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ABSTRACT: Enzyme therapy has unique advantages over
traditional chemotherapies for the treatment of hyperuricemia,
but overcoming the delivery obstacles of therapeutic enzymes
is still a significant challenge. Here, we report a novel and
superior system to effectively and safely deliver therapeutic
enzymes. Nanosomal microassemblies loaded with uricase
(NSU-MAEs) are assembled with many individual nanosomes.
Each nanosome contains uricase within the alkaline environ-
ment, which is beneficial for its catalytic reactions and keeps
the uricase separate from the bloodstream to retain its high
activity. Compared to free uricase, NSU-MAs exhibited much
higher catalytic activity under physiological conditions and
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when subjected to different temperatures, pH values and trypsin. NSU-MAs displayed increased circulation time, improved
bioavailability, and enhanced uric acid-lowering efficacy, while decreasing the immunogenicity. We also described the possible
favorable conformational changes occurring in NSU-MAs that result in favorable outcomes. Thus, nanosomal microassemblies
could serve as a valuable tool in constructing delivery systems for therapeutic enzymes that treat various diseases.
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B INTRODUCTION

The prevalence of hyperuricemia among Chinese adults in
2009—2010 was 8.4%." There has been an increasing worldwide
prevalence of diseases associated with hyperuricemia. These
associated diseases include but are not limited to gout, incident
hypertension and cardiometabolic disease.” Enzyme therapies
are more effective than traditional chemotherapies in some
aspects. For example, uricase (URI) dissolves and eliminates
existing uric acid, whereas allopurinol and febuxostat do not.
Although URI has been used to treat hyperuricemia for over 40
years,” its clinical application has been hampered by drawbacks
such as low stability, low catalytic activity and high
immunogenicity, which result in inadequate therapy and
undesirable side effects.” Therefore, recombinant URI was
developed to improve enzymatic activity,”® and polyethylene
glycol (PEG) was bound to the recombinant URI to prolong its
circulation time.”® Both rasburicase (recombinant URI) and
pegloticase (PEGylated recombinant URI) have already been
approved for clinical applications. It should be noted that when
prolonging the plasma half-life time, pegloticase reduced the
catalyzed activity of recombinant URI. Furthermore, both of
these medications have high immunogenicities.9 Therefore, it is
necessary to develop superior URI delivery systems with
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enhanced and sustained catalytic activities while decreasing the
immunogenicity when administered in vivo.

Herein, we report the use of URI-encapsulating alkaline
nanosomal microassemblies (NSU-MAs), which simultaneously
possess the required attributes for improved URI delivery:
increased stability, enhanced catalytic activity, sustained
therapeutic effects and lowered immunogenicity. Each alkaline
nanosome encapsulates a specific number of URI molecules.
The semipermeable lipid membrane of each nanosome
contains URI inside an alkaline environment consisting of
borax buffers at pH 8.5 (the optimal pH for URI activity) and
separates URI from the external bloodstream to increase its
stability and long-term catalytic activity, similar to our recent
reports with the URI liposome.'”'" NSU-MAs are assembled
with many individual nanosomes, as shown in Figure 1A and
1B; thus, they have a higher URI-loading efficiency, as well as
markedly enhanced and sustained catalytic activities, compared
to free URL Furthermore, because the large-molecule protein
enzyme URI (tetramers of 35 kDa subunits) has been
encapsulated inside the nanosomes that are made of
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Figure 1. Schematic illustration of the structural changes of NSU-MAs. NSU-MAs are assembled with many individual nanosomes encapsulating
URI molecules. (A) Confocal laser scanning photomicrographs of NSU-MAs. (B) Schematic structure of NSUs. (C) The structural changes of NSU-
MA incubated at pH 7.4 and 37 °C. (D) Two major patterns of the structural changes of NSU-MAs.

biodegradable pharmaceutical excipients, which are generally
recognized as safe (GRAS) and approved by the Food and
Drug Administration of many countries, NSU-MAs are
considered to have low immunogenicity.

