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Abstract
Intraperitoneal (IP) chemotherapy is an effective way of treating local and regional malignancies
confined in the peritoneal cavity such as ovarian cancer. However, a persistent major challenge in
IP chemotherapy is the need to provide effective drug concentrations in the peritoneal cavity for
an extended period of time. We hypothesized that hyaluronic acid (HA)-based in-situ
crosslinkable hydrogel would serve as a carrier of paclitaxel (PTX) particles to improve their IP
retention and therapeutic effects. In-vitro gel degradation and release kinetics studies demonstrated
that HA gels could entrap microparticulate PTX (>100 μm) and release the drug over 10 days,
gradually degraded by hyaluronidase, but had limited effect on retention of Taxol, a 14-nm micelle
form of PTX. When administered IP to tumor-bearing nude mice, PTX was best retained in the
peritoneal cavity as PTX-gel (microparticulate PTX entrapped in the HA gel), whereas Taxol-gel
and other Taxol-based formulations left negligible amount of PTX in the cavity after 14 days.
Despite the increase in IP retention of PTX, PTX-gel did not further decrease the tumor burdens
than Taxol-based formulations, presumably due to the limited dissolution of PTX. This result
indicates that spatial availability of a drug does not necessarily translate to the enhanced anti-
tumor effect unless it is accompanied by the temporal availability.
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1. INTRODUCTION
Ovarian cancer is the second most common and the most lethal gynecologic cancer [1]. Due
to the lack of early-stage symptoms and reliable detection methods, >70% of patients
present with advanced disease at diagnosis, at which point the 5-year survival rate is only
20–30% [2]. Current standard treatment of ovarian cancer is cytoreductive surgery, followed
by intravenous (IV) administration of a combination of platinum and taxane analogues for
removal of residual microscopic tumors [3–6]. While most patients respond to initial
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chemotherapy, the majority ultimately develop disease recurrence [7]. Therefore, more
effective post-surgical therapy is desperately needed [7].

Meanwhile, a growing number of preclinical and clinical studies have shown that
intraperitoneal (IP) chemotherapy is effective in post-surgical therapy of ovarian cancer [3].
IP administration of drugs can provide an effective local concentration of drug in the
peritoneal cavity, facilitate treatment of the local (confined to the ovaries) and regional
(extended to surrounding organs or tissues) malignancies, and attenuate systemic exposure
of chemotherapy drugs [8–10]. Accordingly, the National Cancer Institute has recommended
IP chemotherapy for patients with optimally debulked ovarian cancer [11]. Moreover, recent
studies show that sustained delivery of chemotherapy reduces the occurrence of multidrug
resistance [12, 13], one of the main causes of treatment failure and low survival rates in
ovarian cancer. However, a persistent major challenge in IP chemotherapy is the need to
provide effective drug concentration in the peritoneal cavity for an extended period of time.
IP-administered low molecular weight (MW) drugs such as docetaxel or paclitaxel (PTX)
are rapidly absorbed to the systemic circulation and cleared from the peritoneal cavity in less
than 24 hours [14–16]. The short IP residence time necessitates frequent or continuous
dosing, which leads to high risk of infection, pain, toxicity, or other catheter-related
problems [4, 17, 18].

In light of this challenge in IP drug delivery, particulate formulations have been used to
prevent rapid clearance of low MW drugs from the peritoneal cavity [4, 12, 16, 19, 20]. A
clinical study showed that systemic absorption of IP-administered Taxol, a surfactant-based
formulation of PTX that forms micelles in the peritoneal cavity, was slower than that of
surfactant-free PTX [21]. Gelatin nanoparticles (NPs) (600 nm) [16] or polymeric NPs (265
nm) [22] were also considered for IP drug delivery, although their abilities to control drug
release and persist in the peritoneal cavity were quite limited [16, 22]. In this regard, larger
particles (4–6 μm [16, 23] or 47 μm [24]) were found to be superior to NPs in their retention
in the peritoneal cavity and maintenance of drug level [16]. Similarly, 1 μm liposomes were
better retained in the peritoneal cavity than 100 nm liposomes [25]. However, larger
particles tend to induce inflammatory responses and peritoneal adhesions [23, 26], which
interfere with IP therapy. To maximize the regional effect of particulate formulations, their
IP delivery remains to be improved.

