high oxygen-binding capacity of Hb has resulted in
the development of many nano- or micro-scale Hb-based oxygen carriers
(HBOCs) to supply oxygen as a blood substitute and mimic erythrocyte
function [2]. Chemically-modified Hb conjugates (cross-linked, PEGy-
lated, polymerized Hb, etc.) [3-6] and Hb-encapsulating particles
(Hb-coated/containing liposomes/nanogels, microspheres, etc.) have
shown high oxygen-supply potential. Oxyglobin™ (Biopure, Inc., USA),
a glutaraldehyde-crosslinked bovine Hb, was approved in Europe and
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USA for veterinary use [5]. Moreover, Hb has much higher O,-binding
affinity than fluorocarbon-based oxygen carriers (FBOCs) like Fluo-
sol-DA™, a 20% PFC formula [7], and is also known to generate hydroxy
radicals (¢OH) via the Fenton reaction during autoxidation [8,9]. In
addition, attempts have been made to mimic the shape, structure, and
functions of Hb-containing erythrocytes to develop new biological
templates [10-12]. Likewise, Hb is viewed as one of the most versatile
materials for oxygen therapeutics.

Tumor hypoxia, which results from structural abnormalities of the
tumor vasculature, is considered a critical hurdle in cancer therapy.
Solid tumors contain numerous hypoxic regions because their vascula-
ture is unable to supply sufficient oxygen to each cell [13,14]. The
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reduced oxygen level in hypoxic tumors impairs the therapeutic effi-
ciency of chemotherapeutics, radioactive medicines, and photo-
sensitizing agents that require oxygen for activity. Oxygen level of
severe hypoxic tumors has been measured as less than 5 mmHg (<0.7%)
compared to the 30-52 mmHg (3.9-6.8%) oxygen level of normal tissues
[15]. Hence, sufficient oxygenation is essential for treating hypoxic tu-
mors, and many strategies to elevate oxygen level have been investi-
gated to overcome hypoxia-induced resistance to cancer treatment
[16-23].

Photodynamic therapy (PDT) is a highly effective tumor treatment.
Photosensitizing agents (PS) are able to generate reactive oxygen species
(ROS) such as hydroxy radicals and singlet oxygen (102) from oxygen
molecules in response to near-infrared (NIR) irradiation; these ROS then
critically damage tumor cells [24,25]. However, the therapeutic per-
formance of PDT is inhibited in hypoxic tumor regions because of the
dependence of this method on tissue oxygen level and light intensity.
Moreover, most PS agents have a maximum absorption of ~660 nm, and
light of this wavelength cannot fully penetrate deep tissues compared to
NIR light (700-980 nm) [26-28]. Upconverting nanoparticles (UCNPs)
capable of emitting shorter wavelength light from longer excitation light
based on the anti-Stokes phenomenon have been utilized to increase
penetration depth and illumination efficiency. In particular, UCNPs that
absorb light at wavelengths of 700-980 nm and emit light of ~660 nm
can trigger PS in the body. Lanthanide element-doped core@shell
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UCNPs consisting of a sensitizer and an activator have been widely used
to maximize upconversion activity [29-32].

Hyperthermia is another antitumor therapy. Severe hyperthermia
(>48 °C for 10 min) is known to induce rapid apoptosis and irreversible
death of tumor cells [33]. By contrast, mild hyperthermia of 39-42 °C
enhances the delivery of antitumor therapeutics to the tumor due to
increased blood flow and improved vascular permeability of either the
drug or nanoparticles due to enlargement of the pores of tumor blood
vessels [34-36]. Also, mild hyperthermia helps increase oxygen levels
(e.g., partial oxygen pressure (pO3) and oxy-hemoglobin (HbO3)) in
solid tumors, potentiating the antitumor efficacy of chemotherapeutics
[37,38]. Consequently, using hyperthermia in conjunction with primary
antitumor modalities can enhance the effectiveness of antitumor ther-
apy. Many conventional photothermal agents, such as indocyanine
green, IR780, and gold nanorods, can be used to control the surface
temperature in response to NIR laser irradiation depending upon laser
intensity, irradiation time, and the concentration of photothermal
agents among other factors [39-42].

Herein, we introduce in situ injectable versatile erythrocyte-sized
microgel platforms (5-6 pm) with controlled photothermal and photo-
dynamic activity that generate heat, O,, and ROS in response to NIR
light. Microgels (Hb pGel) comprised (i) hemoglobin to supply oxygen
and emit heat in response to 808 nm laser irradiation, (ii) albumin to
stabilize the pGel system, and (iii) UCNPs to emit ~660 nm light in
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Fig. 1. Schematic illustration showing heat, oxygen, and reactive oxygen species-generating erythrocyte-sized hemoglobin microgels (A) and the use of these

microgels for photothermal and photodynamic therapy in hypoxic tumors (B).
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response to deep-penetrating 808 nm laser illumination to activate a
photosensitizing agent (Ce6) and produce singlet oxygen (10g). We
hypothesized that these Hb pGels would be able to elevate the O, level in
hypoxic tumors and potentiate the cytotoxic effect of photodynamic
therapy in conjunction with UCNPs. In addition, we posit that heat
emission from Hb in response to NIR laser irradiation (808 nm) would
help expand the tumor vasculature due to locally elevated temperature
(41-42 °C) or could ablate malignant tumors due to severe hyperthermia
(>48 °C). Our UCNP/Ceb6-loaded Hb pGels are versatile photothermal
and photodynamic injectable agents that can overcome the obstacles
associated with treatment of hypoxic tumors (Fig. 1).

2. Results and discussion
2.1. Fabrication and characterization of UCNPs

First, we fabricated UCNPs capable of activating a photosensitizer
(Ce6) and incorporating into the Hb microgel structure. Our goal was to
fabricate UCNPs that efficiently emit 660 nm light upon 808 nm exci-
tation for Ce6 activation. We sought to prepare simple UCNPs consisting
of only two components, an erbium (Er) core and a lutetium (Lu) shell,
that predominantly emitted red fluorescence emission (~660 nm) in
response to 808 nm NIR light. The optimized 660 nm emission of UCNPs
is inevitable because the quantum efficiency of regular UCNPs is usually
very low (<1%) [43,44]. The highest NIR-to-visible efficiency for UCNPs
is 5% even when using deeply penetrating long wavelength light
(800-1200 nm) and high irradiation (~100 W/cem? [45]. Furthermore,
UCNPs should be able to disperse well in water to prevent rapid sedi-
mentation or aggregation in response to a high metal density during the
emulsification step.

As shown in Fig. 2A, core-only (Er) and core@shell (Er/Lu) UCNPs
typically had sharpened edges and were hexagonal in shape. The size of
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Er core nanoparticles was optimized by varying the Er/F ratio and NH4F
amount (Fig. S1). The final particle sizes of core-only (Er) and core@-
shell (Er/Lu) UCNPs were ~25 and ~35 nm, respectively (Figs. 2B and
S1), indicating that these particles were small enough for colloidal
dispersion without critical sedimentation (Fig. 2C). Unlike other con-
ventional lanthanide-based UCNPs (herein, NaYF4: Yb, Nd, Er@NaLuF4
UCNPs), the prepared Er@Lu (NaErF4@NaLuF,4) UCNPs presented pre-
dominant red emission (>96.7%) around 660 nm but negligible green
emission (<3.3%) around ~540 nm, which effectively activated Ce6.
Also, our NaErF4@NaLuF4 UCNPs were found to have significantly
higher emission intensity (>2.7 fold) around 660 nm, when compared
with conventional formula for NaYF4: Yb, Nd, Er@NaLuF4; UCNPs
(Fig. S2) in response to 808 nm laser irradiation [29,30].