B EXPERIMENTAL SECTION

Materials and Instrumentation. Uricase (URI) from the
Candida utiliz species (activity of 4.9 units/mg powder at 25 °C),
uric acid, and fluorescein isothiocyanate (FITC) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Phospholipids (soybean lecithin,
Lipoid S 100) were obtained from Lipoid GmbH (Ludwigshafen,
Germany). Cholesterol was obtained from Tianma Fine Chemical
Plant (Guangzhou, China). Triolein was obtained from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Poloxamer 188 and
407 were obtained from Nanjing Well Biochemical Co. Ltd. (Nanjing,
China). L-lysine was obtained from Beijing Dingguo Changsheng
Biotechnology Co. Ltd. (Beijing, China). Glucose was obtained from
Chongging Boyi Chemical Reagent Co. Ltd. (Chongqing, China).
Borax was obtained from Qiangshun Chemical Co., LTD (Shanghai,
China). Boric acid was obtained from Chuandong Chemical (Group)
Co., Ltd. (Chongging, China). Coomassie blue G-250 was obtained
from Sinopharm Chemical Reagent Co. LTD (Shanghai, China).
Methanol and acetonitrile, all of HPLC grade, were purchased from
American TEDIA (Fairfield, OH, USA). HPLC-grade water was
purified by a Milli-Q system equipped with cellulose nitrate membrane
filters (47 mm X 0.2 mm, Whatman, Maidstone, UK). All other
reagents and solvents used in the study were of analytical grade. Male
Sprague—Dawley (SD) rats (200 + 20 g) were supplied by the
Laboratory Animal Center at Chongqing Medical University
(Chongging, China). All of the animals were acclimatized at a
temperature of 25 + 3 °C and a relative humidity of 70 + 5% under
natural light/dark conditions for 1 week before dosing. All of the

animal experiments were performed in accordance with the protocol
approved by the Laboratory Animal Committee at Chongqing Medical
University.

Preparation of NSU-MAs. Phospholipids (60.0 mg), cholesterol
(46.2 mg), and triolein (66.2 mg) were dissolved in 3 mL of diethyl
ether, and the resulting solution was added to 3 mL of 50 mmol/L
borate buffer at pH 8.5 (containing 3% glucose, 5% poloxamer 188,
22.5% poloxamer 407 and 2 mg URI). The solution was then vortexed
for 8—10 min to obtain a milky dispersion. Next, 3 mL of the emulsion
was quickly injected into 10 mL of 50 mmol/L borate buffer at pH 8.5
(containing 4% glucose and 40% mmol/L L-lysine), and the mixture
was blended in a homogenizer at 6000 rpm for 24 s to obtain an
emulsion. The emulsion was rotated for 15 min to remove the organic
solvent in order to form uniform NSU-MAs.

Principal Characteristics of NSU-MAs. The zeta potentials of
the NSU-MAs were determined by dynamic light scattering (Zeta-
Sizer Nano ZS90 instrument, Malven Instruments Ltd., UK). The
average particle size of the NSU-MAs was obtained by measuring the
diameters of five hundred particles.'>"* The sample was prepared by
diluting the final preparation described above with a 9 X volume of
corresponding buffer.

The morphologies of the NSU-MAs were observed using a laser
microdissection system (Leica AS LMD, Wetzlar, Germany) with
either a laser light (excitation = 497 nm) or with natural light.

The entrapment efficiency of the NSU-MAs was determined by
dividing the amount of the contained enzyme by the total amount of
enzyme in the vesicle system.” The entrapped enzyme was separated
from its vesicle using a gel exclusion chromatography method (with a
1S mm X 400 mm Sephadex G-200 column). Enzyme content was
determined using Coomassie blue staining."*

Interaction between URI and NSU-MA Membrane. The
interaction of URI with the NSU-MA was determined according to
the FITC fluorescence method as previously reported.” Briefly, URI
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(100 pg/mL) and the blank NSU-MAs were separately mixed with
FITC at a volume ratio of 49:1. After separately incubating these
mixtures for 5 min in the dark, the solutions were excited at 480 nm,
and the emission fluorescence intensities were recorded between S00
and 600 nm using a fluorescence spectrophotometer (F-2500,
Shimadzu). The effect of URI alone was examined by incubating
URI with empty NSU-MAs for 1 h at 25 °C before adding the FITC
solution.

Effects of Temperature on the Activity. The optimum
temperature of NSU-MAs was investigated in the temperature range
of of 20—70 °C. The URI activity was determined according to a
previous study.'' One U/mL of URI was defined as the amount of
URI able to oxidize 1 ymol/L of uric acid to allantoin per minute at 25
°C.

