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A B S T R A C T

Depletion of tumor extracellular matrix (ECM) is viewed as a promising approach to enhance the antitumor ef-
ficacy of chemotherapeutic-loaded nanoparticles. Hyaluronidase (HAase) destroys hyaluronic acid-based tumor
ECM, but it is active solely at acidic pHs of around 5.0 and is much less active at physiological pH. Herein, we
report the development of our novel UV-light-reactive proton-generating and hyaluronidase-loaded albumin
nanoparticles (o-NBA/HAase-HSA-NPs). The method to prepare the nanoparticles was based on pH-jump
chemistry using o-nitrobenzaldehyde (o-NBA) in an attempt to address the clinical limitation of HAase. When
in suspension/PEG-hydrogel and irradiated with UV light, the prepared o-NBA/HAase-HSA-NPs clearly reduced
the pH of the surrounding medium to as low as 5.0 by producing protons and were better able to break down HA-
based tumor cell spheroids (AsPC-1) and HA-hydrogel/microgels, presumably due to the enhanced HA activity at
a more optimal pH. Moreover, when formulated as an intratumor-injectable PEG hydrogel, the o-NBA/HAase-
HSA-NPs displayed significantly enhanced tumor suppression when combined with intravenous paclitaxel-loaded
HSA-NPs (PTX-HSA-NPs) in AsPC-1 tumor-bearing mice: The tumor volume in mice administered UV-activated o-
NBA/HAase-HSA-NPs and PTX-HSA-NPs was 198.2 � 30.0 mm3, whereas those administered PBS or non-UV-
activated o-NBA/HAase-HSA-NPs and PTX-HSA-NPs had tumor volumes of 1230.2 � 256.2 and 295.4 � 17.1
mm3, respectively. These results clearly demonstrated that when administered with paclitaxel NPs, our photo-
reactive o-NBA/HAase-HSA-NPs were able to reduce pH and degrade HA-based ECM, and thereby significantly
suppress tumor growth. Consequently, we propose our o-NBA/HAase-HSA-NPs may be a prototype for devel-
opment of future nanoparticle-based HA-ECM-depleting tumor-ablating agents.
1. Introduction

The extracellular matrix (ECM) is a three-dimensional network that
consists of various components such as hyaluronic acid (HA), collagen,
fibronectin, and laminin [1,2]. Many solid tumors of the breast, pancreas,
colon, lung and other tissues develop areas of abnormal ECM fibrosis.
The increased ECM stiffness decreases blood perfusion and elevates
interstitial fluid pressure (IFP) in the tumor microenvironment, and these
changes reduce the uptake of chemotherapeutic agents by solid tumors
and hence reduce their efficacy [3–5]. Therefore, the destruction or
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remodeling of the ECM has been considered an effective method to
improve the delivery efficiency of antitumor agents and circumvent
chemotherapeutic resistance [5,6].

Hyaluronic acid (HA), a negatively charged glycosaminoglycan
(GAG) polymer of repeating N-acetyl-D-glucosamine and D-glucuronic
acid disaccharide subunits, is one of the major components of tumor
ECM, together with collagen [7]. Unlike the low HA density in normal
tissues, HA is overexpressed in most tumors and plays a role as a sig-
nificant barrier to drug diffusion [8,9]. The supportive use of the hyal-
uronidase (HAase) enzyme that digests tumor HA-based ECM is viewed
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as a synergistic approach to enhance the antitumor efficacy of many
chemotherapeutic agents [9–12]. Intravenous or intratumor adminis-
tration of HAase destroys the HA matrix and reduces the HA content in
solid tumors, which enable improved drug delivery to individual cancer
cells.

However, a critical limitation of clinical use of HAase is the pH-
dependence of its activity. Regardless of the source and type of HAase,
the digestive activity of most HAases (including commercially available)
is optimal at around pH 4.5–5.5 and is abolished when the pH exceeds
~7.0 [13–15]. Human serum hyaluronidase 1 (HYAL1) is reported to be
active only when the pH is less than 5.1 [16]. Thus, conventional HAases
lose HA-digestive activity at both physiological pH (~7.4) and at the
slightly more acidic pH of tumors (~6.6–6.8) [17,18]. In light of this
clinical problem, a recombinant human HAase (rHuPH-20; HYLENEX®),
which is active at both neutral and acidic pH, was developed and
received US FDA approval in 2005 [19]. Alternately, the activity of the
native HAase can be maintained if the local pHwithin the ECM is reduced
to ~5.0–6.0, or the dose of HAase is considerably increased.

Previously, we developed a series of nanoparticle-albumin-bound
(nabTM)-based formulations to suppress many solid tumors [20–23].
Furthermore, we introduced modified human serum albumin nano-
particles (HSA-NPs) embedded with macromolecules, such as
tumor-necrosis-factor-related apoptosis-inducing ligand (TRAIL) and
hyaluronidase [24,25]. Herein, we describe our efforts to make Abrax-
ane™ (paclitaxel)-like HSA-NPs that generate protons in response to UV
light irradiation, thus enhancing HAase activity and ECM-destruction by
reducing the local pH (Fig. 1). Focusing on this purpose, we formulated
injectable PEG-hydrogel containing HSA-NPs with HAase and o-nitro-
benzaldehyde (o-NBA), hereafter termed o-NBA/HAase-HSA-NPs, that
release HAase and induce photoreactive proton generation, respectively.
The o-NBA also played a second role as a physical crosslinker to maintain
the Abraxane™-like structure. The physicochemical properties of the
o-NBA/HAase-HSA-NPs were investigated using relevant spectroscopic
analyses. The pH-reducing ability and HA matrix-destroying perfor-
mance of the o-NBA/HAase-HSA-NPs under UV light illumination were
evaluated using human hepatoma HepG2 and human pancreatic adeno-
carcinoma AsPC-1 cell spheroids and the AsPC-1 cell-xenograft tumors in
vivo. In addition, the antitumor effects of combining intratumoral injec-
tion of the o-NBA/HAase-HSA-NPs with intravenous paclitaxel were
evaluated.
Fig. 1. Schematic illustration of antitumor therapy based upon destruction of the HA
responsive proton-generating o-NBA/HAase-HSA-NPs in conjunction with PTX-HSA-
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2. Materials and methods

2.1. Materials

Paclitaxel (PTX) was obtained from JW Pharmaceutical Corporation
(Dangjin, South Korea). Human serum albumin, hyaluronidase (HAase;
type I, 400–1,000 U/mL), and o-nitrobenzaldehyde (o-NBA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Sodium hyaluronate
(HA: >100 kDa or ~8 kDa for cell spheroid) and fluorescein isothiocy-
anate (FITC)-labelled HA for cell spheroid (Mw ~8 kDa) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The AsPC-1 and HepG2 cells
were purchased from the Korean Cell Line Bank (Seoul, Korea). Poly-
clonal antibodies targeting hyaluronan binding protein 1 (HABP-1) were
purchased from MyBioSource (San Diego, USA). Alexa-Fluor®-488-con-
jugated goat-anti-rabbit secondary antibodies were purchased from
abcam (Cambridge, USA). Fetal bovine serum (FBS), and trypsin-EDTA
and penicillin-streptomycin solutions were purchased from Capricorn
(Ebsdorfergrund, Hesse, Germany) and Corning (Corning, NY, USA),
respectively. Tetraglycerol-condensed ricinoleate (TGCR: SY-Glyster CR-
310) was kindly provided by Sakamoto Yakuhin Kogyo Co. (Osaka,
Japan). All other reagents were obtained from Sigma-Aldrich unless
otherwise indicated.