In our Er@Lu UCNPs (NaErF4@NaLuF4 NPs), Erst played both roles
as sensitizer and activator, absorbing photons and donating the photons
to Er’" itself and thereby undergoing multi-step excitation owing to
energy transfer [46,47]. This process generates upconverting lumines-
cence. Moreover, the Lu®"-shell plays a role in confining the excited
energy within core lattices and strengthening the upconversion emission
by preventing surface quenching [29,30,48]. TEM images, element
mapping, and EDS spectra for Er@Lu UCNPs shown in Fig. 2D, E and F,
respectively, revealed the distribution of Er and Lu in the core and shell
of UCNPs. X-ray diffraction (XRD) spectral patterns of the prepared
Er@Lu UCNPs (NaErF4@NaLuF4 Core@Shell NPs) were consistent with
the representative peaks of previously reported UCNPs [30,49]: all
peaks corresponded to (100) (110) (101) (200) (111) (201) (210) (211)
(112) (220) and (311) lattice planes of pure hexagonal phase of NaErF4
standard pattern (JCPDS #27-0689). The overall result indicated that
our Er@Lu UCNPs were successfully synthesized with the hexagonal
phase crystals (Fig. 2G) and strong performance for photodynamic ac-
tivity [50,51].
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Fig. 2. (A) TEM images of (a) core only and (b) core@shell UNCPs. (B) Histograms of particle sizes of (a) core only and (b) core@shell UNCPs. (C) Photographs of
dispersed solutions of Er or Er@Lu UNCPs emitting red fluorescence when irradiated with 808 nm laser. (D) (a) TEM image of Er@Lu UCNPs, (b) and (c) element
mapping of core and shell, respectively, (d) electron mapping, (e) merged image. (E) Er and Lu distribution profiles of UCNPs. (F) EDS (electron dispersive spec-
troscopy) spectrum of Er@Lu UCNPs. (G) XRD spectra of (a) core UNCPs, (b) core@shell UNCPs, (c) JCPDS: 27-0689 (NaErF,).
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2.2. Preparation and characterization of hemoglobin microgels

Erythrocytes are the most abundant cells in blood and have multiple
biological functions including oxygen delivery [12]. Erythrocytes are
viewed as natural transport agents for drug delivery because there is
abundant intracellular space for drug loading and their physical struc-
ture and size can aid in immune cell evasion [11]. Drug-encapsulated or
surface-modified erythrocytes can function as circulating depot systems
by protecting the drugs from phagocytosis, resulting in gradual release
of drugs into the blood and attenuation of drug-related toxicity [52].
There have been several successful attempts to mimic the biological
functions and physical shape/structure of erythrocytes for drug delivery
[3,10,11]. Precise micro-size control of oxygen carriers similar to
erythrocytes is important because the size of oxygen carriers affects
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physical contact with relevant cells and cellular uptake by adjoining
cells as well as phagocytic cells [53].

We prepared hemoglobin microgels (Hb pGels) similar in size to
natural erythrocytes and with a roughly similar shape though without
the concave depression characteristic of natural erythrocytes. Hb pGels
were facilely prepared using a well-established membrane emulsifica-
tion method involving the use of Shirasu porous glass (SPG) membranes
(Fig. S3). In agreement with the significant accomplishments by Ito et al.
[53-55], the size of our Hb pGels could be controlled by adjusting the
pore size of the SPG membranes; in particular, extrusion emulsification
(w/0) using a hydrophobic SPG membrane with 3-ym pores resulted in
the best size matches of our Hb pGels (5-6 pm) with that of erythrocytes
(5-7 pm) (Fig. S4). As shown in Fig. 3A, our Hb pGels prepared using
different amounts of hemoglobin and albumin (fluorescein-labelled)

o monse_sfbsew sl
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Fig. 3. (A) CLSM images of microgels of Hb and BSA using various weight-based feed ratios (Hb:BSA) of (i) 0:16, (ii) 6:10, and (iii) 10:6 (Hb and BSA-FITC
fluorescence measured using Ex/Em wavelengths of 549/628 nm and 495/519 nm, respectively). (B) SEM (left), fluorescence microscopy (right top), and CLSM
(right bottom) images of Hbg pGels. (C) Focused ion beam (FIB)-based SEM images of Er@Lu UCNP-loaded Hbg pGel. (D) FIB-TEM images of Er@Lu UCNP-loaded
Hbg pGel. (E) FIB-SEM images of Er@Lu UCNP-loaded Hbg pGels prepared using different UCNP amounts (a: 120 mg, b: 60 mg, c: 30 mg, d: 0 mg). (F) Photographs of
(a) dry powder and (b) dispersed solutions of Hb, pGel, Hbg pGel and Hb;o pGel. (G) CLSM images of Hbg microgels with Er@Lu UCNPs and Ce6.
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were visualized by confocal laser scanning microscopy (CLSM). Red or
green fluorescence indicated the presence of Hb and BSA, respectively. A
greater Hb feed amount led to greater red fluorescence intensity, indi-
cating higher incorporation of Hb into the respective Hb pGels. Hbg
pGels were homogenously spherical and highly uniform in size (~6 pm)
(Fig. 3B). Our next important goal was to incorporate large quantities of
Er@Lu UCNPs into the Hb pGel during membrane emulsification and
gelation. Er and Lu are very heavy (density: 9.2 and 9.7 gecm S,
respectively), and the surfaces of oleate-capped Er@Lu UCNPs are hy-
drophobic and minimally water-dispersible. Sedimentation and aggre-
gation of Er@Lu UCNPs should be prevented by substitution with the
hydrophilic polyacrylic acid (PAA) [56]. The resulting PAA-coated
Er@Lu UCNPs were well dispersed in water and phosphate buffer over
12 h without significant precipitation or particle agglomeration, when
compared with oleate (OA)-coated Er@Lu UCNPs. This enhanced dis-
persibility probably ensured their stable incorporation into the water
phase during membrane emulsification (<60 min) (Fig. S5), showing the
relatively high encapsulation efficiency of >63%.

Incorporation of UCNPs into Hb pGels was identified by focused ion
beam (FIB)-scanning electron microscopy (SEM) and transmission
electron microscopy (TEM); the water phase-dispersed UCNPs were
stably embedded throughout the internal network structure of Hb uGels
based on cross-sectional surface analysis (Fig. 3C), and the presence of
incorporated UCNPs was also confirmed using TEM (Fig. 3D). As shown
in Fig. 3E, the amount of incorporated UCNPs was proportional to the
respective feed amount (0-120 mg). As-prepared Er@Lu UCNP-loaded
Hb pGels prepared at different feed amount ratios of Hb and BSA
(0:16, 6:10, and 10:6) had distinctive powder colors and were well
dispersed in solution as fine micro-suspensions without aggregation
(Fig. 3F). The photosensitizer Ce6 was directly incorporated into the Hbg
pGels (+UCNPs) at the final step for photodynamic activity, and the Ce6-
containing Hbg pGels were visualized using CLSM at wavelengths
appropriate for Hb and Ce6, respectively (Fig. 3G). In general, surface
Ce6-conjugated UCNPs (i.e., UCNPs@SiO3) have been utilized in intra-
venous route for photodynamic therapy in terms of high energy transfer.
However, a direct loading method for Ce6 was considered more efficient
for local delivery because additional Ce6 conjugation step onto UCNPs
was associated with practical inefficiency at our microgel system, such
as, restricted conjugation yield and reduced dispersability of UCNPs
owing to low Ce6 solubility.

2.3. Photothermal activity of Hb uGels

We next examined the pharmaceutical performance of the various
Hb pGels including Er@Lu UCNP/Ce6-loaded Hb pGels in terms of the
generation of heat, oxygen and singlet oxygen (ROS). First, the photo-
thermal ability of Hb pGels was evaluated. As with porphyrins with
pyrrole rings and unsaturated linkers, heme (iron protoporphyrin IX), a
major component of Hb, efficiently absorbs visible bandwidth light
much more than other blood components [57]. In particular, heme de-
rivatives coordinated with metal ions effectively absorb light and have
strong photothermal as well as photodynamic effects [57,58]. For
example, porphysome nanovesicles were shown to display strong hy-
perthermia comparable to that of gold nanorods in response to 673 nm
laser irradiation [58]. Previously, we reported concentration-dependent
hyperthermal activity in in situ PEGylated hemoglobin hydrogels; these
hydrogels had surface temperatures of ~70 °C at 100 mg/ml feed con-
centration under 808 nm irradiation [59]. This was due to considerable
absorption of NIR red light (700-900 nm) by hemoglobin. Similar to our
previous findings [59], the Hb pGels showed hyperthermal activity
under 808 nm laser irradiation that was comparable to that of naive Hb
(Fig. S6).

As shown in Figs. 4A, B and S7, Hb;g or Hbg pGels (30 mg/mL) had
surface temperatures up to ~58 and 46 °C, respectively, after 15 min
under 808 nm-laser irradiation (1.5 W/cmz), whereas Hby pGels (BSA
pGel without any Hb) emitted little heat under the same conditions. The
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photothermal activity of Hb pGels according to Hb feed amount was also
visualized by photothermal camera (Fig. 4C). Hb pGels showed photo-
thermal activity only when irradiated with 808 nm laser light. Local
hyperthermia around 41-42 °C could be precisely tuned by controlling
irradiation time and intensity (Fig. 4D). Mild hyperthermia (42-48 °C)
of mice tumors was achieved using Hb pGels (Hb:BSA = 10:6 or 6:10)
and 808 nm laser irradiation, whereas the surface temperature of mice
tumors treated with PBS or Hby pGel did not increase appreciably
(Figs. 4E, F and S8).

