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Abstract

Intraperitoneal (IP) chemotherapy is a promising post-surgical therapy of ovarian cancer, but the 

full potential is yet to be realized. To facilitate IP chemotherapy of ovarian cancer, we developed 

an in-situ crosslinkable hydrogel depot containing paclitaxel (PTX) nanocrystals (PNC). PNC 

suppressed SKOV3 cell proliferation more efficiently than microparticulate PTX precipitates 

(PPT), and the gel containing PNC (PNC-gel) showed a lower maximum tolerated dose than PPT-

containing gel (PPT-gel) in mice, indicating greater dissolution and cellular uptake of PNC than 

PPT. A single IP administration of PNC-gel extended the survival of tumor-bearing mice 

significantly better than Taxol, but PPT-gel did not. These results support the advantage of PNC 

over PPT and demonstrate the promise of a gel depot as an IP drug delivery system.
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1. Introduction

Peritoneal malignancies are currently managed by surgical debulking of visible tumors and 

subsequent chemotherapy of residual microscopic tumors [1–3]. Intraperitoneal (IP) 

chemotherapy has been pursued as a promising post-surgical therapy. A well-formulated IP 

chemotherapy can maintain an effective local drug concentration for a prolonged period and 

maximize the locoregional effects on residual tumors [4–9]. IP chemotherapy has proven 

more effective than intravenous (IV) therapy in several clinical studies [2, 10, 11]. 

Furthermore, part of the IP-administered drug is slowly absorbed to systemic circulation and 

provides sustained systemic effects [12–14]. In 2006, the National Cancer Institute issued an 

official announcement encouraging the clinical use of combined IP and intravenous (IV) 

chemotherapy for patients with optimally resected stage III ovarian cancer, based on clinical 

evidence of survival benefits [15]. A recent review of clinical practice in 2006–2012 finds 

that IP/IV chemotherapy have significantly improved the overall survival as compared with 

IV chemotherapy alone [16].

Despite the clinically-proven advantages, IP chemotherapy has been met with mixed 

enthusiasm. Frequently mentioned problems are the complications related to IP infusion, 

including abdominal pain, intolerance to a high level of drug, and discomfort related to the 

catheter implantation [17]. We speculate that these problems mainly stem from the difficulty 

in drug release control. Small molecule drugs such as paclitaxel (PTX) or docetaxel were 

cleared from the peritoneal cavity in less than a day [18–20]. The short IP retention time 

requires frequent or continuous dosing, necessitating the use of large volume infusion and 

indwelling catheters. For IP chemotherapy to provide the anticipated benefits, it is critical 

that the formulation control the drug release and avoid burst initial release and bulk drug 

absorption to the systemic circulation.

Considering this need, we previously developed an injectable depot consisting of in-situ 
crosslinkable hyaluronic acid (HA) gel and micrometer-scale PTX precipitates (PPT) to 

improve the IP retention of PTX [21]. The gel remained in the peritoneal cavity and 

maintained a high level of local PTX concentration in mice for 2 weeks. However, in 

suppressing IP SKOV3 human ovarian cancer xenografts, the PPT-gel was not better than 

Taxol-gel, which released PTX much faster than PPT-gel. Possible explanations were that 

the dissolution of PPT was too slow to provide an effective local drug concentration and/or 

the duration of experiment was too short to observe the benefit of prolonged IP retention of 

PPT.

In the present study, we aim to overcome this challenge by replacing PPT with nanocrystals 

(PNC), which can accelerate PTX dissolution from the HA gel. Nanocrystals are crystalline 

particles of poorly soluble drugs in nanometer range [22]. They are produced by breaking 

down large particles (“top-down”) or crystallizing from drug solutions (“bottom-up”) with 

an optional aid of surfactants or polymeric surface stabilizers [22, 23]. Due to the small size 
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and thus, the high surface area to volume ratio, nanocrystals can show greater dissolution 

rate than larger particles [24, 25]. Here, we produced PNC by anti-solvent and temperature-

induced crystallization and evaluated its ability to enhance PTX release in vitro as compared 

to PPT. PNC was administered IP with the HA gel as an injection medium to mice bearing 

SKOV3 ovarian tumor xenografts in the peritoneal cavity. Progression of tumor burden after 

single treatment was monitored up to 14 weeks using non-invasive whole body imaging, and 

the outcome was compared with those of PPT-gel and Taxol. PNC killed SKOV3 ovarian 

cancer cells more efficiently than PPT, and the PNC-containing gel outperformed Taxol to a 

greater extent than PPT-containing gel in extending the survival of tumor-bearing mice. 