We hypothesize that a biocompatible hydrogel can be used as a carrier of particulate
formulations to enhance their spatial availability and therapeutic effects on IP tumors. Due
to the ability to form a sustainable depot in the peritoneal cavity, hydrogels have been
explored as a standalone drug delivery system for IP chemotherapy. They include an
implantable polymer film, which swells in the presence of ascites fluid [12, 27–30], and in-
situ forming hydrogels, which are injected IP as liquid but form a gel via interactions
between the components [13, 31, 32] or temperature change [33, 34]. These hydrogels were
used in animal models with peritoneal malignancies and achieved promising anti-tumor
effects [13, 29, 32–34]. Hydrogels can retain drug precipitates [35] or NPs [20] for a
prolonged period and thus are ideal for their local delivery. In-situ crosslinkable hydrogels
are particularly useful for delivery of drug precipitates or NPs, because the gel precursor
solutions are prepared as aqueous solutions, and the particles can be easily incorporated as a
suspension.

Here we used a hyaluronic acid (HA)-based in-situ crosslinkable hydrogel as a carrier of two
different particulate formulations of PTX (Taxol and PTX precipitates) to improve their IP
retention and effectiveness of the therapy. Taxol is a PTX formulation based on Cremophor
EL (polyethoxylated castor oil), which forms micelles at concentrations that can be reached
by IV and IP administrations [36]. Microparticulate PTX precipitates were prepared by
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diluting a concentrated organic solution of PTX in aqueous solutions. Taxol and PTX
precipitates were administered IP, using HA gel as a delivery medium, in a murine model of
human ovarian cancer. Their anti-tumor effects were compared with gel-free formulations as
well as intermittently applied Taxol to observe the ability of HA gel to improve IP
availability of PTX and effectiveness of the applications.

2. MATERIALS AND METHODS
2.1. Materials

Paclitaxel (PTX) was a gift of Samyang Genex Corp (Seoul, Korea). Hyaluronic acid (HA,
35 kDa and 357.4 kDa) was purchased from Lifecore Biomedical, LLC (Chaska, MN,
USA). Cremophor EL was a gift from BASF (New York, NY, USA). Carbamazepine was
purchased from Enzo life sciences (Plymouth meeting, PA, USA). All other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of HA derivatives and crosslinked HA gel
In-situ crosslinkable HA derivatives and a crosslinked HA gel were prepared as previously
described [37]. HA–adipic acid dihydrazide (HA-ADH) was synthesized by conjugating
adipic dihydrazide to carboxyl groups in HA (35 kDa). HA was reacted with 30-fold molar
excess of adipic dihydrazide in the presence of 1-ethyl-3-carbodiimide (EDC) and 1-
hydroxybenzotriazole (HOBt) at pH 6.8 and room temperature. HA–aldehyde (HA-CHO)
was produced by reacting HA (357.4 kDa) with equimolar sodium periodate for 2 hours at
room temperature in darkness. The reaction was terminated by adding ethylene glycol. HA-
ADH and HA-CHO were purified by dialysis, filter-sterilized, lyophilized and stored at 4°C
until use. For formation of HA gels, the HA derivatives (HA-ADH and HA-CHO) were
prepared as 40 mg/mL solution in phosphate buffered saline (PBS, pH 7.4) and extruded
though a common outlet using a double-barreled syringe. The gel formed in less than 1 min
after the extrusion.