2.2. Animals

The BALB/c nu/nu mice (male, 6 weeks old) were purchased from
ORIENT BIO (Seongnam, South Korea). Animals were cared for accord-
ing to the guidelines issued by the National Institutes of Health (NIH) in
accordance with the care and use of laboratory animals (NIH publication
80–23, revised in 1996). Mice were grouped based on their treatment
and housed and fed under a 12-h light/dark cycle (lights on at 6 a.m.).
This study was approved by the Ethical Committee on Animal Experi-
mentation at Sungkyunkwan University.

2.3. Fabrication of o-NBA/HAase-HSA-NPs and PTX-HSA-NPs

The o-NBA/HAase-HSA-NPs were fabricated as previously described
using the nanoparticle albumin-bound (nab™) technique with slight
modifications [22,23,25]. The nab™ technology is a well-known prep-
aration method to encapsulate hydrophobic drugs into albumin through
extracellular matrix due to decreased acidity using PEG-hydrogel containing UV-
NPs.
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an emulsion-evaporation cross-link method using high-pressure homog-
enization without the use of Cremophor®. Briefly, aliquots of 50mg HSA,
HAase (0 and 2.5 mg) were dissolved in 5 mL deionized water (DW; 0.5
mg/mL). Aliquots (10 mg) of o-NBA were dissolved in 100 μL of a 9:1
solution of chloroform and ethanol, respectively. Solutions of each set of
aqueous/organic phase were gently mixed and homogenized using a
Wise Tis homogenizer HG-15D (DAIHAN Scientific Co, Seoul, South
Korea) at 14,500 rpm for 3 min and then passed through a high-pressure
homogenizer (EmulsiFlex-B15 device, Avestin, Ottawa, ON, Canada) for
nine cycles at 20,000 psi. After removing the chloroform using a rotary
evaporator at 40 �C for 15 min under reduced pressure, the resulting NPs
were gently centrifuged at 6,000 rpm. The supernatant was collected and
purified in Amicon® Ultra centrifugal filter units (MWCO: 100 kDa,
Millipore) to remove the unbound PTX and HAase. The recovered su-
pernatant was then freeze-dried and stored at �20 �C until needed. The
PTX-HSA-NPs, which were used solely for the animal experiments, were
prepared separately by using 50 mg HSA dissolved in 5 mL of deionized
water (DW) and 5 mg PTX in 100 μL (50 mg/mL) of a 9:1 solution of
chloroform and ethanol, respectively, according to the same procedure
described above. The prepared NPs were freeze-dried and stored at �20
�C until needed.

2.4. Characterization of o-NBA/HAase-HSA-NPs and PTX-HSA-NPs

The average sizes and the zeta potentials of the o-NBA/HAase-HSA-
NPs and PTX-HSA-NPs were measured using dynamic light scattering
(DLS; Zetasizer Nano ZS90, Malvern Instruments, Worcestershire, UK) of
a 633 nmHe–Ne laser beamwith a fixed 90� scattering angle. The surface
morphology of the NPs was observed by transmission electron micro-
scopy (TEM) with a model JEM-3010 (JEOL, Tokyo, Japan) and field-
emission scanning electron microscopy (FE-SEM) using a JSM7000F
model (JEOL, Tokyo, Japan). The physical stability of the NPs in 10 mM
PBS (pH 7.4) was evaluated at room temperature by considering the
maintenance of the particle size. Briefly, the particle sizes of the o-NBA/
HAase-HSA-NPs and o-NBA-HSA-NPs (as redisperse forms) were moni-
tored at every 6 h for 48 h using the DLS method described above.

2.5. Preparation of in situ gelling PEG-hydrogel for intratumoral injection
of o-NBA/HAase-HSA-NPs

The o-NBA/HAase-HSA-NPs for intratumor injection were formulated
using in situ gelling PEG-hydrogel according to the protocol described
previously with modifications, considering the acidity of UV-activated o-
NBA/HAase-HSA-NPs (Supplementary Data Fig. S1) [26,27]. To syn-
thesize thiolated HSA (HSA-SH), HSA (500 mg) was dissolved in 1 mL of
100 mM PBS buffer (pH 7.5) containing 2-iminothiolane (2-IT, 12.5 mg)
and then reacted by stirring for 1.5 h. The unreacted 2-IT was removed
using a centricon-10 concentrator (Millipore, Bedford, MA, USA). A dry
powder of 4-arm PEG20k-maleimide (10 mg: NOF corporation, Tokyo,
Japan) were added to 0.1 mL of o-NBA/HAase-HSA-NPs previously
irradiated with 2 h UV light. The resulting solution was further mixed
with 20 μl of HSA-SH (500 mg/mL), and the final mixture were then
allowed to react for 90 s for gelation. The material was considered to be
in a gel state if it did not flow when inverted.

2.6. Determination of PTX in paclitaxel-loaded HSA-NPs (PTX-HSA-NPs)
for intravenous injection

The loading efficiency of PTX in PTX-HSA-NPs was evaluated using
the following protocol. Briefly, 1 mg of the lyophilized PTX-HSA-NPs was
dissolved in 0.1 mL DW. To remove bound HSA from the NPs, 0.9 mL
acetonitrile (ACN) was added to the NP suspension, followed by soni-
cation for 30 min and centrifugation at 14,500 rpm for 20 min. Subse-
quently, the supernatant was withdrawn for quantification. The PTX
supernatant was then subjected to reverse-phase high-performance liquid
chromatography (RP-HPLC) using a PLRP-S Zorbax 100 RP-18 column
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(150 mm � 4.6 mm, 8 μm/300 Å; Agilent Technologies, Palo Alto, CA,
USA) at ambient temperature [25]. A combined gradient plus isocratic
elutionmethod was carried out at a flow rate of 1.0 mL/min using solvent
A (DW) and solvent B (ACN): specifically, 0–60% B for 7 min, 60% B for
10 min, and 100% A for 4 min. Eluates were monitored at 223 nm. Three
replicates of each sample were prepared and analyzed.

2.7. Preparation of fluorescent HA-hydrogel and HA-microgel as an
artificial ECM

The HA-hydrogel were prepared by using previously described
methods with slight modification (Supplementary Data Fig. S2) [28,29].
To synthesize FITC-tagged HA, first, 60 mg of sodium hyaluronate (HA)
dissolved in DW (12 mL) was mixed with 0.1 g of 1-Ethyl-3-(3-dimethy-
laminopropyl)carbodiimide (EDC) and 667 mg of adipic dihydrazide
(ADH). The pH of the resulting mixture was adjusted to 4.75, and the
reaction was allowed to continue for 4 h and then stopped by adding
NaOH (bringing the pH to 7.0). The reaction mixture was first dialyzed
against a large excess of 100 mM NaCl aqueous solution for 24 h, and
then against a mixed solution of ethanol and water (1:3) for 24 h, and,
finally, three times against DW for 24 h, using a dialysis membrane bag
(Mw 14 kDa: Spectrum Chemical, New Brunswick, NJ, USA). The
resulting ADH-activated HA then was lyophilized and stored at �20 �C
until needed. Second, 10 mL of FITC dissolved in anhydrous DMSO (5
mg/mL) was mixed with 50 mg of HA-ADH solution, and the reaction
was allowed to continue for 12 h. The unreacted FITC was removed by
dialysis in DW over 24 h, and the resulting solution corresponding to
HA-ADH-FITC was freeze-dried and stored at �20 �C until needed.