These results support the advantage of PNC over PPT and demonstrate the promise of a gel 

depot as an IP drug delivery system.

2. Materials and Methods

2.1 Materials

Hyaluronic acid (HA, 20 kDa and 500 kDa) was purchased from Lifecore Biomedical, LLC 

(Chaska, MN, USA). Paclitaxel (PTX) was a gift of Samyang Biopharm (Seoul, Korea). 

Carbamazepine was purchased from Enzo life sciences (Plymouth Meeting, PA, USA). 

Cremophor ELP was a gift from BASF (New York, NY, USA). D-Luciferin potassium salt 

was purchased from Gold Biotechnology (St. Louis, MO, USA). Geneticin® selective 

antibiotic (G418 sulfate, 50 mg/mL) was purchased from Life technologies (Grand Island, 

NY, USA). Cell culture medium and supplements were purchased from Invitrogen 

(Carlsbad, CA, USA). Micro BCA Protein Assay Kit was purchased from Life technologies 

(Grand Island, NY, USA). All other reagents were purchased from Sigma-Aldrich (St. Louis, 

MO, USA).

2.2 Preparation and characterization of PTX nanocrystals (PNC)

PNC were prepared according to the published method [26]. Briefly, 4 mg/mL PTX/ethanol 

solution was added to 20 mL of deionized (DI) water and stirred at 42 rcf for 10 min in a 

round-bottom flask immerged in a sonication bath filled with ice water. The formed PNC 

was captured on a 100 nm polycarbonate membrane and resuspended in DI water. Taxol and 

PTX precipitates (PPT) were prepared as described previously [21]: Taxol was prepared by 

diluting “Taxol concentrate” (6 mg PTX dissolved in 1 mL of 1:1 mixture of Cremophor 

ELP and ethanol). PPT was prepared by the addition of PTX-dimethyl sulfoxide (DMSO) 

solution to DI water without low temperature, vigorous stirring or sonication.

The particle size of PNC was measured with a Zetasizer Nano-ZS90 (Malvern instruments, 

Westborough, MA, USA). The zeta potential of PNC and PPT were measured with a Zeta 

sizer Nano-ZS90 in 1 mM phosphate buffer (pH 7.4). The morphology of lyophilized PNC 

and PPT was visualized with a FEI Nova nanoSEM field emission scanning electron 

microscopy (Hillsboro, OR, USA). Freeze-dried PNC was sputter-coated with platinum for 1 

min and observed with a high resolution through-the-lens detector under 5kV accelerating 

voltage and spot size 3. PPT suspended in DI water was observed with Axio Imager 2 

microscope with polarized light (Carl Zeiss Microscopy GmbH, Germany). X-ray powder 

diffraction (XPRD) patterns of lyophilized PNC and PPT were obtained on a Siemens 
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D5000 X-ray diffractometer with a Cu Kα radiation source (40kV, 40 mA). The 

measurement was conducted at room temperature over an angle (2θ) range of 5–40° with a 

step size of 0.02° and a scan rate of 4°/min.

2.3 Preparation of in-situ crosslinkable HA gel loaded with PPT or PNC (PPT-gel or PNC-
gel)

HA gel was prepared by crosslinking HA-adipic acid dihydrazide (HA-ADH) and HA-

aldehyde (HA-CHO) in situ as described previously [21, 27]. HA-ADH was synthesized by 

conjugating adipic dihydrazide to carboxyl groups in HA via 1-ethyl-3-carbodiimide (EDC) 

and 1-hydroxybenzotriazole (HOBt) at pH 6.8 and room temperature. HA-CHO was 

produced by oxidizing HA with sodium periodate. HA-ADH and HA-CHO were purified by 

dialysis, freeze dried and stored at 4 °C until use. PNC- or PPT-gel was prepared by 

suspending PNC or PPT in solutions of these HA derivatives in phosphate buffered saline 

(PBS, pH 7.4) and extruding them through a common outlet using a double-barreled syringe. 