2.4. Oxygen-carrying and photodynamic activity of Hb uGels

Circular dichroism spectra of Hb pGels showed little similarity with
those of its major component materials (Hb and BSA) in the wavelength
range of 190-260 nm. Wavelengths of each Hb pGel formula (Hb:BSA =
10:6, 6:10 or 0:16, respectively) appeared to be around 228-234 nm,
whereas Hb and BSA had 222 or 210 nm troughs because of the large
size of Hb pGels (>5 pm) (Fig. 5A). The major hemoglobin form used in
this study was acellular methemoglobin (Fe>*), which has a low oxygen-
binding/carrying affinity [5]. Therefore, met-Hb should be reduced to
ferrous Hb (Fe®™), which is more likely to bind to oxygen as an oxyhe-
moglobin; ascorbic acid can then be used to reduce met-Hb to ferrous Hb
for further facile conversion to (de)oxy-Hb.

Representative UV-VIS spectra peaks for met-Hb and oxy-Hb were
observed at ~406 and ~412 nm, respectively [60,61]. Similarly, our
Hbg pGel and ascorbic acid-reduced Hbg pGel (presumably oxygenated
Hb pGel) had UV-VIS spectral peaks at ~408 and ~413 nm, respectively
(Fig. 5B). However, our Hbg pGel did not display two distinct peaks at
~540 and ~575 nm, which are representative of oxy-Hb (data not
shown). The colors of both Hb and Hbg pGel solutions became browner
upon addition of ascorbic acid (final concentration of 6 mM) (Fig. 5C).
As shown in Fig. 5D, the nitrogen-purged hypoxic Hbe pGel sample
contained very little oxygen, whereas oxygenated Hbe pGel showed
immediate increase in the Oy concentration in a hypoxic solution.
Furthermore, oxygenated Hbg pGel with ascorbic acid (6 mM) increased
the Oy concentration significantly (vs. Hbg pGel without ascorbic acid),
and this O, concentration was maintained for 20 min. The increase of O5
concentration by Hbe pGel (+ ascorbic acid & oxygen) was higher than
that of Hbg pGel (+ PFC & oxygen). However, Hbg pGel (+ PFC & ox-
ygen), which included a PFC-loaded BSA nanoemulsion (PFC/BSA-NE;
Fig. S9), exhibited a second episode of oxygen release when treated with
ultrasound for 5 min. These results indicated that oxygenated Hbg pGels
(if additionally formulated with PFC/BSA-NE) can deliver a prolonged
oxygenation effect under hypoxic conditions. Finally, the singlet oxygen
(10y)-generating ability of each Hb pGel was evaluated under normoxic,
hypoxic, or oxygenated conditions.

As mentioned above, 10,-generation efficiency is critically deter-
mined by oxygen level, from which singlet oxygen are generated. Thus,
photodynamic antitumor therapy using photosensitizers is not effective
in severely hypoxic cancers. Nitrogen-purged hypoxic UCNP/Ce6-
loaded Hbg pGel samples generated no significant 'O, whereas
oxygenated UCNP/Ce6-loaded Hbg pGels induced 0, production even
under hypoxic conditions. Importantly, UCNP/Ce6-loaded Hbg pGels (+
ascorbic acid & oxygen) resulted in gradual generation of 'O, over 60
min, and the '0,-generating ability of these gels was higher than that of
UCNP/Ce6-loaded Hb pGels (+ PFC & oxygen) (Fig. 5E). Singlet oxygen
sensor green (SOSG) oxidized by singlet oxygen (10,) forms SOSG
endoperoxide (SOSG-EP), providing strong fluorescence signals. The
SOSG signal intensity from microplate wells for corresponding samples
were visualized at predetermined times using a fluorescence imaging
system (NeoScience, Suwon, Korea). As shown in Fig. 5F, the SOSG
signal intensity of the groups with supplied oxygen gradually increased
with the color change from green to red. Especially, UCNP/Ce6-loaded
Hbe pGels (+ ascorbic acid & O3) displayed the strongest red fluores-
cence signal at 60 min, when compared with other groups.
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Fig. 4. (A) Kinetic changes in surface temperatures of Hb pGels (20 or 30 mg/ml each) under NIR laser irradiation (808 nm, 1.5 W/cm?). *P and *P < 0.006 over
Hb;o pGel (20) and Hbg pGel (20), respectively. (B) Thermographic images of PBS and Hb pGels under NIR laser irradiation (808 nm, 1.5 W/cm?). (C) Fluorescence
and thermographic images of Hb,, Hbg, and Hb, pGels irradiated by laser (808 nm, 1.5 W/em?). (D) Mild hyperthermia (41-42 °C) induced by Hb,, Hbg and Hb;q
uGels with alternation of on/off 808 nm light irradiation. *P and *P < 0.005 over Hb, pGel +808 nm and Hbe pGel +808 nm, respectively. (E) Tumor temperature
change profiles of Hb uGel groups with or without 808 nm laser irradiation (0.3-0.5 W/cm?) in a mild hyperthermia setting (41-42 °C). (F) In vivo whole-body

thermal images of 4 T1 tumor-bearing mice treated with PBS, Hby, Hbg or Hby( pGels.
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Fig. 5. (A) Circular dichroism spectra of PBS, naive Hb, BSA or Hby, Hbg, and Hb;( pGels. (B) UV-VIS spectra of naive or ascorbic acid-treated Hbg pGels. (B) Singlet
oxygen generation profiles of PBS and the various Hb pGel groups under different conditions. (C) Photographs of naive Hb (a) and Hbg pGel (c) or ascorbic acid-
treated-Hb (b) and ascorbic acid-treated-Hbg pGel (d), and ascorbic acid-treated/oxygenated-Hbe pGel (e). (D) Oxygen generation profiles of the various Hbeg
pGel groups under different conditions. (E) SOSG fluorescence profiles showing the amount of singlet oxygen produced at each time point (Ex/Em = 485/538 nm).
*P < 0.01 over Hbg pGel + PFC + O3 + US(+). (F) Fluorescence images of each microplate well showing the production level of singlet oxygen at various time points:
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2.5. Invitro cytotoxic evaluation of Hb puGels in hypoxic cell spheroids did not use 2D cell beds for cytotoxicity evaluation because these cell
beds became tightly attached and covered with a large quantity of Hb

We next evaluated the cytotoxicity of our UCNP/Ce6-loaded Hb pGel even at a relatively low concentration (0.5-2.0 mg/ml) vs. the
pGels (Hbyg or Hbe pGel) to hypoxic 4T1 cell spheroids. Given the concentration used in the spheroid system (>20 mg/ml), which pre-
relatively large size (~6 pm) of our Hb puGels compared to 4T1 cells, we sumably resulted in temporary unwanted hypoxia, abnormal physiology
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and eventually cell death (Fig. S10). Hence, three dimensional 4T1
spheroids (~500 pm) were chosen for the staining-based in vitro cyto-
toxicity evaluations, such as, Live/Dead™, ROS production and HIF-1a
assay. As shown in Fig. 6A, UCNP/Ce6-loaded Hb puGels were well
dispersed in media and contacted the outer layer of 4T1 spheroids. Hb
nGels are unlikely to penetrate cells or the deep inner space of spheroids
given their large size (5-6 pm vs. each cell 30-40 pm) (Fig. S11). Hyp-
oxia was achieved in a hypoxic chamber using a hypoxic gas stream (5%
CO2/95% N3) and confirmed by visualizing hypoxia-inducible factor
(HIF)-1a expression.