The hypothermal (4 °C) stability was investigated by incubating
NSU-MAs at 4 °C for 28 d. The remaining activities were determined
at predetermined times. The electrical conductivities of NSU-MAs
(100 pg/mL) and free URI (in S0 mmol/L of pH 8.5 borax buffer)
were determined at 25 °C by using an electric conductivity analyzer
(DDS-307A; Shanghai Yidian Scientific Instrument Co., Ltd.,
Shanghai, China). Fluorescence changes of URI were determined
using a fluorescence spectrophotometer (F-2500, Shimadzu)."® The
emission fluorescence intensity from 300 to S00 nm was recorded
upon excitation at 280 nm. Chloroform was added into the NSU-MAs
at a volume ratio of 1:2, and then the mixture was centrifuged at 3000
rpm for 5 min; the supernatant was removed and tested as described
above. The change in the ultraviolet absorbance of URI was
determined using a spectrophotometer (UV-2600, Shimadzu). The
NSU-MAs were treated with chloroform and tested as described
above. Polyacrylamide gel electrophoresis (PAGE) was performed as
previously described.” Briefly, equal amounts of free URI and NSU-
MAs were spotted and subjected to electrophoresis (Bio-Rad
Laboratories, Hercules, CA, USA). After running to completion, the
gel was stained with Coomassie brilliant blue R-250 dye solution for 20
min and then destained with a destaining solution (methanol:acetic
acid:distilled water at a volume ratio of 1:1:8) for 2 d. The sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed in a similar manner. The differences were as follows:
samples were heated in a boiling water bath for 5 min before they were
spotted, and 10% SDS was added to both the separation gel and spacer
gel.

The thermal stability was measured by incubating NSU-MAs at 55
°C for S h. The remaining activities were determined at predetermined
times. Changes in the fluorescence profile of URI induced by heat
treatment was determined according to a modified FITC fluorescence
method.* Briefly, UCU and NSU-MAs were separately incubated at
either 5SS or 25 °C for 3 h. Then, free URI was mixed with FITC and
prepared as described above followed by measurement of the emission
fluorescence intensity from 500 to 600 nm using an excitation
wavelength of 480 nm. The NSU-MAs alone were treated with
chloroform and tested as a control.

Effects of Acidity-Alkalinity on the Activity. The optimum
acidity-alkalinity (pH) of the NSU-MA was investigated in the pH
range of 7.0—9.5. The URI activity was determined based on a
previous study."'

The effects of acidity-alkalinity on the NSU-MAs were determined
as follows: Free URI (or NSU-MAs) was incubated with its
corresponding buffer in a pH range from 5.0 to 9.5 at 40 °C for 40
min, and the remaining UCU activity was determined at 25 °C.

Effects of Proteolytic Enzyme on the Activity. The effects of
trypsin on the NSU-MAs were determined as follows: The NSU-MAs
were treated with trypsin at 37 °C to final concentrations of 100 ug/
mL for both compounds. Aliquots were taken at predetermined times
and assayed.

Kinetic Features of NSU-MA. The in vitro kinetic parameters of
URI were determined by catalyzing the oxidation of uric acid solutions
at different concentrations (10, 20, 30, 40, and 50 gmol/L) at 25 oc.M
The reaction medium contained 100 pg/mL of free URI or NSU-MAs.
The enzyme kinetic parameters were calculated using the Lineweaver—
Burk eq eq 1.

1 K, 1 1
— = —_—t —
Vo Vo S Viw (1)

where V is the reaction velocity, [S] is the substrate (uric acid)
concentration, K, is the Michaelis constant, and V. is the maximum
velocity.

All of the experiments were approved by the Institutional Animal
Care and Use Committee at Chongging Medical University. Thirty SD
rats (200 + 20 g) were intravenously administered with either free
URI or NSU-MAs at the same URI dose of 2000 mU/kg. Blood
samples were obtained from the posterior orbital venous plexus at
predetermined times and centrifuged for 10 min at 3000 rpm for
further analysis. The plasma URI activity was measured as previously
described."" The pharmacokinetic parameters and bioequivalence
evaluation were calculated using Drug and Statistics software (DAS,
version 2.1.1, Mathematical Pharmacology Professional Committee of
China, Shanghai, China).

Uric Acid-Lowering Effects of NSU-MA in Hyperuricemia
Rats. All of the experiments were approved by the Institutional Animal
Care and Use Committee at Chongqing Medical University. A rat
model of hyperuricemia was generated as previously described.''
Briefly, male rats (200 + 20 g) were administered hypoxanthine orally
and oxonic acid potassium salt subcutaneously.