The macroscopic fluorescent HA-hydrogel discs were prepared by
gently mixing 1 mL of a 6:4 solution of HA (50 mg/mL) and HA-ADH-
FITC (10 mg/mL) with 40 μL of divinyl sulfone (DVS: final 4% (v/v)).
The gelation reaction was allowed to continue at 37 �C for 5 min in a
temporary disc mold. Fluorescent hyaluronic acid hydrogel microparti-
cles (HA-microgel) were prepared separately using a W/O emulsification
method. In brief, 1 mL of a 6:4 solution of HA (30 mg/mL) and HA-ADH-
FITC (10 mg/mL) was emulsified by using an overhead mechanical
stirrer in 50mL kerosene containing 1% TGCR for 30min at 1,800 rpm. A
20 μL aliquot of divinyl sulfone (DVS: final 2% v/v to disperse phase) was
added to the emulsion solution, and the resulting mixture was allowed to
crosslink for 1 h for while stirred at 1,500 rpm. The hardened HA-
microgel were harvested after centrifugation at 1,000 rpm, and washed
two times, first with acetone and then with ethanol, under vortexing and
bath sonication. The HA-microgel were then lyophilized and stored at
�20 �C until needed.

2.8. Monitoring of pH-dependent degradation of HA-microgel

The HA-microgel (5 mg/mL) were mixed and incubated with 1 mL of
1 mg/mL naïve HAase in a series of phosphate buffers with pHs adjusted
to 4.0, 5.0, 5.5, 6.0 and 7.4. After 2 h, the intensity of the HA-FITC
fluorescence was monitored to assess the degree of degradation/release
of HA microgel particles. In order to normalize the pH-dependent fluo-
rescein emission, the pH of collected samples was set to ~10.0 using 0.1
M sodium carbonate buffer before fluorescence quantification. The
fluorescence intensity was determined at excitation and emission wave-
lengths of 495 and 520 nm, respectively.

2.9. Degradation of HA-hydrogel and HA-microgel

To examine the HA-degrading capability of each formula group
(F1~F5) (Table 1), the prepared HA-hydrogel discs (8.5 and 2.0 mm in
diameter and thickness, respectively) and HA-microgel (5 mg/mL) were
incubated with 1mL of 5mM PBS, o-NBA/HAase-HSA-NPs (each 0.5 mg/
mL HAase and 10 mg/mL HSA) and o-NBA-HSA-NPs with or without the
2-h UV irradiation (2.7 mW/cm2 at a 5-cm distance) at 37 �C. For
macroscopic HA-hydrogel, at predetermined times (0, 2, 6 and 24 h), the



Table 1
Formulation and treatment groups used in this study (in vitro and in vivo).

In vitro study Formulation groups UV

F1 PBS (pH 7.4; 5 mM) off
F2 o-NBA/HSA-NPs off
F3 o-NBA/HSA-NPs on
F4 o-NBA/HAase-HSA-NPs off
F5 o-NBA/HAase-HSA-NPs on

In vivo study Treatment groups UV

G1 PBS (i.v.) off
G2 PBS (i.v.) þ naive HAase (i.t.) off
G3 PTX-HSA-NPs off
G4 PTX-HSA-NPs (i.v.) þ o-NBA/HAase-HSA-NPs (i.t.)* off
G5 PTX-HSA-NPs (i.v.) þ o-NBA/HAase-HSA-NPs (i.t.)* on

i.v.: Intravenous injection; i.t.: Intratumor injection, * PEG-hydrogel formula.
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surface appearance and color of each HA-hydrogel disc was observed.
The fluorescence intensity due to the HA-FITC degraded from HA-
hydrogel and the resulting solution pH were measured. The mass ratio
of the treated/lyophilized HA-hydrogel versus their initials was calcu-
lated to examine the degree of degradation after 48 h. Finally, the in-
ternal structural changes of HA-hydrogel (after 24 h after the treatments)
were observed by field-emission scanning electron microscopy (FE-SEM)
using a JSM7000F model (JEOL, Tokyo, Japan). For HA-microgel, the
morphology and number of microgels within each group was monitored
by using a fluorescence microscopy at 0, 2, 10 and 24 h after the treat-
ment, and the reduced particle size (mean � sd) of representative
microgel particles remained (at lease n > at least 50–90; n ¼ 20 for F5 at
24 h) and the OriginPro® program (OriginLab®) and the resulting so-
lution pH until each sampling times were measured respectively. The
phenol red (5 mg/mL) colors were photographed at various times
depending upon the pH of the buffer and duration of UV irradiation of the
o-NBA/HAase-HSA-NPs.

2.10. Cytotoxicity evaluation of o-NBA in HepG2 and AsPC-1 cells

The concentration-dependent toxicity of o-NBAwas evaluated using a
conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Briefly, HepG2 cells were seeded into 96-well plates at
a density of 1 � 106 cells/well in DMEM media containing 10% (v/v)
fetal bovine serum and 1% penicillin/streptomycin in a 5% CO2, 95% RH
incubator at 37 �C. Following 24 h incubation, the cells were incubated
with 0–3000 μg/mL of o-NBA and irradiated with a UV laser (365 nm) for
2 h or received no irradiation, and then further incubated for 24 h. The
cell viability was assessed by using an MTT assay.

2.11. Degradation of spheroids made of HepG2 or AsPC-1 cells

The HepG2 and AsPC-1 cells were cultured in DMEM and RPMI
media, respectively, containing 10% (v/v) fetal bovine serum and 1%
penicillin/streptomycin in a 5% CO2, 95% RH incubator at 37 �C. The
HepG2 and AsPC-1 cells (1,000 and 2,000 cells per well, respectively)
were seeded into v-bottom cell plates (Shimadzu, Kyoto, Japan) designed
to induce the formation of 3D multicellular spheroids, and HA-
fluorescein (200 μg/mL; Sigma Aldrich, St. Louis, MO, USA) was added
to only the HepG2 cells. The HepG2 and AsPC-1 cell spheroids were then
allowed become established over three days before further experiments.
To investigate HA degradation in the ECM as well as in the spheroids,
tumor spheroids were incubated with o-NBA/HAase-HSA-NPs and o-
NBA-HSA-NPs (each 0.5 mg/mL HAase and 10 mg/mL HSA) prepared
with or without prior 2-h UV irradiation. The degradation pattern and
morphology of the respective spheroids were monitored using optical
microscopy. The HA-FITC-embedded cell spheroids were visualized
separately using confocal laser scanning microscopy (CLSM; LSM510,
Carl Zeiss Meditec AG, Jena, Germany).
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2.12. Monitoring of hyaluronic acid expression in AsPC-1 cell spheroids

The expression or secretion of hyaluronic acid in AsPC-1 cell spher-
oids was confirmed using indirect immunofluorescence. In brief, the
spheroids were fixed with 4% formaldehyde for 10 min and allowed to
incubate for 5 min with 0.1% Triton x-100. The resulting cell spheroids
were incubated with the blocking solution (1% BSA, 22.52 mg/mL
glycine in PBST [PBS containing 0.1% Tween 20]) for 1 h, and then the
anti-HA-binding-protein (HABP)-1 primary antibodies (diluted 1:100 in
1% BSA in PBST) were added and the mixtures incubated overnight in a
humidified chamber at room temperature. The spheroids were washed
three times in PBS and incubated with both Alexa-Fluor®-488-conju-
gated secondary antibodies (diluted 1:100 in 1% BSA in PBST) were
added and the mixtures incubated at room temperature in the dark for 4
h. The secondary antibody solution was removed, and the spheroids were
washed three times with PBS. After incubation with DAPI (to stain DNA)
for 2 h and rinsing with PBS, the spheroids were finally visualized using
CLSM.