As shown in Fig. 6B, spheroids subjected to hypoxic conditions
stained strongly with anti-HIF-1o antibody (emitted bright green fluo-
rescence). By contrast, normoxic spheroids did not stain with anti-
-HIF-1a antibody [23]. Significantly, 4T1 spheroids treated with either
UCNP/Ce6-loaded Hbg pGels (+ ascorbic acid & oxygen) or
UCNP/Ce6-loaded Hby pGels (+ PFC & oxygen + US scan) did not
produce a hypoxic fluorescence signal. Intracellular 10, generation in
4T1 cell spheroids was visualized by CLSM. Under hypoxic conditions,
all 4T1 cell spheroids incubated with UCNP/Ce6-loaded Hb pGels dis-
played negligible fluorescence signals, indicating the absence of intra-
cellular 10, based on CellROX® Deep Red dye detection regardless of
808-nm laser irradiation (Fig. S12). By contrast, when irradiated with
808 nm laser light, all 4T1 cell spheroids incubated under normoxic or
oxygenated conditions with UCNP/Ce6-loaded Hbg pGel (+ ascorbic

Spheroid Hbg uGel Spheroid & Hbg uGel

A

Morphology
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acid & oxygen) or UCNP/Ce6-loaded Hb pGel (+ PFC & oxygen + US
scan) emitted strong fluorescence signals. This indicated that our
UCNP/Ce6-loaded Hbg pGels were able to release or generate both Oq
and 10, under hypoxic conditions and thereby kill spheroids (Fig. 6C).
The UCNP/Ce6-loaded Hbg pGels (4 ascorbic acid & oxygen + 808 nm
laser) effectively killed spheroids, whereas naive UCNP/Ce6-loaded Hbg
pGels were unable to kill spheroids under hypoxic conditions despite
808 nm laser irradiation. The cytotoxicity of UCNP/Ce6-loaded Hbg
uGels (+ ascorbic acid & oxygen + 808 nm laser) was comparable to that
of UCNP/Ce6-loaded Hby pGels (+ PFC & oxygen + US scan + 808 nm
laser) (Fig. 6D).

As shown in Fig. 6E, UCNP/Ce6-loaded Hbg pGels displayed a sig-
nificant photodynamic activity-based cytotoxic effect at a low concen-
tration (20 mg/mlL; 808 nm laser 30 min) and under normoxic
conditions, while Hbg pGels (30 mg/mL without Ce6/UCNPs) showed
notable photothermal activity-based cytotoxicity in response to 808 nm
laser irradiation (1.5 W/cm?) for 30 min. As shown in Fig. 6F, UCNP/
Ce6-loaded Hbg pGels had significant cytotoxic activity with mild hy-
perthermia (41-42 °C) in conjunction with photodynamic activity under
normoxia, whereas Hbg jiGels were unable to kill 4T1 spheroids despite
mild hyperthermia. The strong photothermal activity induced by 808
nm laser irradiation (1.5 W/cm? for 30 min) of Hbe pGels (~40 mg/mL)
effectively killed spheroids, as indicated by the absence of green fluo-
rescence. Additionally, the 808 nm laser irradiation (1.5 W/cm? for 60
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Fig. 6. (A) CLSM images of a 4T1 cell spheroid with dispersed Hbg pGel. (B) CLSM images of HIF-1a staining in 4T1 cell spheroids treated with PBS or various Hb
pGels under normoxic, oxygenated or hypoxic conditions. (C) CLSM images of intracellular ROS production in 4T1 cell spheroids treated with Hb pGels (+UCNPs/
Ce6) with or without 808 nm laser irradiation under normoxic or hypoxic conditions. (D) CLSM images of live/dead 4T1 cell spheroids incubated with Hb pGels
(+UCNPs/Ce6) with or without 808 nm laser irradiation under hypoxic or oxygenated conditions. (E) CLSM images of live/dead 4T1 cell spheroids incubated with
PBS, Hbg pGel (+UCNPs/Ce6) or Hbo pGel with or without 808 nm laser irradiation under normoxic conditions. (F) CLSM images of live/dead 4T1 cell spheroids
incubated with PBS or Hbg pGel (+UCNPs/Ce6) with or without 808 nm laser irradiation specifically adjusted to induce mild (41-42 °C) or high (>48 °C) surface

temperatures. Green and red represent live and dead cells, respectively.
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min) alone hardly exhibited significant temperature increase and dele-
terious effect on the 4T1 spheroid viability (Figs. 6D, E and S12).
Therefore, the overall cytotoxicity to 4T1 tumor cells was obviously due
to the combined effects by photothermal and photodynamic activity
aided by O supply.

2.6. In vivo imaging and tumor oxygenation of Hb uGels in hypoxic mice
tumors

The presence of metal (Er/Lu) components was clearly detected in
UCNP/Ce6-loaded Hbg pGels by computed tomography (CT). Especially,
Lu shell-based UCNPs possess prominent spectral X-ray CT performance,
which is considered even better than that of clinical used Iohexol® and
provides improved diagnostic interpretation [62]. As shown in Fig. 7A,
UCNP/Ce6-loaded Hbe pGels were detected at the injection site of
mouse tumors up to 1 day after injection. However, a negligible quantity
of UCNP/Ce6-loaded Hbg pGel was present at the tumor site on day 7.
After intratumor injection of UCNP/Ce6-loaded Hbg pGels (including Hb

Hby uGel Hb; uGel

Hby; uGel

m
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and Cy5.5-BSA) in 4T1 tumor-bearing mice, Hb and Cy5.5 fluorescence
were visualized. Considerable amounts of fluorescence from both Hb
and Cy5.5 were present for up to 12 h, but the NIR-fluorescence signals
decreased gradually and then faded at 168 h after intratumor injection
(Figs. 7B and S13). Accumulation of oxygen (as HbO3) in the 4T1 tumors
of mice was visualized by photoacoustic (PA) analyses with high reso-
lution and deep imaging depth (Fig. 7C). Intratumor injection of PBS and
hypoxic Hbg pGel (purged with Nj3) generated very little oxygen
(20-30% over 60 min). However, intratumor injection of Hbe pGel (+
ascorbic acid & oxygen) effectively elevated the tumor oxygen level
(>60%) at 0-30 min, comparable to that achieved by Hbg pGel (+ PFC
+ US(+)) (>55-65% over 30 min) (Fig. 7D). These findings demon-
strated that our Hbg pGel were able to supply oxygen to ameliorate
hypoxia in solid tumors.
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Fig. 7. (A) Computerized tomography (CT) images of 4T1 tumor-bearing mice intratumorally injected with UCNP-loaded Hbg pGels. (B) In vivo visualization of 4T1
tumor-bearing mouse after intratumor injection of Hbeg pGel based on Cy5.5 and Hb fluorescence at 630 and 730 nm, respectively. (C) Photoacoustic images showing
4T1 tumor oxygenation before and after intratumor injection of PBS or various Hbg pGels (+ ascorbic acid or PFC) with or without ultrasound (US) treatment. (D)
Oxygen level profile of 4T1 tumors before and after intratumoral injection of PBS or various Hbg pGels (4 ascorbic acid or PFC) under different conditions. P <
0.003, *P < 0.001 and *P < 0.05 over the group of Hbg pGel + PFC + O + US(-). (E) Brief schedule for in vivo antitumor efficacy experiment using a 4T1 xenograft

mice model.
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2.7. Invivo antitumor efficacy of intratumor-injected Hb uGels in hypoxic
mice tumors

Our final aim was to evaluate the antitumor effect of UCNP/Ce6-
loaded Hb pGels in a hypoxic 4T1 tumor-bearing mouse model
(Fig. 7E). Mice having tumors of 120-150 mm? were randomly divided
into seven groups (G1-G7). Hb pGel samples for each group were
designated to reveal the differences in antitumor efficacy in terms of
hemoglobin content, photodynamic activity, oxygen supplying effect

A 1200 F
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and hyperthermal degree (NIR laser irradiation time etc.). The detailed
sample descriptions were presented in Fig. S14. The NIR irradiations for
the mild and strong temperature setting and ultrasound scan were per-
formed for 20, 30 and 60 min, respectively. Tumor volumes were
measured for 20 days after treatment (Fig. 8A and B). Tumor volumes on
day 20 for groups G1 - G7 were 1089.9 + 79.2, 986.7 + 22.8, 916.5 +
104.7,893.1 +22.7, 484.7 + 23.8, 106.8 + 83.5, and 49.8 + 37.2 mm3,
respectively. Compared with G5 mice, there was less opportunity for
release and supply of oxygen (from PFC) in mice in G6 due to the
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Fig. 8. (A) Profile of tumor volumes of 4T1 tumor-bearing mice treated with G1 - PBS (non-treated); G2 - Hbg pGel + 808 nm (+) under a mild temperature
(41-42 °C) setting; G3 - Hb, pGel (+UCNPs/Ce6) previously treated with nitrogen to maintain a hypoxic state + 808 nm (+) (1.5 W/cm? for 20 min); G4 - Hbg pGel
(+UCNPs/Ce6) + ascorbic acid + Oz + 808 nm (—); G5 - Hbg microgel (+UCNPs/Ce6) + PFC + O + 808 nm (+) + US(+) (60 min); G6 - Hb; pGel (+UCNPs) + 808
nm (+) (1.5 W/em? for 30 min) under strong hyperthermia (>48 °C) and G7 - Hbg pGel (+UCNPs/Ce6) + ascorbic acid + Oy + 808 nm (+) under a mild temperature
(41-42 °C) setting.. "P < 0.003, *P < 0.001 over G5 and **P < 0.01 over G4. (B) Individual tumor volume profiles of each mouse group (G1-G7). (C) Photographs of
tumors excised from each treatment group. (D) Representative photographs of 4T1-tumor-bearing mice at the indicated days after treatment. (F) Microscopic
photographs showing H&E and TUNEL staining of tumor slices from mice in each treatment group. (G) Immunofluorescence imaging of tumor slices from mice
treated with each sample. Cell nuclei, blood vessels, and hypoxic regions were stained with DAPI (blue), anti-CD31 antibody (red), and antipimonidazole (green),