The uric acid-lowering effects of NSU-MAs via intravenous
administration were arranged as follows: group 1 (six rats per
group) was a normal rat group (negative control group); group 2 was a
hyperuricemia rat model group without treatment (positive control
group); and groups 3 and 4 were intravenously administered either
free URI or NSU-MAs at the same UCU dose of 2000 mU/kg,
respectively. The blood samples of six mice in each group were
collected from the eye socket at various time intervals (10, 30, 60, and
90 min), and plasma uric acid levels were measured using a clinically
available assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) after centrifugation (3000 rpm for 10 min) as
previously described.""

The uric acid-lowering effects of NSU-MAs via subcutaneous
administration were arranged as follows: group S (six rats per group)
was a normal rat group (negative control group); group 6 was a
hyperuricemia rat model group without treatment (positive control
group); and groups 7 and 8 were subcutaneously administered either
free URI or NSU-MAs at the same UCU dose of 2000 mU/kg,
respectively.

Immunogenicity Test. Antisera against free URI and NSU-MAs
in male SD rats were prepared as previously described.'*'® Four
groups of SD rats (six rats per group) were arranged as follows: group
1 was provided with saline water (negative control); group 2 was
provided with ovalbumin (positive control); and groups 3 and 4 were
provided with free URI and NSU-MA, respectively. The rats were
intravenously boosted every week for 6 weeks with the corresponding
antigen at the same dose of 500 pug/kg. The blood samples were
collected at 24 h after each injection and subjected to centrifugation at
3500 rpm for 10 min. The profile of the obtained sera was determined
using an ELISA, and the antibody versus time profile was depicted.'®
The blood samples were collected prior to the first injection and on
day 14 after the last injection. The resulting sera were measured using
an ELISA, and then the highest dilution ratio and antibody titers were
obtained."" The ELISA was used to determine the level of anti-URI
antibodies. Briefly, microtiter plates were coated with antigen and
stored at 4 °C overnight. The plates were then rinsed three times with
PBST solution. Next, 5% BSA blocking solutions were added to the
wells for 1.5 h. The tested rat serum samples were diluted with 0.5%
BSA and added to the plates. Then, the plates were incubated at 37 °C
for 1 h and rinsed five times with PBST, followed by incubation with
100 uL of goat antirat IgG(H+L)/HRP. The wells were washed, the
TMB color liquid was added to the wells and the plates were incubated
for 10 min at 25 °C. The color reaction was halted by adding 2 mol/L
of sulfuric acid. The absorbencies of the wells were determined at 450
nm. The anti-URI antibody titer was defined as the greatest dilution of
the serum that resulted in an optical density 2.1 times higher than the
negative control.

DOI: 10.1021/acsami.5b05758
ACS Appl. Mater. Interfaces 2015, 7, 20255—20263


http://dx.doi.org/10.1021/acsami.5b05758

ACS Applied Materials & Interfaces

Research Article

A (Hypothermal stability, 4°C)

120 +URI *NSU-MA

Remaining activity (%)
g g B

5

[
S

12 18
Time (d)

24 30

B (Conductivity changes when stored at 4 °C for 21 d)

700

- ood u21d
£
L 560
7]
3
=, 420
£
=
S 280
3
2 140
o
(8]
0
Borax URlin Blank  NSU-MA
buffer borax  NSU-MA
buffer

C (Fluorescence changes when stored at 4 °C for 21 d)

D (Ultroviolet changes when stored at 4 °C for 21 d)

2000- 1.0 ?I
] NSU-MAin 0 d g 08 \ NSU-MAin 0 d
il c t
] URIin0d g 1 ~ URIin0d
1 S 0.6 \ \
1 NSU-MAin 21d 2 \ \ NSU-MAin 21 d
R - N \
10007 URIin21d 2 04 | uRiin21d
] \
] 5 02 \
,/ \"\.;:_TS\ o
] ] % 200 250 300 350 400
0 — —— : T = am Wavelength (nm)
300 350 400 450 500
E (PAGE electrophoresis) F (SDS-PAGE electrophoresis)
od 21 d Mo:;:;:gl:; _o0od Mo:;::;l:: _21d
A r— Marker URI NSU-M (KDa) Marker URI NSU-M (KDa) !.-iker "URI NSU-M
. 116.0 1160 R
66.2 >
URI URI s 66.2
45.0 45.0
35.0
BSA BSA 35.0
OVA 25.0
OVA 25.0
18.4 18.4
14.4

14.4

Figure 2. Effects of low temperature on the activity, electricity property, configuration and structure of NSU-MAs. (A) The URI activity, (B)
conductivity, (C) fluorescence, (D) ultraviolet, and (E, F) electrophoresis changes of NSU-MAs when placed at 4 °C. The original activity of URI or
NSU-MAs was taken as 100% in Figure A. The data were presented as mean + standard deviation, n = 3. PAGE: Polyacrylamide gel electrophoresis.
SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. BSA: Bovine serum albumin. OVA: Ovalbumin. The molecular weights of

BSA and OVA were 66 kDa and 45 kDa, respectively.