2.13. In vivo imaging of o-NBA/Cy5.5.-HAase-HSA-NPs and PTX-Cy5.5-
HSA-NPs

The in situ gelling PEG-hydrogel loaded with o-NBA/Cy5.5-HAase-
HSA-NPs (100 μl) were directly injected to the tumor of the AsPC-1 cell-
xenografted mice. Separately, an aliquot (100 μl) of PTX-Cy5.5-HSA-NPs
was injected via the tail vein of AsPC-1 cell-bearing mice. The HAase and
HSA had been modified with Cy5.5-NHS (GE Healthcare, Chicago, USA)
and dialyzed to remove unreacted Cy5.5 before preparation of HSA
nanoparticles. The Cy5.5-fluorescence signals from the tumors were
visualized at predetermined times using the FOBI in vivo imaging system
(NeoScience, Suwon, Korea).

2.14. In vivo antitumor efficacy of animal study

The AsPC-1 cells (100 μL of 7 � 106 cells/mL) were injected subcu-
taneously into the dorsal flanks of the mice. When the volume of the
tumors reached ~150 mm3, the mice were randomly divided into five
groups (G1~G5) as follows (Table 1): (I) PBS (i.v.); (II) PBS þ naive
HAase (intratumor; 500 μg/0.1 mL); (III) PTX-HSA-NPs (200 μg PTX/
mouse); (IV) PTX-HSA-NPs (200 μg PTX/mouse) þ o-NBA/HAase-HSA-
NPs (500 μg HAase and no UV); (V) PTX-HSA-NPs (200 μg PTX/mouse)
þ o-NBA/HAase-HSA-NPs (500 μg HAase with UV). Either PBS or PTX-
HSA-NPs was injected into the tail vein 12 h after the intratumor injec-
tion of naive HAase or o-NBA/HAase-HSA-NPs for groups II, IV and V.
This dosing plan was carried out on Days 0, 8, and 16. The tumor size was
measured every day, and the volume (V) was calculated as follows: V ¼
0.5� A� B2, where A is the longest diameter (mm), and B is the shortest
diameter (mm). On Day 24, the mice were sacrificed, and their tumors
were excised and photographed. The excised tumors were fixed in a
formalin solution.

Hematoxylin and eosin (H&E), Alcian Blue, HABP-1 and DAPI
staining, and in vivo TUNEL analyses were carried out by Genoss (Suwon,
Korea).

2.15. Data analyses

All data are presented as the mean � standard deviation (SD). Sig-
nificant differences were determined using Student's t-tests. For all ex-
periments, P values < 0.01 were considered statistically significant.

3. Results

3.1. Preparation and characterization of o-NBA/HAase-HSA-NPs and
PTX-HSA-NPs

The o-NBA/HAase-HSA-NPs were prepared at 2.5 mg HAase and 10
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mg o-NBA using a high-pressure homogenizer based on the nab™ tech-
nique. In this formula, o-NBA was used as a physical crosslinker to
associate the albumin molecules like the paclitaxel role of Abraxane®.
Pure o-NBAwas found to be freely soluble (~150mg/mL) when added to
a 9:1 solution of chloroform and ethanol, and this high solubility was
utilized in our Nab™-based method. Consistent with previously reported
results [25], HAase was used to destroy hyaluronic acid in the ECM and
became incorporated into the albumin nanoparticle structure despite the
high molecular size of HAase. Our previous result indicated that the
conformation structure of HSA after the preparation was changed
negligibly in spite of the HSA exposure to organic solvents and
high-pressure [25].

As shown in the MALDI-TOF (matrix-assisted laser desorption/ioni-
zation time-of-flight) mass spectra (Supplementary Data Fig. S3-1–4), the
molecular mass of HSA obtained from o-NBA/HAase-HSA-NPs was
slightly higher than that of naïve HSA (66636.8 and 66522.9 m/z,
respectively), whereas the molecular masses of HAases from each sample
showed no difference (15571.8 and 15572.6m/z, respectively). Also, the
quantity of o-NBA extracted from o-NBA/HAase-HSA-NPs was compared
to that of the o-NBA from the formula mixture (quickly harvested without
nanoparticle preparation steps) using the reversed-phase HPLC. The re-
covery percent (%) (before vs. after the nanoparticle preparation steps) of
o-NBA was found to be ~99.0� 1.2% (Supplementary Data Fig. S3-5–6).

The prepared o-NBA/HAase-HSA-NPs and o-NBA-HSA-NPs were
found to be ~170.7 and ~152.2 nm in diameter, respectively (Fig. 2A).
Additionally, the particle size of PTX-HSA-NPs, which were used for the
intravenous injection in the antitumor efficacy animal study, were
Fig. 2. (A) Histograms of particle sizes of o-NBA-HSA-NPs, o-NBA/HAase-HSA-NPs a
NPs. (C) Photographs of o-NBA in DW (left) and a 9:1 solution of chloroform and eth
NBA/HAase-HSA-NPs. (D) Transmission electron microscopy (TEM; left) and field-em
(E) Physical stability of o-NBA-HSA-NPs and o-NBA/HAase-HSA-NPs based on size c
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~146.2 nm in diameter. The zeta potentials of all the NPs were similar,
being approximately �21 mV primarily due to the negative charge of
albumin (Fig. 2B). The o-NBA was quite soluble in the 9:1 solution of
chloroform/ethanol but poorly soluble in water. The o-NBA/HAase-HSA-
NPs samples dispersed well, and their colloidal dispersions after prepa-
ration and reconstitution appeared to be clear, indicating good nano-
particle stability (Fig. 2C and Supplementary Data Fig. S4). The TEM and
FE-SEM images revealed that these nanoparticles were spherical and
highly homogenous in size (Fig. 2D and Supplementary Data Fig. S5).
Additionally, the particle size of o-NBA/HAase-HSA-NPs were monitored
while being held at room temperature for 48 h to evaluate their short-
term stability. As shown in Fig. 2E, the particle sizes of the o-NBA/
HAase-HSA-NPs were relatively stable over this period. Additionally, >
90% of PTX was known to be released from PTX-HSA-NPs over 24 h after
the incubation in our previous articles [24,25], which was useful for
determining dosing interval for in vivo efficacy study.
3.2. Evaluation of pH-dependent degradation of fluorescent HA-microgel
by HAase

HA-microgel with green fluorescence were prepared using the w/o
emulsification method and using HA and FITC-labelled HA. As shown in
Fig. 3A and B-inset, the prepared HA-microgel were spherical and ho-
mogenous (84. 2� 5.8 μm) (Supplementary Data Fig. S6) in diameter at a
fully swollen state and displayed strong green fluorescence under CSLM.
The morphology and particle-number-based density of fluorescent HA-
microgel incubated with HAase were monitored at different pHs. As
nd PTX-HSA-NPs (B) Zeta potentials of o-NBA-HSA-NPs and o-NBA/HAase-HSA-
anol (right) and the lyophilized powder (left) and dispersed solution (right) of o-
ission scanning electron microscopy (FE-SEM) images of o-NBA/HAase-HSA-NPs.
hanges (left) and polydispersity index (PDI; right).