respectively.
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absence of ultrasound treatment. Tumors in G6 or G7 groups were the
most noticeably suppressed after treatment with UCNP/Ce6-loaded Hb
pGels designed to achieve strong hyperthermia (>48 °C) or photody-
namic performance under a mild temperature (41-42 °C) in addition to
increasing oxygen levels (Figs. 8C, D and S15). Despite only single
treatment during entire in vivo experiment, tumors in G6 or G7 groups
did not significantly regrow at the primary tumor xenograft site until
day 20. Remarkably, tumors of G7* mice (extra n = 3; treated same with
G7 but cared until day 30) almost disappeared on day 30 without sig-
nificant regrowth/recurrence since day 20 (Fig. S15). Body weights of
mice in the seven treatment groups were maintained without significant
change over 20 days, indicating that all mice were well cared for without
deleterious effects for the duration of therapy (Fig. 8E). Separately, we
demonstrated that the 808 nm laser irradiation alone (1.5 W/cm? for 60
min: no sample injection) seldom elevated the surface tumor tempera-
ture and did not suppress the growth of xenograft 4T1 tumors [group H1
(n = 4); tumor volume: 1176.0 £+ 76.3 mm°>] (Fig. S15). Also, the tumor
suppression profile of another group H2 (n = 4) for Hb;( pGel (+UCNPs
without Ce6) with 808 nm laser irradiation at mild temperature
(41-42 °C) was examined to compare with that of G6 (strong hyper-
thermia). This new group did not exhibit significant hyperthermal and
photodynamic effects due to mild temperature setting and absence of
Ce6. The antitumor efficacy of group H2 was much lower than that of G6
but similar with those of G2 or G1 (control PBS) (tumor volume: 962.6
+ 68.0 mm?; Fig. S15).

Tumors obtained from each treatment group were evaluated histo-
logically by hematoxylin and eosin (H&E) staining and terminal deox-
ynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) (Fig. 8F). H&E-stained tumor tissue specimens from G6 and G7
mice exhibited noticeably lower tumor cell density than specimens from
the other mouse groups. The strongest TUNEL fluorescence staining was
found in 4T1 tumors from groups G6 and G7 treated with strong hy-
perthermia or continuous 0, exposure, indicating significant tumor cell
apoptosis in these groups. Cytotoxicity was achieved by ROS-mediated
apoptosis as well as strong and sudden heat stress. Enhanced tumor
oxygenation by Hbg pGels (+ ascorbic acid & oxygen) and Hbg pGels (+
PFC + US(+)) was confirmed using the Hydroxyprobe™-1 (pimonida-
zole HC]) immunofluorescence staining assay for tissue hypoxia. Pimo-
nidazole (2-nitroimidazole), which is specifically reduced and binds to
intracellular macromolecules in hypoxic regions of tumors [63,64], was
intraperitoneally injected immediately after the sample injections. Tu-
mors were resected at 90 min after the pimonidazole injection. As shown
in Fig. 8G, only 4T1 tumors from G4, G5, and G7 mice were not hypoxic,
whereas tumors from mice in the PBS group and other groups showed
clear green fluorescence, indicating hypoxia. Together, these results
indicate that Hbg pGels can supply oxygen to hypoxic tumor tissues,
which can help suppress hypoxic tumor growth. Furthermore, the
intratumoral injection of Cy5.5-tagged or naive Hbg pGel
(+UCNPs/Ce6) resulted in not only negligible accumulation in five
major tissue organs (liver, kidney, spleen, lung and heart) but insignif-
icant changes in tissue histology based on H&E staining. This showed
that our hemoglobin pGels were presumably biocompatible and safe as a
promising injectable microgel system because it mainly consisted of
generally-regarded biocompatible hemoglobin and albumin proteins
(Figs. 8E and S16).

3. Conclusions

In summary, we successfully designed and prepared erythrocyte-like
Hb pGel systems of 5-6 pm in size comprising Er@Lu UCNPs and Ce6
photosensitizer and capable of (i) emitting heat, (ii) supplying oxygen,
and (iii) generating singlet oxygen in response to 808 nm NIR laser
irradiation. Our Hb pGels were able to elevate the surrounding tem-
perature by emitting heat in a controlled manner (either strong or mild)
and also to generate singlet oxygen under sufficient self-oxygenation
due to the activity of UCNPs and the affinity of heme for oxygen. By
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varying synthesis conditions, Hb pGels can be designed to have either
photothermal or photodynamic activity or both to effectively suppress
hypoxic tumor spheroids and mice tumors. Mild hyperthermia induced
by Hb pGels plays a supporting role in killing hypoxic tumor cells
because it facilitates the local transport of O, and '0,. Importantly, all
these abilities can be achieved using a single Hb pGel system in com-
bination with NIR laser irradiation. Taken together, our results validate
Hb pGels as prototype locally injectable microgel platforms for the
treatment of hypoxic tumors.

4. Materials and methods
4.1. Materials

Erbium acetate hydrate (III), lutetium acetate hydrate (III), ammo-
nium fluoride (NH4F), oleic acid, 1-octadecene, ammonium hydroxide
solution, polyacrylic acid (Mw 1,800), hemoglobin (Hb; bovine), bovine
serum albumin (BSA), and kerosene were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Chlorin e6 (Ce6) was purchased from Frontier
Scientific (Salt Lake City, UT, USA). Icosafluoro-15-crown-5-ether (PFC)
was purchased from Tokyo Chemical Industry Co., LTD. (Tokyo, Japan).
SY-Glyster CR-310 was kindly provided by Sakamoto Yakuhin Kogyo Co.
(Osaka, Japan). 4T1 breast cancer cells were obtained from the Amer-
ican Type Culture Collection (ATCC; Rockville, MD, USA). LIVE/
DEAD™ viability/cytotoxicity assay kits, singlet oxygen sensor green
reagent (SOSG), and CellROX™ Green reagent were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Anti-HIF-la primary
and Alexa Fluor®-488-conjugated goat anti-rabbit secondary antibodies
were purchased from Abcam (Cambridge, MA, USA). In situ cell death
detection (terminal deoxynucleotidyl transferase dUTP nick end label-
ing: TUNEL) assay kits were purchased from Roche Diagnostics GmbH
(Mannheim, Germany). Hypoxyprobe™:-1 Plus kits were obtained from
Hypoxyprobe Inc. (Burlington, MA, USA). All other reagents were ob-
tained from Sigma-Aldrich unless otherwise indicated.

4.2. Animals

Animals were cared for in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals. Protocols
were also approved by the Institutional Animal Care and Use Committee
(IACUC) of Sungkyunkwan University (IACUC number: 202106301,
approval date 22 July 2021). BALB/c nu/nu mice (male, 6-weeks-old)
were purchased from ORIENT BIO (Seongnam, R. O. Korea). Mice
were kept in microisolator cages on individually ventilated cage racks,
with unrestricted access to an autoclaved standard rodent diet (LabDiet
5008, Purina, St. Louis, MO, USA) and a 12 h light/dark cycle.