2.3. Preparation of PTX formulations
Taxol and a suspension of microparticulate PTX precipitates (‘PTX-susp’) were prepared by
diluting “Taxol concentrate” (6 mg PTX dissolved in 1 mL of 1:1 mixture of Cremophor EL
and ethanol) and 30 mg/mL PTX-dimethyl sulfoxide (DMSO) solution, respectively, in
PBS. For preparation of HA gels containing Taxol (‘Taxol-gel’) or PTX precipitates (‘PTX-
gel’), the Taxol concentrate and PTX-DMSO solution were diluted in solutions of HA
derivatives and combined in the same manner as HA gels (sec. 2.2). After the dilution, PTX
concentration in each solution was 0.69 mg/mL. When PTX-DMSO solution was diluted in
aqueous solutions, white precipitates of PTX formed immediately. The suspensions of PTX
precipitates were sonicated for 2 sec at 80% amplitude using a Sonics Vibra-Cell Ultrasonic
Processor (Sonics & Materials Inc. Newtown, CT) prior to use. Particle sizes of Taxol and
PTX-susp were measured with a Zetasizer Nano-ZS90 and Mastersizer 2000 (Malvern
instruments, Westborough, MA, USA), respectively.

2.4. In-vitro release kinetics
Taxol-gel and PTX-gel were prepared in a small disc shape for the study of release kinetics.
Solutions of HA-ADH and HA-CHO, which contained Taxol or PTX precipitates, were
mixed in equal volume (150 μL each) in a cylindrical rubber mold (diameter × height: 8 mm
× 3.5 mm) sandwiched between two rubber sheets. The resulting disc-shape gel was
separated from the mold, weighed, and enclosed in a plastic histology cassette. The cassette
was placed in 20 mL of release medium (PBS containing 25% of fetal bovine serum (FBS)
and 10 U/mL hyaluronidase) and incubated at 37°C for 10 days under constant agitation. At

Bajaj et al. Page 3

J Control Release. Author manuscript; available in PMC 2013 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



predetermined time points, 2 mL of the release medium was sampled for analysis and
replaced with fresh medium. At the end of the study, precipitates remaining in the container,
if existed, were collected, suspended in a smaller volume of release medium, and prepared
for analysis as described in the following section. The container was washed with a 50:50
mixture of acetonitrile and water.

2.5. PTX analysis
PTX in the release medium or peritoneal lavage fluid was extracted with ethyl acetate and
analyzed with HPLC. Release medium or peritoneal lavage fluid of untreated tumor-bearing
mice were spiked with a known amount of PTX and used for calibration. Briefly, 1 mL of a
sample or standard was put in a 15 mL tube, to which carbamazepine was added to 5 μg/mL
as an internal standard. After vortex-mixing, ethyl acetate 3 mL was added to the 1 mL
sample, and the mixture was shaken on a rotating shaker for 30 minutes. The mixture was
then centrifuged at 4000 rpm for 10 minutes to separate an organic layer, which was
transferred to a new glass vial and dried in ambient air. The dried sample was resuspended
in 250 μL of HPLC mobile phase and analyzed by HPLC. The acetonitrile/water washes of
containers and cassettes were directly analyzed with HPLC, comparing with a PTX standard
calibration curve prepared in acetonitrile/water.

PTX was analyzed with HPLC equipped with a UV detector (1100 series, Agilent
Technologies, Palo Alto, CA) and an Ascentis C18 column (25 cm × 4.6 mm, particle size 5
μm) (Supelco, St. Louis, MO, USA). A mixture of acetonitrile and water (50:50, v/v) was
run in the isocratic mode at a flow rate of 1 mL/min. PTX was detected at 227 nm.

2.6. Gel degradation kinetics
Disc-shape HA gels (without PTX) were prepared as described in sec. 2.4. The gel was
weighed and placed in a Transwell (Corning), which was immersed in 5 mL of PBS
containing 25% FBS and 10 U/mL hyaluronidase. The Transwell was perforated with fifteen
21-gauge needle holes to facilitate the medium exchange between the well and the receptor
compartment. The gel was incubated at 37°C on an orbital shaker for 10 days. At regular
time points, the remaining HA gel was recovered and weighed after blotting. The weight of
remaining HA gel at each time point was expressed as percentage of the original wet mass.