Fig. 3. Monitoring of pH-dependent hyaluronidase activity based on FITC-HA microgel degradation. (A) Optical microscopic morphology of HA-microgel (5 mg/mL)
incubated with naïve HAase (1 mg/mL) at a pH of 4.0, 5.0, 5.5, 6.0 or 7.4. (B) The relative fluorescence of the supernatants from the degraded FITC-HA-microgel.
Inset: enlarged HA microgel as viewed in optical microscopic (left) and confocal microscopic images (right).
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shown in Fig. 3A, the HA-microgel incubated with HAase at pH 7.4 or 6.0
were negligibly degraded without significant reduction of particle
numbers, but the spherical structure was significantly damaged. How-
ever, reducing the pH from 6.0 to 4.0 clearly reduced the number of
microgel particles, primarily due to HA degradation: the particle
morphology was deformed, and a considerable fraction of microgel
particles were removed at pH 4.0 or 5.0. The pH-dependent degradation
of HA-microgel by HAase was also confirmed by the increased fluores-
cence intensity: increasing HAase concentration and decreasing the pH of
the media increased the FITC-based fluorescence intensity of superna-
tant, which was derived from the degraded fragments of HA-FITC of the
microgels (Fig. 3B). Consequently, HAase was found to be much more
active at low pH (4.0–5.0) than at a neutral pH of 7.4.
Fig. 4. HA matrix-breaking activity of o-NBA/HAase-HSA-NPs exposed to UV light (2
2.0 mm in diameter and thickness, respectively. An 1 mL aliquot of 5 mM PBS (pH 7.4
after 24 h incubation with different formulations after 2-h UV irradiation of the NPS:
UV; F4 ¼ o-NBA/HAase-HSA-NPs and no UV; F5 ¼ o-NBA/HAase-HSA-NPs with UV
hydrogel incubated with F1 to F5 formulas. (C) Monitoring of pH change induced b
hydrogels versus their initial weight. *P < 0.001 over no-UV group (F4). (E) SEM ima
HA-hydrogels (F1~F5) after 24 h-incubation.
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3.3. Degradation of HA-hydrogel by o-NBA/HAase-HSA-NPs with UV
light

The HA-degrading activity of o-NBA/HAase-HSA-NPs was evaluated
in macroscopic HA-hydrogel in the different treatment groups: F1 for 5
mM PBS (pH 7.4); F2 and F3 for o-NBA-HSA-NPs without or with UV
light, respectively; F4 and F5 for o-NBA/HAase-HSA-NPs without or with
UV light, respectively. As shown in Fig. 4A, the HA-hydrogel did show no
significant changes in terms of shape and color (F1). However, the su-
pernatants recovered from HA-hydrogel treated with o-NBA-HSA-NPs or
o-NBA/HAase-HSA-NPs turned opaque due to degradation of the FITC-
HA structure and was more obvious in the F3 and F5 o-NBA plus UV
light groups. Based on the fluorescence intensity, the degradation of HA-
hydrogel treated with o-NBA-HSA-NPs without HAase (F2/F3) was
.7 mW/cm2 at 5 cm distance). The HA-hydrogel disc was approximately 8.5 and
) was used as a media. (A) Photographs of macroscopic HA-hydrogel breakdown
F1 ¼ 5 mM PBS; F2 ¼ o-NBA/HSA-NPs and no UV; F3 ¼ o-NBA/HSA-NPs with
. (B) The relative fluorescence of the supernatants from the degraded FITC-HA-
y o-NBA/HAase-HSA-NPs with or without UV light. (D) Mass ratios of F1 to F5
ges of F1, F3 and F5 after 24 h-incubation (top) and photographs of PBS-washed
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insignificant, whereas those treated with o-NBA/HAase-HSA-NPs (F4/
F5) was significant. The greatest degradation was in the hydrogel treated
with o-NBA/HAase-HSA-NPs plus 2-h UV light irradiation (F5), based on
morphology and fluorescence intensity at Days 1 and 2, respectively
(Fig. 4B). In particular, the pH of F5 hydrogels treated with o-NBA/
HAase-HSA-NPs and UV light decreased rapidly to ~5.0 within 3 h,
whereas the pH change of F4 without UV irradiation was negligible
(Fig. 4C). Consequently, the mean mass of the F5 hydrogels was 24.2 �
3.4% of the original mass at 48 h as a result of HA degradation, which
was much lower than that of F4 hydrogels (52.2 � 3.4%; Fig. 4D),
showing the greatest degradation at F5 (Fig. 4E, bottom). Finally, the
SEM imaging indicated the internal network structure of F5 hydrogels
was somewhat different from F1 and F3 hydrogels (control PBS and no
hyaluronidase), suggestive of greater HA degradation (Fig. 4E).

3.4. Degradation of HA-microgel by o-NBA/HAase-HSA-NPs with UV
light

The HA-degrading activity of o-NBA/HAase-HSA-NPs was evaluated
in HA-microgel subjected to the same treatments as for the HA macro-
scopic hydrogels. The shape, morphology and particle size changes of
microgels in F1, F2 and F3 were not significantly altered by any treat-
ment. However, the particle-number-based density of microgels in the F4
and F5 groups decreased greatly, and their particles become much
smaller than those of the F1 microgel group (PBS control; Fig. 5A). In
particular, the particles of the F5 microgel group disappeared very
quickly even at 2 h after irradiation of o-NBA/HAase-HSA-NPs with UV
light. After treatment, the apparent particle size of the F5 group micro-
gels was found to be much smaller (~25 μm) than their initial size (~85
μm) (Fig. 5B; and Supplementary Data Fig. S6). The pH of the medium
rapidly decreased to ~5.0 within 2 h due to the activation of o-NBA by
UV irradiation (Fig. 5D), and the reduction in the pH drop was clearly
indicated by the change in color of the phenol red indicator (Fig. 5C).

3.5. Cytotoxicity evaluation of o-NBA at HepG2 and AsPC-1 cells

The cytotoxicity of o-NBA was assessed in HepG2 and AsPC-1 cells
prior to completing the spheroid degradation experiment. As shown in
Fig. 6A and B, the HepG2 and AsPC-1 cell viabilities declined gradually as
the o-NBA concentration was increased to 3 mg/mL. Approximately 20%
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of both HepG2 and AsPC-1 cells were killed at the highest concentration
of o-NBA (1 mg/mL) tested, but UV irradiation did not affect the cyto-
toxicity results.

3.6. Degradation of tumor spheroids by o-NBA/HAase-HSA-NPs

The spheroids were formed from two cancer cells, hepatoblastoma
HepG2 and pancreatic AsPC-1; these cell lines are known to develop
significant density of hyaluronic acid and ECM at the relevant tumors. As
shown in Fig. 7A, the morphology and shape of HepG2 spheroids treated
with 1% medium and the F4 formula (o-NBA/HAase-HSA-NPs without
UV light) were not significantly altered, but the size of spheroids treated
with F4 appeared smaller than prior to treatment. The HepG2 spheroids
treated with the F5 formula (o-NBA/HAase-HSA-NPs with UV light)
began to shrink and degrade after 2 h and were notably deformed after 6
h incubation (after the 2 h UV irradiation), showing cellular clusters
separated from the initial spheroid. In another set of HepG2 spheroids,
the surface degradation of the spheroids seemed more obvious, and the
spheroids were broken into clusters of cells at 12 h (Fig. 7A, bottom). The
exogenous FITC-labelled HA incorporated into HepG2 cell spheroids was
visualized by CLSM, and it seemed to be embedded homogenously in the
spheroids (Fig. 7B).