4.3. Synthesis of core UCNPs for red emission

Core UCNPs (~30 nm) were fabricated by slight modification of a
previously described procedure [27]. Briefly, Er(CH3CO2)3 (6 mmol) in
12 mL methanol was added to a round bottom flask containing 24 mL
oleic acid (OA) and 90 mL octadecene (ODE). Methanol was evaporated
at 110 °C under vacuum for 25 min, and the reaction temperature was
maintained at 150 °C for 1 h under argon flow to obtain a clear solution.
After cooling, a methanol solution containing NH4F (24 mmol) and
NaOH (15 mmol) was added slowly to the reaction mixture vessel and
kept at 48 °C for 30 min. After removing methanol, the vessel was heated
to 308 °C at a rate of 10 °C/min and maintained at this temperature for
90 min under an argon atmosphere. The mixture was cooled to 50 °C,
and then 20 mL aliquots of the mixture were mixed with an equal vol-
ume of acetone to precipitate the UCNPs. The resulting suspensions were
centrifuged at 6554 g for 10 min. Pellets were redispersed in a mixture of
OA (6 mL) and ODE (15 mL) to remove impurities as a washing step, and
the suspension was further precipitated by the addition of 21 ml acetone.
After centrifugation (6554 g for 10 min), pellets were finally collected
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and redispersed in 5 ml cyclohexane. Dispersed UCNPs were centrifuged
at 1000 g for 5 min to remove large particles. Finally, supernatants
containing fine UCNPs (~25 nm) were harvested and stored at 4 °C for
further experiments.

4.4. Synthesis and characterization of core@shell UCNPs for red emission

Core@shell (NaErF4@NaLuF4) UCNPs were prepared by slight
modification of a procedure described previously. Briefly, Lu(CH3CO3)3
(3 mmol) in 7.5 mL methanol was added to a round bottom flask con-
taining 24 mL OA and 90 mL ODE. Methanol was evaporated at 110 °C
under vacuum for 30 min, and the temperature was kept at 150 °C for 1
h under argon flow to obtain a clear solution. After cooling, as-
synthesized core UCNPs (300 mg) in cyclohexane were added to the
solution, and the solution was heated to 110 °C for 30 min under vacuum
to remove cyclohexane. The temperature was decreased to 44 °C prior to
slowly adding NH4F (12 mmol) and NaOH (7.5 mmol) in methanol.
After a 30 min incubation period at 48 °C, methanol was evaporated
using the process described above. The reaction vessel was heated to
308 °C at a rate of 10 °C/min and maintained at this temperature for 90
min under an argon atmosphere. Pellets were washed and redispersed by
the same method described for core UCNPs above. Finally, supernatants
containing fine Core@shell UCNPs (~35 nm) were harvested and stored
at 4 °C for further experiments.

4.5. Synthesis and characterization of core@shell UCNPs for green/red
emission

The conventional core@shell (NaYF4: Yb, Nd, Er@NaLuF4) UCNPs
was synthesized to compare with NaErF4@NaLuF4 in terms of emission
spectrophotometric pattern at the 808 nm excitation wavelength. For
the core structure, 6 mmol each of Y(CH3CO3)3, Yb(CH3CO3)3, Er
(CH3CO3)3, and Nd(CH3CO3)3 [by molar ratio, 68.5% Y, 30% Yb, 0.5%
Er, 1% Nd] was dissolved in 10 mL methanol. For the shell structure, 2
mmol of each Y(CH3CO3)3 and Nd(CH3CO3)3 [by molar ratio, 80% Y,
20% Nd] was dissolved in 4 mL methanol. All relevant synthesis steps
are the same as used for synthesis of the NaErF4s@NaLuF, structure
described above.

4.6. Preparation of polyacrylic acid-coated core@shell
(NaErF,@NaLuF,) UCNPs

Five milliliters of polyacrylic acid (PAA) in ethanol (40 mg/mL) was
added to 5 mL of core@shell UCNPs in chloroform (20 mg/mL) and
stirred overnight at room temperature. This solution was then centri-
fuged for 30 min at 14,500 rpm, and PAA-coated-pellets were washed
three times with ethanol. Resulting samples were redispersed in PBS (10
mM) and kept at 4 °C.

4.7. Characterization of core@shell UCNPs

Particle sizes of a series of UCNPs were determined by dynamic light
scattering (DLS) (Zetasizer Nano-S90, Malvern Instruments Ltd., Wor-
cestershire, UK) at a 90° scattering angle, and particle sizes (mean =+ sd)
of representative UCNPs from TEM images were also calculated using
OriginPro® software (OriginLab®). Irradiation by an 808 nm laser
(Laserlab CO, Gyeonggi-do, R. O. Korea) was used to identify the fluo-
rescence emission of UCNPs. Morphology of Core@shell UCNPs was
examined by ultrahigh-resolution analytical electron microscopy (HR-
TEM) (JEM-3010, JEOL Ltd., Tokyo, Japan). Element composition of
materials was captured by TEM and energy dispersive X-ray spectros-
copy (EDS; JEM-ARM200F, JEOL Ltd., Tokyo, Japan). Crystal structures
of core and core@shell nanoparticles were confirmed by X-ray powder
diffraction (XRD) using a D8 ADVANCE system with Davinci (Bruker
AXS GmbH, Karlsruhe, Germany) equipped with Cu Ka radiation and a
high speed LynxEye detector. Samples were analyzed over the 20 range
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of 5-65° with 0.02° increments at a rate of 6°/min. Upconversion
emission spectra were collected over the range of 380-780 nm using a
photoluminescence spectrophotometer (FLS100, Edinburgh In-
struments, UK) at the 808 nm excitation wavelength.

4.8. Preparation of hemoglobin microgels

Hemoglobin microgels (uGels) were fabricated by slight modification
of Shirasu porous glass (SPG) membrane emulsification [53-55]. Briefly,
w/o0 emulsions containing different concentrations of Hb/BSA (10/6%,
6/10%, and 0/16% (w/v) in distilled water (DW) were prepared using
SPG membranes with a pore size of 3 pm. Dispersed and continuous
phases were 3 mL mixture solutions of Hb/BSA (300,180, 180/300, and
0/480 mg, respectively) and 150 mL kerosene with 2%. An internal
pressure type micro kit (MCTech, Shihung, R. O. Korea) was used for
membrane emulsification. The dispersed phase containing hemoglobin
or albumin was passed through the pores of a long tube-shaped SPG
membrane by nitrogen gas-driven pressure, and the extruded
micro-sized droplets were emulsified in oil phase solution by stirring at
220 rpm to induce the formation of hemoglobin microgels. To synthesize
UCNP-loaded Hb microgels, Hb, BSA, and PAA-coated core@shell
UCNPs (180, 300 and 120 mg, respectively) were included in the
dispersed phase and emulsified by the same procedure described above.

The resulting w/o emulsion containing Hb/BSA/UCNP liquid
microdroplets was mixed with 3 mL 50% glutaraldehyde solution (final
concentration of 1.0 v/v%) and stirred at 600 rpm for 3 h for cross-
linking. The reaction was quenched by adding milled glycine (final
concentration; 0.05 M) and allowed to continue for 30 min. The
resulting mixture containing Hb microgels was centrifuged at 6108 g
and washed 3 times with 10 mM PBS containing 0.02% Tween 80 and
50% ethanol. Pellets were finally washed with DW, and the resulting Hb
nGel solution was briefly filtered through a 10-15 pm mesh strainer to
remove aggregated particles and further lyophilized with 3% d-
(+)-trehalose dihydrate to prevent aggregation during the lyophilization
step. To incorporate Ce6, a portion (20 mg) of the freeze-dried Hb pGel
with dissolved UCNPs was mixed with 4 mL of Ce6 (100 pg/mL) dis-
solved in a 1:9 mixed solution of DMSO and DW. The resulting Ce6/
Er@Lu UCNP-loaded Hb pGels were briefly centrifuged at 4000 rpm for
3 min. Supernatant was removed, and the pGels were washed three time
with PBS and stored at 4 °C for further experiments.

4.9. Characterization of hemoglobin microgels

UCNP-loaded Hb pGels were carefully characterized using various
analytical instruments. Two main components of UCNP-loaded Hb
pGels, namely Hb and BSA (fluorescein isothiocynate (FITC) modified),
were visualized by confocal laser scanning microscopy (CLSM; LSM510,
Carl Zeiss, Jena, Germany) using excitation/emission wavelengths of
549/628 and 495/519 nm, respectively. Surface morphology and red
fluorescence of Hb pGels were examined by optical/fluorescence mi-
croscopy (ECLIPSE Ts2-FL, Nikon corp., Tokyo, Japan) and Field emis-
sion scanning electron microscopy (FE-SEM) (JSM7500F, JEOL Ltd,
Tokyo, Japan). Cross-sectional UCNP-loaded Hb pGel samples were
prepared by focused ion beam (FIB) (JIB-4601 F, JEOL Ltd, Tokyo,
Japan) and analyzed by FE-SEM and high-resolution transmission elec-
tron microscopy (HR-TEM) (JEM-3010, JEOL Ltd, Tokyo, Japan),
respectively. pGel samples were lyophilized for 2 days before analysis.
Additionally, UCNP-loaded Hb puGels containing chlorin e6 were visu-
alized by CLSM.