2.7. Development of an intraperitoneal tumor model
A murine model of IP tumor was developed with SKOV-3 human ovarian cancer cells and
4–5 week-old female athymic (nu/nu) mice (National Cancer Institute, Frederick, MD,
USA) according to a method described in the literature [38]. The procedure was approved by
Purdue Animal Care and Use Committee, in conformity with the NIH guidelines for the care
and use of laboratory animals. SKOV-3 cells were maintained in RPMI-1640 medium
supplemented with 10% FBS and 1% penicillin-streptomycin. For tumor inoculation, 107

SKOV-3 cells (suspended in RPMI) were injected IP to the nude mice. Animals were
observed throughout the study for the signs of weight loss. In a preliminary study, animals
were randomly chosen and euthanized on 14, 28, 42 and 56 days after inoculation to
determine the take rate of SKOV-3 cells.

2.8. In-vivo efficacy studies
The treatment schedule is summarized in Supporting Fig. 1. Fourteen days after the IP
injection of cancer cells, the animals were anesthetized with subcutaneous injection of
ketamine 50 mg/kg and xylazine 10 mg/kg. A 0.5 cm skin incision was made in the skin 0.5
cm above the costal margin, and the peritoneum was nicked with a 24-gauge catheter. One
milliliter of PTX-susp (n=10), PTX-gel (n=10), Taxol (n=9), or Taxol-gel (n=9) (all
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equivalent to 30 mg/kg of PTX) was injected into the peritoneal cavity through the catheter,
and the skin was closed with suture. One milliliter of PBS (n=6) or HA gel (n=6) was
injected for control groups. In another control group, Taxol was IP injected at 10 mg/kg on
the q4d × 3 schedule (Taxol-multiple) (n=6). Animals receiving no treatment was also
included as a control group (n=15). Animals were allowed to recover from the procedure
with access to water and food ad libitum, and their body weights were monitored every other
day.

Animals were sacrificed by CO2 asphyxiation 14 days after the treatment (for the Taxol-
multiple group, 14 days after the initial treatment) to record the weights, numbers, and
locations of the tumor nodules. Blood was collected by post-mortem cardiac puncture and
submitted to Animal Disease and Diagnostic Laboratory for hematology and blood
chemistry analysis. For selected animals, peritoneal lavage samples were collected for
quantitative determination of the PTX remaining in the peritoneal cavity. Three milliliters of
PBS was injected IP prior to necropsy. Approximately 2 mL of lavage fluid was collected
and stored in −80°C until analysis. PTX was extracted from the lavage and analyzed by
HPLC as described in sec. 2.5.

2.9. Statistical analysis
Statistical analysis was performed with GraphPad Prism 5 (La Jolla, CA) or OriginPro 8
(Northampton, MA). Unless specified otherwise, one-way ANOVA was used to determine
difference among the groups, and pairs were compared using Tukey’s multicomparison test
or Dunnett’s test when compared with control. A value of p<0.05 was considered
statistically significant.

3. RESULTS
3.1. Characterization of PTX formulations

Taxol appeared clear to the naked eyes. The average particle size of Taxol (Cremophor
micelles entrapping PTX) was 14 ± 0.1 nm (Supporting Fig. 2). PTX solution in DMSO
started to form precipitates as soon as it was added to PBS or solutions of HA derivatives
(Supporting Fig. 3). PTX-susp or PTX suspensions in HA solutions were therefore turbid.
PTX-susp showed bimodal size distribution with peaks at ~5 μm and ~1000 μm (Supporting
Fig. 2). Upon brief sonication, PTX-susp showed additional size peaks at 91 μm, indicating
that the precipitates were loose agglomerates of smaller particles. None of the components
(Cremophor EL, ethanol, DMSO, and PTX) interfered with the gel formation. Solutions of
HA derivatives that contained Taxol concentrate or PTX-DMSO formed a gel upon contact,
typically in 1 min, just as quickly as drug-free HA solutions.