As shown in Fig. 8A, the hyaluronic acid was well developed or
secreted at the surface of each cell of the AsPC-1 spheroids because the
fluorescence of HABP-1/Alexa-488 was presented. This finding indicated
that the AsPC-1 cell spheroids could mimic some of the features of HA
ECM-containing tumor tissues in vivo. The degradation of spheroids by o-
NBA/HAase-HSA-NPs plus UV light was much more evident in the AsPC-
1 cell spheroids (Fig. 8B). In treatment groups F1 to F4, significant
degradation was not observed, except small punctures or cracks in the
center region of the spheroids (F4). However, the AsPC-1 spheroids were
unambiguously broken into smaller cell clusters after treatment with the
F5 formula, likely due to optimized HAase activity at the low pH induced
by the proton production of the o-NBA activated. by UV.

3.7. PEG-hydrogel formulation containing o-NBA/HAase-HSA-NPs

On the basis of the thiol-maleimide reaction, the PEG-hydrogel con-
taining o-NBA/HAase-HSA-NPs formed rapidly within ~90 s after simple
mixing. Although the thiol-maleimide reaction proceeds more rapidly at
Fig. 5. HA matrix-breaking activity of o-NBA/HAase-
HSA-NPs exposed to UV light (2 h, 2.7 mW/cm2 at 5
cm distance). (A) Optical images of HA-microgel
incubated with different formulas over 24 h: 5 mM
PBS (F1); o-NBA/HSA-NPs þ UV(�) (F2); o-NBA/
HSA-NPs þ UV(þ) (F3); o-NBA/HAase-HSA-NPs þ
UV(�) (F4); o-NBA/HAase-HSA-NPs þ UV(þ) (F5).
(B) Monitoring of microgel size change at each for-
mula of F1~F5. (C) Monitoring of color change of
phenol red at different pHs or o-NBA/HAase-HSA-NPs
with UV light. (D) Monitoring of pH change induced
by o-NBA/HAase-HSA-NPs with or without UV light
exposure. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web
version of this article.)



Fig. 6. Cytotoxic effects of o-NBA at various concentrations with or without UV light in HepG2 and AsPC-1 cells as measured using the MTT assay.

Fig. 7. (A) Monitoring of morphology of HepG2 cell spheroids incubated with 5 mM PBS (pH 7.4) and o-NBA/HAase-HSA-NPs (with or without UV exposure).
Enlarged surface analysis of HepG2 cell spheroids incubated with o-NBA/HAase-HSA-NPs (with UV). (B) Optical and CLSM images of HepG2 cell spheroids embedded
with FITC-conjugated low molecular weight HA (Mw ~8 kDa).

W.T. Lee et al. Materials Today Bio 12 (2021) 100164
neutral pH, and the pH of UV-activated o-NBA/HAase-HSA-NPs was
reduced, the resulting PEG-hydrogel displayed adequate gel properties,
such that the resulting in situ gel did not flow or drip even when turned
upside-down (Fig. 9A).
3.8. In vivo tumor localization and decay of PTX-Cy5.5-HSA-NPs and
PEG-hydrogel with loaded o-NBA/Cy5.5-HAase-HSA-NPs in AsPC-1-
tumor-bearing mice

After intravenous injection of PTX- Cy5.5-HSA-NPs and intratumor
injection of o-NBA/Cy5.5-HAase-HSA-NPs, the NPs were monitored in
AsPC-1 tumor-bearing mice. The PEG-hydrogel with loaded o-NBA/
Cy5.5-HAase-HSA-NPs were diffusely distributed within the tumors, and
their NIR-fluorescence signal gradually decreased and then faded out 72
h after intratumor injection (Fig. 9B). The PTX-Cy5.5-HSA-NPs accu-
mulated gradually and peaked at 12 h in the mouse tumors and appeared
8

to have been eliminated within 72 h after i.v. injection.
3.9. Antitumor effect of combined therapy with PTX-HSA-NPs and PEG-
hydrogel with loaded o-NBA/HAase-HSA-NPs in AsPC-1-tumor-bearing
mice

The antitumor effects of combined therapy with PTX-HSA-NPs and
PEG-hydrogel with loaded o-NBA/HAase-HSA-NPs were evaluated in
AsPC-1-tumor-bearing mice, as shown in Fig. 9C. The tumor volumes for
each group of mice were measured over 14 days after treatment
(Fig. 10A): the final tumor volumes for the G1 to G5 groups were 1230.2
� 256.2, 676.3 � 78.8, 402.2 � 24.6, 295.4 � 17.1, and 198.2 � 30.0
mm3, respectively. A single intratumor injection of naïve HAase reduced
the tumor volume as compared with the PBS control group. Intravenous
injection of PTX-HSA-NPs (200 μg PTX/mouse on Days 0, 8, and 16)
suppressed tumor growth, but the tumors nonetheless grew gradually



Fig. 8. (A) Optical and CLSM fluorescence images of hyaluronic acid development in AsPC-1 cell spheroids using HABP-1/Alexa-488 dye staining (bottom: z-stack
images of nine 18-μm slices obtained). (B) Monitoring of morphology of AsPC-1 cell spheroids incubated with the F1 to F5 formulations over 3 h.

W.T. Lee et al. Materials Today Bio 12 (2021) 100164
over 24 days. Remarkably, tumor growth in mice treated with a combi-
nation of PTX-HSA-NPs and o-NBA/HAase-HSA-NPs plus UV light was
significantly suppressed, and tumor size was 7-fold and 5-fold smaller
than in mice administered the PBS control and PTX-HSA-NPs-only group,
respectively (Fig. 10B, C and 10D). Particularly, the tumor volumes of
mice treated with a combination of PTX-HSA-NPs and o-NBA/HAase-
HSA-NPs plus UV light (G5) was significantly smaller than that without
UV light (G4) (P< 0.008 over G4 at 20–24 days) (Fig. 10B), despite small
difference of their photo images. The weight of the mice in the four
treatment groups was maintained without significant change over 14
days, indicating that all mice were well cared for without deleterious
effects during the entire therapy period (Fig. 10E).