Hemolysis Test. Four cuvettes containing 2.5 mL of 5% rabbit
erythrocyte dispersion'”'® were added to 0.5 mL of free URI plus 2
mL of saline water, 0.5 mL of NSU-MAs plus 2 mL of saline water, 2.5
mL of saline water (negative control), and 2.5 mL of distilled water
(positive control). After vortexing, the mixtures were incubated at 37
°C for 1 h and imaged. These samples were then centrifuged at 3000
rpm for 10 min, and the supernatant were diluted with the same
volume of pH 7.4 PBS, at which time the absorbance was recorded at
540 nm using a spectrophotometer (UV-2600, Shimadzu). The
hemolysis rate was calculated as follows:

hemolysis rate (%) = (absorbance of sample
/absorbance of positive control) X 100%

Vascular Simulation. Vascular simulation of the ear vein in rabbits
was performed as previously described.'® Briefly, three groups of New
Zealand rabbits (four rabbits per group) were arranged as follows:
group 1 and 2 were intravenously administered free URI and NSU-

20258

MAs into the left ears, respectively; group 3 was administered
penicillin (positive control) into the left ear; and groups 1—3 were
administered saline water into the right ears (negative control). The
rabbits were intravenously injected everyday for S consecutive days.
The rabbits were restored over 3 h after depilation of the injection site
and surrounding tissue, followed by sterilization with 75% alcohol.
After local anesthesia with pentobarbital, the tissues were cut
approximately S cm along the injection site to the centripetal end,
washed with saline water, and fixed with 10% formaldehyde for 2 d.
The tissues were embedded in paraffin, sliced, and stained with
hematoxylin and eosin. The pathology slides were examined under a
Nikon Eclipse Ti—S inverted microscope.

Statistical Analysis. All of the data are shown as the mean +
standard deviation unless noted. The Student’s paired ¢ test was used
to calculate significant differences. Statistical significance was
established at P < 0.05. Pharmacokinetic and bioequivalence analyses
were conducted using DAS software (Mathematical Pharmacology
Professional Committee of China, Shanghai, China).
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injections of URI and NSU-MAs at the same dose (2000 mU/kg of URI). The data were shown as mean +
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Figure 4. Uric acid-lowering effects of NSU-MAs on the hyperuricemia rats. Plasma uric acid concentration versus time profiles after (A) intravenous
or (B) subcutaneous injections of NSU-MAs. The data were shown as mean # SD n = 6 mice per group. # (or ##) indicated significant differences
(P < 0.05 or P < 0.01) compared with normal group; §(or §§) indicated significant differences (P < 0.05 or P < 0.01) compared with hyperuricemia
model group; *(or **) indicated significant differences (P < 0.0S or P < 0.01) compared with free URI group.

B RESULTS AND DISCUSSION

Preparation and Characterization of NSU-MA. NSU-
MAs were successfully prepared through a modified multiple
emulsion solvent evaporation method as shown in Figure S1A.
Under the confocal laser microscope, NSU-MAs were
assembled by many smaller and round nanosomes (Figure 1A
and 1B). When incubated at a physiological pH of 7.4, the
NSU-MAs gradually and physically decomposed in two
patterns: squeezing out smaller round nanosomal assemblies
(Figure 1C) or breaking into smaller irregular nanosomal
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assemblies (Figure 1D). The factors that could influence the
decomposition patterns include the temperature, the media pH,
the amount of NSU-MAs, and the URI concentration. More
efforts are necessary before we can identify the critical factors in
determining the decomposition patterns. The multilayered
colloidal liquid aphrons composed of many droplets were more
stable than a single droplet, and the high stability of the
colloidal aphrons was due to thin shells surrounding the
cores.”” It is reasonable to deduce that the nanosomal
assemblies comprised of many nanosomes had much higher
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Figure 5. Preliminary safety evaluation of NSU-MAs. (A) Immunogenicity, (B) hemolysis, and (C) vascular stimulation of NSU-MAs. The data were
shown as mean + SD, n = 3. Saline water was taken as the negative control in all tests, while the ovalbumin, distilled water and penicillin were
separately taken as the positive control in immunogenicity, hemolysis, and vascular stimulation tests.