3.2. Degradation of HA gel
Gel degradation was monitored in PBS containing FBS and hyaluronidase. We used 25%
FBS to approximate the ratio of protein content in the peritoneal fluid to that of serum [39].
The hyaluronidase level in tumor-bearing peritoneal cavity was unknown, but we chose 10
U/mL since we previously observed that this level of hyaluronidase degraded an HA gel in
vitro at a similar rate as that in vivo [40]. The HA gel swelled initially, with the wet gel mass
reaching 191.1 ± 12.8 % of the original gel mass in 1 day (Supporting Fig. 4). The gel then
started to lose weight and continuously degraded over the next 9 days. The time for the wet
gel mass to reach 50% of the original mass was 7 days, and the gel disappeared completely
in 10 days. This in-vitro gel degradation rate appeared to be faster than that in vivo, where
the degrading gel was still observed 14 days after the treatment (sec. 3.4). The in-vitro gel
degradation may have been expedited due to the relatively large volume of the medium (0.3
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mL gel per 10 mL medium) compared to the peritoneal fluid in vivo (1 mL gel per 0.1 ± 0.05
mL [41]).

3.3. In vitro PTX release kinetics from PTX-gel and Taxol-gel
The release kinetics of PTX from PTX-gel and Taxol-gel were examined with the PBS
containing FBS and hyaluronidase (Fig. 1A). Taxol-gel completed PTX release in 24 hours,
followed by no further release. 14.8±1.9% of total loaded PTX was released from Taxol-gel
in 24 hours, and 0.8±0.0% of the loaded PTX was found to be adsorbed to the container. On
the other hand, PTX-gel continuously released 22.2±3.4% of the loaded PTX over a period
of 10 days. By then the PTX-gel became small pieces of white mass, which accounted for
15.4±4.4% of the loaded PTX. PTX adsorbed to the container was 0.9±0.2% of the loaded
PTX. Taken together, the total recovery of PTX was 15.6% for Taxol-gel and 38.5% for
PTX-gel, far less than the drug loaded in each gel.

3.4. IP tumor development and application of treatments
The anti-tumor effects of the PTX formulations were evaluated in a murine model of IP
tumors. Seventy five percent of animals developed tumors widespread in the peritoneal
cavity in 14 days. Tumor nodules were readily visible in the peritoneal cavity by this time,
and the weight and number of the tumor nodules subsequently increased (Supporting Fig. 5).
According to this result, treatments were given on day 14 after the tumor inoculation, either
as one time instillation of gels (or gel-free formulations) or as multiple administrations of
Taxol, providing 30 mg/kg PTX in total. We chose 30 mg/kg because a prior study found a
comparable dose to be effective in reducing tumor burden [32]. IP Taxol exceeding this dose
was found to be fatal [42]. In our hands, animals receiving >30 mg/kg Taxol IP did not die,
but their recovery from anesthesia was increasingly delayed with the escalation of dose.

Mice receiving Taxol, Taxol-gel, and PTX-susp lost weights in 2–3 days after the treatment
as compared with the no treatment group (Fig. 1B). Interestingly, mice receiving gel-based
formulations (Gel, Taxol-gel, and PTX-gel) showed significant weight gain in 6–7 days after
the treatment as compared with the no treatment group. When the peritoneal cavities were
observed 14 days after the treatment, the IP organs of mice treated with Gel (HA-gel with no
drug) looked more hydrated than those of non-treated mice, due to the viscous liquid
covering the organs (Supporting Fig. 6). The mice injected with PTX-susp had white solid
materials, which were thought to be PTX precipitates. In the mice injected with PTX-gel,
white gel mass was present in the peritoneal cavity, indicating the presence of PTX
entrapped in the gel.