Tumor suppression was also assessed in the G1 to G5 treatment
groups 24 days after initiation of treatment based on cell density and
color intensity after various histologic staining procedures. As shown in
Fig. 11, the photographic images of H&E� and Alcian blue-stained tumor
sections from control groups displayed typical tumor overgrowth pat-
terns, whereas the H&E image of sectioned tumors from mice of the G4
and G5 groups showed much weaker staining, indicating significant
removal of compacted tumor tissues due to cell death. Especially, the
Alcian blue staining displayed the destruction of HA in the ECM of the
relevant tumors. This pattern was similar also at the HABP-1-stained
tumors, but the difference of color intensity was not greatly significant
(G4 and G5 vs. G3). The TUNEL images showed that the tumors of the G4
and G5 groups were partially or entirely killed due to increased
apoptosis, showing clear fluorescence images of G4 and G5.
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4. Discussion

Therapeutic nanoparticle-treated tumors are not effectively cured
because they are protected by the ECM that hampers tumor vascular
function and delivery of antitumor agents [30]. Hyaluronic acid is
considered one of the most significant components of the ECM that limits
antitumor therapy because it plays a role as a barrier to deep tumor
penetration of nanoparticles and is present in many types of tumors [30].
Since many other ECM components are present and mingled with tumor
cells in clinical cancers, the single HA-target therapy can be restricted.
Nevertheless, the HAase-aided antitumor therapy has been viewed as one
of the best ways of improving antitumor chemotherapy because the
destruction/degradation of tumor HA is clinically effective [7,10,12,31].
Intratumor HAase injection (~1500 U) has been shown to reduce the
interstitial fluid pressure (IFP) and to increase tumor uptake of liposomal
doxorubicin in an OHS xenograft model [31]. Enzymatic depletion of HA
using a PEGylated version of PH20 (PEG-rHuPH20; 1.5–15 mg/kg)
reduced the tumor IFP and induced improved antitumor responses in a
PC3 xenograft model [7]. These approaches were well performed to
enhance nanoparticle delivery and antitumor efficacy [10,12]. In this
respect, we focused on improving the capability of
HA-destruction/reduction of our formulation in HA-hydrogel, spheroids
and xenograft AsPC-1 tumors, on the basis of optimizing the HAase ac-
tivity by pH jump.

Many enzymes exhibit obvious pH-dependent catalytic actions and
are therefore maximally active at an optimal pH; for some enzymes,



Fig. 9. (A) Photographs of in situ gelling of the PEG-hydrogel formula o-NBA/HAase-HSA-NPs and phenol red with or without UV light. (B) In vivo visualization of
AsPC-1-tumor bearing mouse treated with PEG-hydrogel loaded with o-NBA/Cy5.5-HAase-HSA-NPs (intratumor injection) and PTX- Cy5.5-HSA-NPs (tail vein in-
jection). (C) Antitumor therapy plan for combination of intravenous PTX-HSA-NPs (200 μg PTX/mouse) and intratumoral o-NBA/HAase-HSA-NPs (500 μg HAase and
UV). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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maximal activity occurs at acidic pHs. For example, acid phosphatase
produces full hydrolytic activity toward the substrate 6-chloro-8-fluoro-
4-methylumbelliferone phosphate (CF-MUP) at pH 5.5, whereas it has
only 3% activity at a slightly basic pH of 8.0 [32]. As noted above, HAase
has maximal activity at a pH of ~5.0 and progressively loses its activity as
the pH increases up to 7.4. Similar pH-dependent activity was also
demonstrated in our experiment using HA-microgel as a substrate: naïve
HAase showed the greatest HA-degrading activity (increased fluores-
cence in the supernatant) at around pH 4–5 (Fig. 3) [13–15]. We sus-
pected that reduction of the pH at HA-containing tumor sites helped to
augment the activity of the injected HAase. In this regard, the
photo-switching of enzyme activity by a laser-induced pH jump is viewed
as a unique method to facilitate the use of enzymes [32]. As a photo-
reactive proton source for a pH jump, ortho-nitrobenzaldehyde (o-NBA)
has been widely used because it is strongly and rapidly activated by light
energy: nitrosobenzoic acid is formed extremely fast (in 7 ps) after o-NBA
irradiation with UV light (266 nm) [33,34]. More specifically, o-NBA
undergoes intramolecular excited-state hydrogen transfer (ESHT) upon
UV irradiation to form 2-nitrosobenzoic acid through a bicyclic benzi-
soxazolidine intermediate, which is able to produce a proton and thus
reduces the pH of the local environment [32,35,36]. As shown in Figs. 4
and 5, o-NBA embedded into albumin nanoparticles was found to be
highly responsive to UV light and significantly reduced the pH of the
medium to ~5.0 in a relatively short time period (2 h). The HA-hydrogel
and HA-microgel were significantly degraded by augmented HAase ac-
tivity aided by proton generation of UV-activated o-NBA in a
pH-dependent manner. Moreover, the extracellular pH of tumors is
known to be acidic (pH 6.5–6.8) due to aerobic glycolysis (Warburg ef-
fect), which is lower than that of blood pH (7.4) [37]. However, altering
the pH in a macroscopic drug delivery system, such as a hydrogel, or in a
specific site of body is a huge challenge, contrary to the easily penetrating
stimuli (e.g., heat, light and magnetic field etc.) [38].

Albumin is a useful pharmaceutical excipient for parenteral
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formulations and is also used as a natural targeting carrier for chemo-
therapeutics [39,40]. Moreover, it provides inner molecular space to
bind many hydrophobic drugs, and this binding improves apparent drug
solubility and extends the half-life of drugs [41,42]. Likewise, albumin
plays a role as a kind of matrix for hydrophobic drugs before their
release-out. Regarding the Abraxane® (Celgene Corp.) product, pacli-
taxel is attached to hydrophobic crevice of albumin and physically
crosslinks albumin molecules. At this base, o-NBA was almost insoluble
in water and but was highly soluble in a chloroform and ethanol mixture
(Fig. 2). Solubilization enabled the formation of albumin nanoparticles
with sufficient o-NBA incorporated within them to enable a pH jump. In
essence, albumin nanoparticles were used as a reservoir matrix, and
o-NBA played a role as a physical crosslinker to assemble albumin
nanoparticles. Albumin nanoparticles are known to be targeted to solid
tumors through tumor extravasation and gp60-mediated transcytosis
[43,44]. Recently, nab™-paclitaxel (Abraxane®) was used in combina-
tion with gemcitabine and the PEGylated version of PH20 (PEG-r-
HuPH20) in a Phase II metastatic pancreatic cancer trial aimed at
removing HA-based ECM from tumor regions and thereby creating a
novel effective anti-pancreatic tumor therapy. This clinical study has
shown an increased survival in treated patients as compared with control
patients [45]. We have assessed the use of the nab™-technique to
incorporate large proteins (i.e., TRAIL [~66 kDa] and HAase [60 kDa])
into albumin nanoparticles [24,25] and optimized the formulation for
incorporation of HAase (0.5 mg) into o-NBA/HAase-HSA-NPs.

Particularly, the amine-aldehyde reaction between HSA and o-NBA
was one of important issues because this covalent reaction might reduce
free o-NBA in the formula and thus ruin the pH-jump. Considering the
precision limit (~0.1%) of MALDI-TOF MS, the mass difference between
HSAs before and after the preparation (~114) appeared to be a bit sig-
nificant and due to the o-NBA (151.12 Da) conjugation to HSA. Conse-
quently, 0.76 o-NBA molecule was estimated to be covalently bound to 1
HSA molecule (presumably any amine of 59 amines in an HSA).