stability than a single nanosome in a similar manner to colloidal
liquid aphrons, and the small size of the nanosome created a
system with a high interface area that can be pumped like water
without collapsing. NSU-MAs showed a spherical morphology
with a diameter of 22.56 + 1.70 ym (Figure S1B) and a zeta
potential of —41.81 + 6.59 mV (Figure S1C) (n = 3). The high
electric potential value suggests the existence of an energy
efficient barrier for stabilizing the microvesicles. NSU-MAs
produced higher electrical conductivity compared to free URI
(Figure 2B), indicating the higher electricity situations of the
microenvironment of URI in NSU-MAs. The lipid vesicle
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loading was favorable toward the high electricity situations of
URL The encapsulation efficiency was 63.75 + 3.65% (n = 3)
as determined by a centrifugation method for separation of the
free URL" The encapsulation efficiency of enzyme delivery
vesicles usually ranged from 10% to 67%."

There are existing interactions between enzymes and lipid
membranes.” To demonstrate the native state of URI in NSU-
MAs, we investigated the interaction between URI and the
vesicle membrane using a FITC fluorescence method.” Figure
S1ID shows that the fluorescence intensity of URI-FITC
decreased when URI was incubated with blank NSU-MAs in
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advance, which indicated a competitive interaction of URI and
FITC with the zwitterionic lipid membrane interface through
electrostatic and hydrophobic effects.”””** We deduce that
URI exists in the NSU-MAs in three ways: (1) URI is attached
to the outer surface of NSU-MAs, which in clinical practice may
enable rapid therapeutic efficacy for patients in a similar manner
as superoxide dismutase (SOD) does. SOD covalently attaches
to the outer surface of enzymosomes, which accelerated its
therapeutic activity compared to both free SOD and SOD
encapsulated inside enzymosomes.”* (2) URI is attached to the
inner surface of NSU-MAs; and (3) URI is simply trapped
inside NSU-MAs without attaching to the membrane. The
sustained enzyme activity confirmed by in wvivo kinetic
experiments may ascribe to the last two URI types. The
NSU-MA membranes have two functions: to restrict URI to the
internal liquid environment consisting of a buffer with an
alkaline pH beneficial for catalytic reactions and to separate the
unstable large molecular URI from external environments, and
enhance its hypothermal, thermal, acid—base and proteolytic
stabilities over free URIL

Effects of Temperature on the Activity of NSU-MAs.
Temperature has a considerable influence on enzyme activity.
The URI in the NSU-MAs exerted maximum catalyzing activity
at 40 °C (Figure S2). The maximum activity of the NSU-MAs
was approximately 30% higher than that of free URI. Figure 2B
and Figure S3A show that NSU-MAs had significantly increased
hypothermal (4 °C) and thermal (55 °C) stabilities compared
to free URL. When subjected to 4 °C for 28 d, NSU-MA
maintained approximately 94% activity, whereas the free URI
lost 10% and 50% of its maximum activity at 2 and 18 d,
respectively. To discover the possible reasons for the high
stability of NSU-MAs, we investigated the effects of low
temperature on the electrical characteristics, conformational
changes, and molecular and chemical structure changes by
measuring conductivities; fluorescence spectroscopy, ultraviolet
spectroscopy and polyacrylamide gel electrophoresis (PAGE);
and sodium dodecyl sulfate (SDS)-PAGE, respectively.”®
Electrical conductivity of NSU-MAs refers to the current-
induced electric field at a point in the semiconductor divided by
the current density.”® When placed at 4 °C for 21 d, the
conductivity of the NSU-MAs was approximately 26.50%
higher than the free URI, compared to 28.55% higher electrical
conductivity than free URI at the beginning (Figure 2B). The
electrical conductivities of NSU-MAs and free URI decreased
approximately 7.44% and 5.94%, respectively. These results
indicated that the lipid loading and not cold storage caused the
observed changes of the electrical situation of the URI
microenvironment. The location of the hydrophobic moiety
of URI is essential to catalyze the reaction and is relevance to its
catalytic efficiency.”” Fluorescence or ultraviolet intensity and
wavelength reflect the conformational changes of proteins.'> A
decrease in either the fluorescence intensities or ultraviolet
absorption of the NSU-MAs at their maximal wavelengths
(Figure 2C and 2D) suggested the movement of tryptophan
groups of URI from the inner hydrophobic cores to outer
hydrophilic surfaces after cold storage, thus affecting the URI
catalytic activity. To demonstrate the decomposition situation
of UR], we conducted native PAGE.”° URI in the NSU-MAs
was detected primarily in its tetrameric (140 kDa) form, and
only a small portion existed as adimer (70 kDa) after cold
storage (Figure 2E). The lipid vesicle loading is favorable to
keep the tetramer form of URI intact. Next, we conducted SDS-
PAGE™ to investigate the molecular and chemical structure