3.5. PTX level in the peritoneal fluid
To quantify PTX remaining in the peritoneal cavity 14 days after the treatment, peritoneal
lavage was performed prior to dissection (Fig. 1C). The highest IP level of PTX was
obtained with PTX-gel (0.9 – 5.1 μg/mL), followed by PTX-susp (0.02 – 0.94 μg/mL). No
PTX was detected in 5 out of 6 mice treated with Taxol or Taxol-gel. The remaining 1
mouse in each group showed low PTX concentration (0.22 μg/mL in the Taxol group and
0.07 μg/mL in the Taxol-gel group). No PTX was detected in mice treated with Taxol-
multiple.

3.6. Anti-tumor efficacy of the PTX formulations
The anti-tumor effects were estimated from the weight and number of tumor nodules. This
study was performed over different sets of experiments due to the large number of animals.
Since the tumor burden varied from experiment to experiment, as also experienced by the
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other group [29], the tumor weights and nodule numbers of treatment groups were expressed
as normalized to those of the no treatment group in each experiment.

In the control groups which were not provided with PTX (no treatment, PBS, or Gel), a big
tumor mass was usually present in the upper left quadrant of the peritoneal region, and a
large number of nodules were present close to the liver, spleen, stomach, and on the
mesentery. In contrast, animals treated with PTX formulations (PTX, PTX-gel, Taxol,
Taxol-gel, or Taxol-multiple) showed significant reduction in both numbers and weights of
tumors (Fig. 1D). However, there was no statistical difference among these groups.

3.7. Blood analysis
To evaluate the systemic effect of each treatment, blood samples were analyzed with respect
to the levels of glucose, creatinine, alanine aminotransferase (ALT), alkaline phosphatase
(ALP), gamma-glutamyl transferase (GGT), and the complete blood count (white blood cells
(WBC), red blood cells (RBC), hemoglobin). No clinical abnormalities in blood chemistry
and RBC indices were observed in any treatment groups (Supporting Tables). Taxol-
multiple and Taxol groups showed lower WBC and neutrophil counts than the no-treatment
group (p<0.05 by Mann-Whitney test), indicating the effect of systemically absorbed PTX
on the bone marrow. Taxol-gel, PTX-susp, and PTX-gel groups showed a similar trend, but
no statistical difference was observed.

4. DISCUSSION
Biomaterials for IP application require extreme caution. The peritoneal cavity is particularly
sensitive to foreign insults, which is relevant to the fact that the peritoneum is a primary
protection mechanism against breaches in the integrity of the gut [43]. Peritoneal
mesothelial cells, polymorphonuclear neutrophils, and the resident peritoneal-associated
lymphoid tissues work together in the insulted peritoneal cavity, playing an active role in
inflammatory responses to the foreign materials [43]. Due to this sensitivity, some
biomaterials known to be compatible with other anatomical locations often induce
significant tissue reactions in IP applications [44, 45]. However, HA, a naturally occurring
non-sulfated glycosaminoglycan, is well tolerated in the peritoneal cavity and has been used
as physical barriers [20, 46] and drug carriers [35, 40] for preventing peritoneal adhesion
formation. Due to the well-established biocompatibility in the peritoneal cavity, we chose a
HA-based gel as a delivery medium for IP application of PTX particles.