Fig. 10. In vivo antitumor efficacy of PEG-hydrogel containing UV-responsive o-NBA/HAase-HSA-NPs in conjunction with PTX-HSA-NPs in five mouse treatment
groups: (I) PBS (i.v.); (II) PBS þ naive HAase (intratumor; 500 μg/0.1 mL); (III) PTX-HSA-NPs (200 μg PTX/mouse); (IV) PTX-HSA-NPs (200 μg PTX/mouse) þ o-NBA/
HAase-HSA-NPs (500 μg HAase and UV(�)); (V) PTX-HSA-NPs (200 μg PTX/mouse) þ o-NBA/HAase-HSA-NPs (500 μg HAase and UV(þ)). (A) Tumor volumes in each
group over 24 days. (B) Focused tumor volume profiles of G3, G4 and G5 over 24 days (þP < 0.009 over G3 and *P < 0.008 over G4). (C) Representative photographs
of AsPC-1 tumor-bearing mice at the indicated days after treatment. (D) Photographs of tumors excised from each treatment group. (E) Body weight change of AsPC-1
tumor-bearing mice in the different treatment groups over 24 days post-treatment.
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However, considering the fed molar ratio of HSA and o-NBA (1: 88),
approximately 0.86% of whole o-NBA appeared to be bound to HSA, and
hence ~99% of o-NBA remain intact as a free form. This calculated value
was consistent with the recovery percent (%) (before vs. after the
nanoparticle preparation steps; ~99.0 � 1.2%), which was quantitated
by RP-HPLC (Supplementary Data Fig. S3-5–6). As a result, ~99% of o-
NBA fed was able to participate in the UV-activated pH-jump reaction.
These two molecules are present at separate organic and aqueous phases,
respectively, when being homogenized, and solid-state o-NBA are
embedded into HSA molecule after evaporation. Therefore, the amine-
aldehyde substitution reaction between HSA and o-NBA, otherwise un-
dermines the pH-jump, seemed to be negligible (<1%) because both
molecules had less chance to interact during the preparation.

Consequently, the prepared o-NBA/HAase-HSA-NPs were apparently
able to generate protons in response to UV light and release HAase, which
resulted in accelerated breakdown of HA matrix in vitro and in vivo. This
coordinated HA-degrading activity of o-NBA/HAase-HSA-NPs was
clearly demonstrated in HA-hydrogel/microgel and in HepG2/AsPC-1
cell spheroids. Additionally, the HA-degrading activity of o-NBA/HAase-
HSA-NPs appeared to be more obvious in pancreatic AsPC-1 cell spher-
oids that develops more HA in the EMC than in hepatocarcinoma HepG2
spheroids (Figs. 7 and 8). In more than 90% of pancreatic tumors HA
formation is significant, especially in ductal/mucinous adenocarcinomas
[30]. Although HepG2 secretes HA [46], the HA amount seemed a bit
lower for the degradation study in our study. Therefore, extra HA was
added to the HepG2 spheroids in our experiments in order to better
mimic the in vivo tumor ECM environment. Nonetheless, the HepG2
spheroid seemed resistant to the degradation by HAase even at a low pH
of ~5.0 (Fig. 6). However, o-NBA/HAase-HSA-NPs displayed much clear
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HA ECM-degrading activity in AsPC-1 cell spheroid, which presumably
contributed to improving the in vivo antitumor of nanoparticle-based
chemotherapeutics. Subsequently, pancreatic AsPC-1 cells were chosen
for the xenograft tumor model based on degree of HA development and
sensitivity to HAase. Separately, a single cellular spheroid using either
HepG2 or AsPC-1 was used in this study, but recently multicellular
spheroid is viewed as an ideal model mimicking actual tumors because
these tumor cell aggregates have complex dynamic cell–cell/cell–matrix
interactions [47]. Therefore, the evaluation of o-NBA/HAase-HSA-NPs
system in the multicellular spheroid system would be more predictive for
its performance in clinical setting.

PTX-HSA-NPs were injected intravenously to deliver paclitaxel to the
xenograft tumors, as shown in the success of Abraxane® [39]. On the
contrary, o-NBA/HAase-HSA-NPs were directly injected into the tumors
so as to ensure effective pH-jump and activate the HAase because the UV
light irradiation should be focused on the higher level of o-NBA/HAa-
se-HSA-NPs entrapped by the PEG-hydrogel. Likewise, hyaluronidase or
collagenase is usually injected into the tumors to accelerate the ECM
breakdown. In general, quantitative analyses have demonstrated that HA
staining of tumors is not greatly significant in xenografted tumor models
[10], presumably because both degraded HA fragments (low Mw: 1–2
kDa) as well as intact high molecular weight HA might be stained [4].
Thus, the extent of HA-ECM destruction is difficult to demonstrate in vivo.
For this and clarifying the antitumor effect of each group, the dosing plan
was achieved three time at 0, 8 and 16 days. Presumably due to the
repeated dosing, the histologies of Alcian blue and HABP-1 in G5 seemed
slight better, albeit not great, than those in G3 and G4 in the context of
HA depletion. In AsPC-1 cell xenografted mice, UV-activated HA-de-
grading activity of o-NBA/HAase-HSA-NPs was indirectly demonstrated



Fig. 11. (A) Microscopic images showing H&E, Alcian blue, HABP-1, DAPI and TUNEL staining of tumor slices from mice of each treatment group of G1~G5. blue and
HA-specific staining of tumor slices from mice of each treatment group. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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by increased tumor suppression when administered in conjunction with
intravenous injection of paclitaxel-loaded albumin nanoparticles (200
μg/mice). For intratumor injection, o-NBA/HAase-HSA-NPs were
formulated as an in situ injectable PEG-hydrogel as in our previous studies
(Fig. 9) [26,27,48]. This hydrogel prototype showed good performance
for sustained release of HAase in vivo because the 4-arm PEG was a large
crosslinker and the thiol-maleimide reaction did not involve conjugation
with HAase.

Consequently, the tumors of mice treated with o-NBA/HAase-HSA-
NPs with UV light and PTX-HSA-NPs were clearly significantly reduced in
volume compared with those of all other groups. The tumor size reduc-
tion in the HAase-only group without PTX injection was likely due to
degradation of the HA matrix that facilitates tumor growth. Although the
reductions in tumor size in the UV and no-UV groups as compared with
12
the control group were very small, the differences were statistically sig-
nificant (P < 0.009), which indicated that our objective of (i) UV-
activated proton generation and (ii) optimization of HAase activity had
been successfully attained. Additionally, a better way of sending or
generating UV light around in deep tumor sites is maneuvered to maxi-
mize the ECM-breaking activity for in vivo clinical performance because
UV light penetrate into skin or tumor tissues less than deep red near
infrared (NIR: 650–900 nm) on account of its short wavelength [49]. In
this context, future investigations of o-NBA/HAase-HSA-NPs as UV
light-emitting upconverting nanoparticles responding to NIR light can be
considered a next step in development of the HAase-based platform.
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5. Conclusion

In summary, we fabricated a prototype of UV light-reactive proton-
generating hyaluronidase/albumin nanoparticles having enhanced hy-
aluronic acid-degrading activity based on a pH-jump induced by o-
nitrobenzaldehyde. The UV light-activated o-NBA/HAase-HSA-NPs were
found to reduce the local pH to ~5.0 and exhibited clear HA-degrading
capability in ECM-mimicking models of HA-hydrogel/microgel and
AsPC-1 tumor cell spheroids. Furthermore, the in situ intratumor-
injectable PEG-hydrogel formula of o-NBA/HAase-HSA-NPs displayed
significantly enhanced tumor suppression when administered with
intravenous paclitaxel-loaded HSA-NPs. Overall, our results showed
photoreactive o-NBA/HAase-HSA-NPs was effective in degrading HA-
based ECM and suppressing tumor growth. Therefore, we believe that
the o-NBA/HAase-HSA-NPs formula should be considered a prototypical
HA-ECM depleting tumor-ablation agent.
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