changes of URI. After cold storage, URI in the NSU-MAs had
similar bands (35 kDa) as those prior to cold storage (Figure
2F), which indicates that there were no obvious changes in the
molecular and chemical structures of URI loaded with NSU-
MAs. When subjected to 55 °C, NSU-MAs maintained over
90% activity after S h, whereas free URI lost 10% and 50%
activity at 0.5 and 4 h, respectively. The thermal inactivation of
URI was related to conformational changes, such as the loss of
its helical structure and tertiary structure,”** and subsequently,
the detected URI fluorescence changes reflect these conforma-
tional changes. As depicted in Figure S3B, the fluorescence
intensity of free URI was markedly decreased when incubated
at 55 °C for 3 h, indicating that the microenvironment of the
aromatic groups such as the tryptophan irreversibly became
more hydrophobic, as analyzed by Tan et al.* However, some
enzymatic conformational changes can induce the exposure of
hydrophobic clusters to the aqueous media, causing these
proteins to become more hydrophilic.”” In the case of NSU-
MAs, the increased fluorescence intensity may ascribe to the
enhanced hydrophilic microenvironment of the URI aromatic
groups, which varied due to the following synthetic effects: (1)
the attachment of native URI molecules to the inner or outer
membrane interfaces of NSU-MAs, as suggested by Figure
S1D; (2) the conjugation of denatured URI molecules to the
membranes; and (3) either native or denatured URI enclosed
inside membranes. Considering the higher activities of NSU-
MAs than those of URI and the microenvironmental differences
between them, the interaction of URI and the membrane might
have the most predominant influence on the thermal stability of
NSU-MAs.

Effects of Acidity and Alkalinity on the Activity of
NSU-MAs. Acidity-alkalinity (pH) also has a pronounced
influence on URI activity.”’ The catalyzing reaction of NSU-
MAs was the fastest at pH 8.0 (Figure S4A). The maximal
activity of NSU-MAs was approximately 46% higher than that
of free URL Figure S4B showed that the remaining activity of
NSU-MAs was higher than the free URI at every identified pH,
including at physiological pH and the optimal pH of URL
Furthermore, the remaining activity of either NSU-MAs or URI
was higher in an alkaline environment compared to an acidic
situation. The NSU-MA membrane separated URI from the
external environment, which enhanced its pH stability over
URL

Effects of Proteolytic Enzyme on the Activity of NSU-
MAs. We then sought to verify that NSU-MAs facilitated the
remaining URI activity when treated with a proteolytic enzyme
such as trypsin. The length of time in which 90% and 50% of
URI activity was sustained in NSU-MAs was approximately 4
times and 2 times that of free URI (Figure SS). These data
clearly showed that URI was stabilized by loading with lipid
NSU-MA vesicles.

Comprehensive Kinetic Features of NSU-MA. To
demonstrate the comprehensive kinetic features of NSU-MAs,
we determined its kinetic parameters such as the Michaelis
constant (K,) in vitro and the area under the plasma
concentration—time curve (AUC) in vivo. Generally, the
lower the K, the higher the affinity between an enzyme and
its substrate. The apparent K, value of the NSU-MAs was
slightly lower than that of free URI (Figure S6), and it was a
synthesized exhibition of the affinity properties of membrane-
entrapped and membrane-conjugated URI. Catalysis of the
NSU-MAs might be either homogeneous or heterogeneous.
When rats were intravenously administered URI, the NSU-MAs
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were able to modulate the pharmacokinetic behavior of URI
(Figure 3A). As illustrated in Figure 3C, the maximum activity
of NSU-MAs was 5.25 times that of free URI. It took 1.49 times
longer for NSU-MAs to achieve its peak activity compared to
free URI; however, the NSU-MAs maintained elevated URI
activity levels for over 12 h with a clearance rate of only 5% that
of free URL All of these results significantly contributed to the
increased bioavailability of NSU-MAs compared to free URL
Similarly, after subcutaneous injection, the NSU-MAs exhibited
a prolonged plasma profile and altered the kinetic parameters
compared to free URI (Figure 3B and 3D). As shown in Table
S1, the NSU-MAs and free URI were not bioequivalent based
on the stipulated bioequivalence criteria."”*' The NSU-MAs
had higher bioavailability, stronger catalytic activity and longer
peak time of activity.