The HA gel is produced by mixing solutions of HA derivatives, HA–ADH and HA–CHO,
which crosslink to form a hydrazone link that is relatively stable at the physiological pH. An
advantage of this system is that the gel precursor solutions can be applied as liquid and form
a gel in situ. Since the gel precursor solutions are prepared as aqueous solutions, a drug can
be readily incorporated in the gel as long as it is can be dissolved or suspended in the
aqueous or water-miscible solutions. Since it is injected as a solution and forms a gel as the
solution flows, the gel can provide broad coverage over the most areas in the peritoneal
cavity while keeping the drug in place. This flexibility is particularly beneficial for the
treatment of IP tumors, which grow in various locations throughout the peritoneal cavity.
The HA gel degrades by hyaluronidase, an enzyme prevalent in the body in various
concentrations. The degradation rate of a HA gel varies with the concentration and MW of
HA, which determines crosslinking density of the gel. In our previous in-vitro study, 10 or
20 mg/mL HA gels (HA-ADH, 551 kDa; HA-CHO, 188 kDa) completely degraded in 4–6
days in 10 U/mL hyaluronidase, whereas it took 9 days for 60–75 mg/mL HA gel (HA-
ADH, 141 kDa; HA-CHO, 188 kDa) to degrade completely [40]. In-vivo gel degradation is
further affected by the enzyme levels in tissues, volume of the body fluid, and the extent of
shear stress the gel is exposed to. In the present study, 40 mg/mL gel (HA-ADH, 35 kDa;
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HA-CHO, 357.4 kDa) degraded over 2 weeks to viscous liquid in the mouse peritoneal
cavity.

Due to the high water content, the HA gels are usually poor at delaying the release of low
molecular-weight drugs [40] but can retain precipitates of hydrophobic drugs [35] or NPs
[20] relatively well. In the present study, Taxol was not well entrapped in the gel, whereas
PTX precipitates remained with the gel, evident from the difference in PTX release kinetics.
The persistent white color of PTX-gel during the release study also supported the retention
of PTX precipitates in the gel. This difference may be attributable to the particle size of
Taxol and PTX precipitates. Taxol micelles (14 nm) appear to be too small to remain in the
degrading gel, but PTX precipitates in micrometer ranges are sufficiently large. It is worth
mentioning that the total recovery of PTX in the release studies was far less than the loaded
amount for both gels. This may be partly explained by the potential loss of gel fragments
during repeated samplings, but a significant fraction of released PTX appeared to have
degraded in the release medium. The instability of PTX in serum-containing media [47] and
plasma [48] has been previously reported, and we also confirmed the gradual loss of PTX in
the release medium with HPLC (Supporting Fig. 7). Given the instability of PTX in the
release medium, the relatively high total recovery of PTX from PTX-gel indicates that HA
gel had a protective effect on the entrapped PTX.

PTX was best retained in the peritoneal cavity as PTX-gel, followed by PTX-susp.
According to the degradation kinetics of HA gel and the in-vitro release kinetics of PTX-gel,
the IP retention of the PTX-gel is primarily attributable to the ability of HA gel to form a
depot in the peritoneal cavity entrapping the microparticulate PTX precipitates. In addition,
the large size of PTX particles (be they by themselves or bound to the degrading gel) is
likely to have further contributed to the IP retention of PTX. In general, water-soluble low
molecular drugs are known to be readily absorbed to the systemic circulation through the
peritoneal capillaries [49, 50], and relatively small particles (<1 μm) are trafficked to the
lymphatic system and subsequently enter the systemic circulation via the lymph duct [50].
Neither systemic nor lymphatic mechanism should be able to remove PTX precipitates
because of the large size (>100 μm). IP retention of PTX-susp, although not as effective as
PTX-gel, is mainly explained by the large particle size. Conversely, the lack of detectable
PTX in groups treated with Taxol or Taxol-multiple is attributable to the small size of Taxol
(14 nm). Taxol was readily removed from the peritoneal cavity in the first few days, leaving
negligible PTX level in the peritoneal cavity after 14 days. Since HA-gel did not delay the
release of Taxol, IP retention of Taxol-gel was not superior to Taxol.

Interestingly, the clear difference in the IP PTX level did not translate to significant
difference in anti-tumor effects. Neither PTX-gel nor PTX-susp excelled the Taxol-based
formulations in number and weight of the tumor nodules. The slow and incomplete PTX
release from the PTX-gel in vitro and the presence of visible PTX precipitates after 14 days
in vivo suggest that this is due to the limited dissolution of PTX. For a water-insoluble drug
like PTX, a small particle size is critical to accelerating the dissolution rate [51, 52]. In the
absence of a surfactant stabilizing the surface, however, the PTX particles tend to aggregate,
limiting the continuous supply of PTX to tumors. Apparently, the HA gel did not prevent
particle aggregation.