4.10. In vitro and in vivo evaluation of the photothermal effect of
hemoglobin microgels

A thermal imaging camera was used to examine the photothermal
effect of Hb pGels in vitro and in vivo. Hb pGel samples (Hb/BSA feed
weight ratios: 10:6, 6:10, and 0:16) were placed in 0.5 mL tubes (Costar,
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0.5 mL individual PCR tubes). Each microtube was irradiated with 808
nm laser (1.5 W/cm?) for 20 min. Surface temperature was monitored
every minute. Mild hyperthermia (41-42 °C) was induced by 3 min
alternation of on/off 808 nm light irradiation. To obtain photothermal
images in vivo, PBS or Hb pGel samples were injected intratumorally into
4T1-tumor bearing mice and tumor regions were irradiated with 808-nm
laser (1.5 W/cm?) for 15 min. The diameter of the laser spot was
adjusted to 1 cm. The following equation was used to calculate the laser
output power: laser output power (W) = laser fluence (W/em?) x spot
area (cm?). Temperature increases and thermal images were monitored
every minute using a thermographic camera (FLIR E85). Additionally,
fluorescence and thermal images of Hb pGel samples mounted on a plate
(1 cm diameter) were obtained by thermographic camera and FOBI in
vivo imaging equipment (NeoScience, Suwon, Korea), respectively.

4.11. Spectrophotometric analysis of hemoglobin microgels

Circular dichroism (CD) spectra from DW, Hb, BSA, and various Hb
pGels containing UCNPs were recorded at a concentration of 1 mg/mL in
DW using a dichroism spectropolarimeter (J-1500, Jasco International
Co., Ltd., USA). The far UV region was scanned between 190 nm and
260 nm. UV-VIS absorption patterns of Hb pGels were monitored in the
wavelength range of 350-550 nm using UV-VIS spectrophotometry ac-
cording to the presence of ascorbic acid and/or oxygen.

4.12. Preparation of perfluorocarbon (PFC)-based albumin nano-
emulsion (PFC/BSA-NE) and PFC/UCNP-loaded Hbg uGels

A portion (250 pL) of icosafluoro-15-crown-5-ether (PFC) was added
to 2.5 mL PBS solution containing 40 mg BSA. The mixture was then
placed in an ice bath and ultrasonicated for 200 s at 20% amplitude
(operation 8 s, interval 2 s). The obtained emulsion was centrifuged
(8000 rpm, 3 min) and redispersed in 0.5 mL PBS. Separately, 0.5 mL of
PFC/BSA-NE (40 mg and 250 pL BSA and PFC, respectively) was mixed
with 2.5 mL dispersed phase containing 440 mg BSA and 120 mg UCNPs.
Hb pGels were fabricated using the same procedure described above for
SPG membrane emulsification and microgel hardening.

4.13. Singlet oxygen (*02) generation by UCNP-loaded Hb uGel

Singlet oxygen generation from UCNP-loaded Hb pnGels was detected
using singlet oxygen sensor green (SOSG) reagent. Samples were divided
into six groups (I) PBS; (II) Hbg pGel (Hb:BSA = 6:10) + N> for hypoxia;
(III) Hbg pGel 4 O for oxygenation; (IV) Hbg pGel + ascorbic acid + Oo;
(V) PFC/BSA-NE-loaded Hby pGel + Oy + US(+); (VI) PFC/BSA-NE-
loaded Hbg pGel + Oz + US(—). Hypoxic samples were placed in a 48-
well plate pre-filled with a hypoxic solution (DW:DMSO = 9:1, hypox-
ic chamber overnight). Hypoxia was achieved by incubating 48-well
plates in a hypoxic gas stream (5% CO2:95% N2 on a volume basis).
Oxygenated samples were prepared under oxygen gas flow for 20 min.
All samples were mixed with SOSG reagent (final concentration 5 pM)
and quickly added to hypoxic solution in the wells of a 48-well plate
using a needle syringe through an adhesive plate cover. Each well was
irradiated by 808-nm laser (1.5 W/cm?) for 60 min. While irradiating
the sample wells with the laser for 60 min, a 100 pL aliquot of each
sample was collected every 10 min. A multi-mode microplate reader was
used to measure the intensity of the green fluorescence (excitation and
emission wavelengths of 485 and 538 nm, respectively) emitted from
SOSG induced by 10, production. Mild ultrasound (1 MHz, 3 W/cm?)
was applied to sample group V. All samples were transferred to a black
96-well plate for fluorescence detection. The SOSG fluorescence signal
was visualized using an FOBI in vivo imaging system (NeoScience,
Suwon, Korea).
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4.14. Measurement of Oy release

Oxygen concentration (ppm; mg/L) in aqueous solutions purged with
No gas was determined by oxygen meter (PreSens, Regensburg, Ger-
many) before and after adding the following samples: (I) Hbe pGel (Hb:
BSA = 6:10) + N3 (nitrogen gas) for hypoxia; (II) Hbg pGel + O for
oxygenation; (III) Hbg pGel + ascorbic acid + Og; (IV) PFC/BSA-NE-
loaded Hbg pGel + O, + US(+); (V) PFC/BSA-NE-loaded Hbg pGel +
Oy + US(—). The oxygen concentration of PFC/BSA-NE-loaded Hbg pGel
was measured with and without ultrasound treatment (1 MHz, 3 W/
cm?). Oxygen content of hypoxic medium in a 200 pL vial was measured
for the first 300 s to record hypoxic conditions, samples were added into
the vial, and measurements were performed for an additional 300 s.
External US treatment was applied to one tube for another 300 s. Oxygen
concentrations of all samples were measured for a total of 1500 s.
Hypoxic conditions were maintained by Ny gas purging for 10 min (N
flow rate = 0.1 MPa).

4.15. Fluorescence visualization by CLSM of Hb uGel & 4T1 cell
spheroids

4T1 cell spheroids were prepared in a V-bottom 96-well plate (Shi-
madzu, Tokyo, Japan). 4T1 cells (100 pL, 4 x 10* cells/mL) were seeded
into each well and cultured for 72 h. Spheroids were transferred to 96-
well plates with a U-shaped bottom, and the media was replenished with
100 pL DMEM medium containing 1% FBS and 1% penicillin/strepto-
mycin (P/S/; Corning, NY, USA). 4T1 cell spheroids were plated in each
well of an 8-well chamber (Ibidi, Martinsried, Germany) and stained
with Hoechst. Spheroids were mixed with Hbg pGels and visualized by
CLSM (Carl Zeiss, Jena, Germany) to observe the effects of the microgels
on the spheroids.

4.16. HIF-1a visualization of 3D 4T1 cell spheroids

Prepared 4T1 cell spheroids were treated with (I) PBS under nor-
moxic or hypoxic conditions, (II) Hbe pGel under normoxic or hypoxic
conditions, (III) Hbg pGel + ascorbic acid + O in sealed hypoxic media
plate wells; and (IV) PFC/BSA-NE-loaded Hbg pGel + Oz + US(+) in
sealed hypoxic media plate wells. Spheroids were fixed in 4% formal-
dehyde for 10 min before incubation in 0.1% Triton X-100 for 5 min.
Spheroids were then incubated with 1% BSA and PBS with 0.2% Tween
80 containing glycine (22.5 mg/mL) for 1 h to block nonspecific binding
of antibodies. Spheroids were treated with a 1/50 dilution of anti-
-HIF-1a antibody-Alexa Fluor 488 and incubated overnight at 4 °C
(Abcam, Cambridge, USA), and nuclei were stained with Hoechst.
Samples were observed using CLSM.