Uric Acid Lowering Efficacy of NSU-MAs. To evaluate
the efficacy of NSU-MAs, a rat model of hyperuricemia was
used for in vivo assessments.'”'*** Clinically, URI is usually
administered intravenously. After intravenous administration of
NSU-MA:s, the plasma uric acid levels of the hyperuricemia rats
significantly decreased. It took only 20% of the time for NSU-
MAs to lower the plasma uric acid concentration from the same
elevated levels to physiologically normal levels compared to free
URI (Figure 4A). When injected subcutaneously,” NSU-MAs
also achieved improved uric acid-lowering effects compared to
free URI (Figure 4B). Unsurprisingly, intravenous admin-
istration of NSU-MAs induced a more effective therapeutic
response compared to subcutaneous administration. NSU-MAs
had better therapeutic effects than free URI, which was the
synthetic result of several factors: NSU-MAs had higher
catalyzing activity than free URI at physiological pH and
temperature; NSU-MAs maintained higher activity in the
circulatory system due to its improved stability at varying
temperatures, acidity-alkalinity systems and proteolytic environ-
ments; and NSU-MAs had longer acting time in vivo due to its
decreased clearance rate. Essentially, NSU-MAs ensured that
over a longer period, URI was delivered in favorable
microenvironments where catalytic reactions occurred.

Immunogenicity of NSU-MAs. The side effects of free
URI], such as hypersensitivity and anaphylaxis, are closely
related to its high immunogenicity.”* NSU-MAs are expected to
have decreased immunogenicity by either entrapping or
conjugating URI with biodegradable pharmaceutical excipients.
We calculated an antibody versus time profile'® and the
antibody titer'* (Figure SA) using the enzyme-linked immune
sorbent assay method. Free URI had high immunogenicity,
whereas the maximum antibody levels produced by NSU-MAs
after 21 d was approximately 50% that of free URI. It has been
suggested that NSU-MAs had lower immunogenicity than free
URL Based on the method of ratio analysis, the greatest
dilution obtained for NSU-MAs (1:8000) was much lower than
that for free URI (1:500), and the antibody titer of the NSU-
MAs was obviously lower than free URL This supports the
notion that NSU-MAs induce a weaker immune response
compared to free URL

Hemolysis and Vascular Stimulation. To evaluate the
systemic and local toxicities, we determined hemolysis and
vascular stimulation.'”'® NSU-MAs have a low hemolysis rate
(<10%) compared to the positive control (Figure SB). When
NSU-MAs were injected, there was neither obvious congestion
and thrombosis nor obvious inflammatory cell infiltration in the
vessel wall and its surrounding regions (Figure SC). Micro-
scopic and macroscopic images revealed inconspicuous

pathological changes induced by NSU-MAs. Thus, NSU-MAs
is suitable for injection.

B CONCLUSION

To provide effective and safe delivery of therapeutic enzymes in
hyperuricemia therapy, we have rationally fabricated a uricase
loading nanosomal microassembly (NSU-MA) that possesses a
number of characteristics as a superior enzyme delivery system.
To verify the merits of this delivery system, the changes of
catalytic activity under different temperatures, acidity-alkalinity
environments and proteolytic enzymes were first investigated,
followed by the determination of the comprehensive kinetic
features, including efficacy, immunogenicity, hemolysis and
vascular stimulation. We demonstrated that compared to free
URI, the nanosomal microassembly exhibited much higher
catalytic activity at physiological pH and temperature; the
catalytic activities remained higher when subjected to high or
low temperature, a wide pH range (6.5—9.5) and trypsin; and
NSU-MAs displayed increased circulation time, raised bioavail-
ability, and enhanced uric acid-lowering efficacy, while
simultaneously decreasing the immunogenicity. A low
hemolysis rate and no obvious vascular stimulation were
observed upon injection of NSU-MAs into rabbits. We also
describe the possible conformational changes occurred in NSU-
MAs that result in favorable reactions. It was rationally deduced
that, by either entrapping or conjugating URI with nanosomal
microassemblies, the URI in NSU-MAs was suited for a
favorable microenvironment where catalytic reactions occurred
over a longer period compared to free URI (Figure S7).
Because enzyme therapy is more effective than the traditional
chemotherapy for the treatment of hyperuricemia, overcoming
delivery obstacles by using nanosomal microassemblies can
provide a superior enzyme delivery system for the delivery of
effective and safe therapy against hyperuricemia.
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