Taken together, the limitations of Taxol-gel and PTX-gel are attributable to opposite
reasons. Taxol-gel was not superior to Taxol due to the small size of Taxol micelles, which
prevented their retention in the gel and the peritoneal cavity. On the other hand, PTX-gel
had limited effects because of the formation of large PTX aggregates, which were not
dissolved readily. In this context, one may expect that the gel would be more effective in
enhancing the regional effect of PTX if used with PTX particles of an intermediate size,
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which is large enough to remain entrapped in the gel but small enough to allow continuous
and unhindered supply of PTX. Nanocrystal formation [53] or encapsulation of PTX in
polymeric NPs could be potential ways of controlling the particle size. Alternatively, a new
gel system that can prevent aggregation of the PTX particles would be also useful.

Aside from the pharmacological effect, HA gel may contribute to reducing the side effect of
Taxol-based chemotherapy. Cremophor EL is implicated with hypersensitivity reactions,
hyperlipidemia, and neurotoxicity [54, 55]. In recent studies with mouse models of IP
cancer, IP-injected Taxol (20 mg/kg PTX, 4 times over 37 days [56] or 20 mg/kg q7d × 3
[29]) induced significant loss of body weight during the treatment period. Similarly we
observed a significant weight loss with a bolus IP administration of Taxol (30 mg/kg PTX)
and Taxol-gel in 2–3 days after the treatment, as compared with the no treatment group. On
the other hand, mice receiving Taxol-gel recovered the weight quickly, reaching the same
level as the no treatment group in 4–5 days. Given that all three groups receiving gel
formulations gained weight in 6–7 days, the fast weight recovery observed in the Taxol-gel
group is likely to be a unique function of HA gel, although the mechanism is yet unclear.

5. CONCLUSIONS
HA-based in-situ crosslinkable hydrogel was used as a carrier of PTX particles for the
regional delivery of PTX to the IP tumors. PTX was best retained in the peritoneal cavity as
PTX-gel (microparticulate PTX entrapped in the HA gel) followed by PTX-susp
(microparticulate PTX particles). Taxol-based formulations (Taxol-gel, Taxol, and Taxol-
multiple) were cleared from the peritoneal cavity early on and were not detected after 14
days. Despite the relatively good IP retention, PTX-gel and PTX-susp did not further
enhance the therapeutic effects against the IP tumors than the rapidly clearing Taxol
formulations (Taxol-gel, Taxol, and Taxol-multiple) in 14 days due to the limited
dissolution of PTX. This result indicates that spatial availability of a drug does not
necessarily translate to the enhanced anti-tumor effect unless it is accompanied by the
temporal availability. HA gel may enhance the regional effect of a drug as desired if paired
with particles of an optimal size that allow for continuous and unhindered supply of PTX.
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Fig. 1.
(A) In-vitro PTX release kinetics from HA-gel (40 mg/mL). % Cumulative PTX released =
(PTX released in the medium by the specified time)/(PTX loaded in the gel). Results shown
are averages of two independently and identically prepared samples. (B) Body weight
changes after treatments. Body weights were measured every other day (2, 4, and 6 days)
after each treatment (after initial treatment for the Taxol-multiple group) and normalized to
the weight measured shortly prior to the treatment (indicated as a dotted line). *: p<0.05; **:
p<0.01; ***: p<0.001, as compared to the no treatment group of each time point (Dunnett
test). (C) PTX level in peritoneal lavage fluid after each treatment. **: p<0.01, as compared
to Taxol-multiple (Mann-Whitney test). (D) Anti-tumor efficacy of each treatment. Data
represent numbers and weights of tumor nodules observed in the peritoneal cavity, as
normalized to those of untreated mice (indicated as a dotted line). Any PTX treatments were
significantly different from PBS or Gel (p<0.001 Tukey test).
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