4.17. ROS deep assay

Prepared 4T1 cell spheroids were treated with (I) UCNP-loaded Hbg
pGel + Ce6 under normoxic conditions with or without 808 nm laser
irradiation, (II) UCNP-loaded Hbg pGel + ascorbic acid/Ce6 + Oj in
sealed hypoxic media plate wells with or without 808 nm laser irradi-
ation, and (III) UCNPs and PFC/BSA-NE-loaded Hb puGel + Ce6 + O2 +
US(+) in sealed hypoxic media plate wells. Under normoxic and hypoxic
conditions, ROS detection was carried out during laser irradiation
(wavelength of 808 nm) for 30 min. CellROX® reagent was applied to
spheroids at a final concentration of 20 uM, followed by a 30 min in-
cubation at 37 °C. 4T1 cell spheroids were washed three times with PBS
and stained with DAPI. CLSM (Carl Zeiss, Jena, Germany) was used to
observe the production and distribution of reactive oxygen species
(ROS) inside cells.
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4.18. In vitro cytotoxicity of 4T1 cell spheroids using the LIVE/DEAD™
assay

First, the photodynamic effect of UCNP-loaded Hbe pGels on the
viability of cell spheroids was assessed under the following hypoxic
conditions: (I) UCNP-loaded Hbg pGel + Ce6 with or without 808 nm
laser irradiation, (II) UCNP-loaded Hbg pGel + ascorbic acid/Ce6 + O2
in sealed hypoxic media plate wells with or without 808 nm laser irra-
diation, and (II) UCNP and PFC/BSA-NE loaded Hbg pGel + Ce6 + O3 +
US(+) in sealed hypoxic media plate wells with or without 808 nm laser
irradiation. Samples were irradiated at 808 nm for 30 min in the dark.
Ascorbic acid was added into the Hbe pGel, and oxygenation by O,
purging was conducted for 10 min. For group III, ultrasound (1 MHz, 3
W/cm?) was applied to wells containing spheroids and microgels before
laser irradiation. Additionally, spheroids were treated with (I) PBS and
808 nm laser, (II) UCNP-loaded Hby pGel (20 mg/mL) + Ce6 with or
without 808 nm laser irradiation, and (III) Hbe pGel (30 mg/mL) with or
without 808 nm laser irradiation. These were considered the respective
negative control, PDT only, and PTT only groups. Additionally, the
following spheroid groups were designated: (I) mild PTT + PDT, (II)
mild PTT for target temperature of 41-42 °C, and (iii) strong PTT for a
target temperature >48 °C under normoxic conditions. To create these
groups, spheroids were treated with (I) UCNP-loaded Hbg pGel (20 mg/
mL) + ascorbic acid/Ce6 with or without 808 nm laser irradiation (1.5
W/cmz), (II) Hbg pGel (20 mg/mL) with or without 808 nm laser irra-
diation (1.5 W/cm?), and (III) Hbg pGel (40 mg/mL) with or without
808 nm laser irradiation (1.5 W/cm?). After laser treatment, spheroids
were washed three times with DPBS, and the medium was replenished
with fresh 1% FBS and 1% P/S DMEM and placed in a CO; chamber
overnight. Spheroids were then stained with Calcein-AM (for live cells)
and ethidium homodimer-1 (for dead cells). Subsequently, stained cells
were observed by CLSM using excitation/emission wavelengths of 494/
517 nm for Calcein-AM and 528/617 nm for ethidium homodimer-1,
respectively. Hypoxia was achieved by incubation in a hypoxic cham-
ber under a hypoxic gas stream (5% CO2:95% N5 on a volume basis). In
addition, relevant samples were placed in hypoxic media prior to oxygen
generation.

4.19. Evaluation of the in vitro cytotoxicity of Hb uGels

Cytotoxic effects of gels against 4T1 cells (breast cancer cell line)
were assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT)-based assay. 4T1 cells were seeded at 1 x 10*
cells/well in 96-well plates and pre-incubated for 24 h in DMEM media
containing 10% FBS and 1% P/S. After replacing the cell culture me-
dium with DMEM media, cells were washed twice with DPBS. Cells were
treated with the various Hb pGel samples (Hb pGel, Hbg pGel, and Hb;o
pGel: 100 pL) at different concentrations for 4 h pGels were removed
from the plates by washing with DPBS. Cell viabilityell viability was
analyzed using the MTT assay.

4.20. Visualization of 4T1 cell-xenografted mice injected with UCNP-
loaded Hb microgels

The injection site of UCNP-loaded Hb pGels was monitored by
computerized tomography (CT; SKY-scan 1076, Broker, USA) at 0, 1,
and 7 days. Cy5.5-Hb pGel, which was modified with Cy5.5-NHS (GE
Healthcare, Chicago, USA), was injected directly into the tumors of 4T1
cell-xenografted mice, and fluorescence signals were visualized at pre-
determined times and at wavelengths corresponding to Cy5.5 and he-
moglobin using FOBI in vivo imaging equipment (NeoScience, Suwon, R.
O. Korea). Separately, the major organs (liver, kidney, spleen, lung and
heart) of the mouse were exicsed and visualized at 24 h after sacrifice of
mice.
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4.21. Photoacoustic (PA) imaging to detect oxygen generation

Oxygen levels inside xenografted 4T1 tumors were monitored after
injecting various samples using photoacoustic (PA) imaging. When tu-
mors reached ~150 mm? in volume, mice were treated with (I) PBS, (II)
hypoxic Hbg pGel, (III) Hby pGel + PEC + US(-), (IV) Hbg pGel + PFC +
US(+), and (V) Hbg pGel + ascorbic acid + Oy. Tumor oxygenation (as
oxyhemoglobin: HbO, ratio) was visualized and recorded using a Vevo®
LAZR-X Multimodal Imaging System (FujiFilm, VisualSonics Inc., Min-
ato, Tokyo, Japan) set to oxy-hem mode (750 and 850 nm) before in-
jection (=5 min) and at 0, 5, 15, 30, and 60 min after injection. Average
oxygen level histograms showed pixel-based oxygen saturation
percentages.

4.22. In vivo antitumor efficacy

4T1 cells (100 pL, 2 x 10° cells) were subcutaneously injected into
the dorsal flanks of mice. When the volume of the tumors reached
120-150 mm®, mice were randomly divided into seven groups as fol-
lows: G1 - PBS (non-treated); G2 - Hbg pGel + 808 nm (+) under a mild
temperature (41-42 °C) setting; G3 - Hby pGel (+UCNPs/Ce6) previ-
ously treated with nitrogen to maintain a hypoxic state + 808 nm (+)
(1.5 W/cm? for 20 min); G4 - Hbg pGel (+UCNPs/Ce6) + ascorbic acid
+ Oz + 808 nm (—); G5 - Hby microgel (+UCNPs/Ce6) + PFC + Oq +
808 nm (+) + US(+) (60 min); G6 - Hbo pGel (+UCNPs) + 808 nm (+)
(1.5 W/cm? for 30 min) under strong hyperthermia (>48 °C) and G7 -
Hbg pGel (+UCNPs/Ce6) + ascorbic acid + Oy + 808 nm (+) under a
mild temperature (41-42 °C) setting. Tumor size was measured every
day, and volume (V) was calculated using equation V = 0.5 x A x Bz,
where A is the longest diameter (mm), and B is the shortest diameter
(mm). Each sample (50 pL; 20 mg/mL of pGel) was intratumorally
injected into a mouse. Body weights of mice in all groups were measured
every day. On day 20, mice were sacrificed, and their tumors were
excised and photographed (n = 4). For H&E and TUNEL staining, tumors
and major organs (liver, kidney, spleen, lung and heart) of all mice were
dissected and paraffin sections were prepared. H&E and TUNEL staining
were performed according to the manufacturers’ protocols, and cells
were examined by digital CLSM.

Separately, the G7* mice (n = 3), which were treated same with G7
but cared until day 30, were carefully monitored in terms of tumor
volume and body weight. Additional two groups of mice (each n = 4),
H1 and H2, were treated with (i) only 808 nm laser irradiation alone
(1.5 W/cm? for 60 min) and (ii) Hb; pGel (+UCNPs without Ce6) with
808 nm laser irradiation at a mild temperature setting (41-42 °C). Their
tumor volumes and body weights were measured.

4.23. In vivo hypoxia assay

The in vivo hypoxia assay was performed by slight modification of a
protocol described previously. Mice with ~300 mm® tumors were
treated with a fixed concentration of one of the pGels and then intra-
peritoneally injected with pimonidazole hydrochloride (200 mg/kg)
(Hypoxyprobe™-1 Plus Kit; Hypoxyprobe Inc. Burlington, MA, USA).
After 90 min, tumors were surgically resected for frozen sectioning. For
immunofluorescence staining, paraffin sections of tumors were prepared
and treated with mouse anti-pimonidazole primary antibody (dilution
1:200, Hypoxyprobe Inc.) and Alexa 488-conjugated goat anti-mouse
secondary antibody (dilution 1:200, Jackson Inc.) according to the kit
instructions. Nuclei were stained with DAPI (dilution 1:5000, Invi-
trogen, Waltham, MA, USA). Slices were observed by CLSM.
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