HA concentration in the gel was 40 mg/mL.

2.4 Dissolution kinetics of PPT and PNC

Dissolution kinetics of PPT and PNC was tested in 0.05% or 0.2% PBST following a 

method described by Peschka et al., which used an agarose hydrogel to contain drug-

encapsulated liposomes, thereby separating them from receptor medium [28]. In this study, 

we replaced agarose gel with photocrosslinkable polyethyleneglycol (PEG) hydrogel to 

avoid thermal effect needed to dissolve agarose. PPT and PNC equivalent to 15 μg of PTX 

were suspended in 0.25 mL of 10% PEG dimethylacrylate (PEGDA, 3400 Da) solution in 

PBS. The suspensions were crosslinked under UV (365 nm) illumination for 10 min in the 

presence of 25 μL of irgacure solution (20% w/v in methanol). The crosslinked PEGDA 

matrix was briefly rinsed with water to remove free PPT or PNC. One milliliter of PBST 

was added to the PNC- or PPT-containing PEGDA matrices (n=3 per group), which were 

then incubated at 37 °C on an orbital shaker. At predetermined time points, the entire release 

medium was sampled, and the PEGDA surface was washed with another 1 mL of fresh 

medium; the 2 mL was combined together for HPLC analysis. One milliliter of fresh 

medium was added to the matrices for further incubation. The sampled release media were 

mixed with an equal volume of acetonitrile prior to HPLC analysis.

2.5 PTX release kinetics from PPT-gel and PNC-gel

PTX release from the gels was studied in two ways: one in the sink condition (total drug 

concentration being less than one third of the saturation solubility [29]) and the other in a 

condition violating the sink condition. For the release kinetics study in the sink condition, 

0.1 mL of PNC-gel or PPT-gel containing 22 μg PTX was formed as described in Section 

2.3 and placed in a tube containing 20 mL of 0.2 % PBST (n=3). This condition made the 

initial PTX concentration in the release medium 1.1 μg/mL, less than one third of PTX 

solubility in 0.2% PBST (5.5 μg/mL). Thirty six identical samples were incubated at 37 °C 

on an orbital shaker. At predetermined time points, 3 samples per group were taken and 

centrifuged at 2095 rcf for 10 min to separate the gels. The collected gels were freeze-dried 

and incubated with 5 mL of acetonitrile/water (50/50) (ACN/water) mixture at room 

temperature for 24h. The swollen gels were ground with a mortar and a pestle to help release 

Sun et al. Page 4

J Control Release. Author manuscript; available in PMC 2017 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PTX into ACN/water. The crushed gel suspension was filtered and analyzed with HPLC to 

determine the PTX content, according to the condition described in Section 2.7. For a non-

sink condition, 0.3 mL of PNC-gel or PPT-gel containing 200 μg PTX was placed in a 

container with 20 mL of 0.2% PBST (n=3). The initial PTX concentration in the release 

medium was therefore 10 μg/mL, 2 times higher than the PTX solubility in PBST [30]. All 

the samples were incubated at 37 °C on an orbital shaker. At predetermined time points, 3 

mL release medium were sampled and centrifuged at 9300 rcf for 10 min to separate a 

supernatant. Two milliliters of the supernatant was taken for HPLC analysis, and the 

remaining 1 mL was combined with 2 mL of fresh PBST and returned to the sample tube for 

further incubation.

2.6 Cytotoxicity and cellular retention of PTX

SKOV3 human ovarian cancer cells (ATCC) were maintained in RPMI-1640 medium 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells 

were plated in a 12-well plate at a density of 200,000 cells per well with 0.8 mL of complete 

medium. After 24h incubation, PNC or PPT suspended in 88 μL PBS (pH 7.4) was added to 

each well to make the final PTX concentration 6 μg/mL (7 μM). A control group was treated 

with 88 μL PBS. Cells were incubated with the treatments for 3h and washed twice with 0.5 

mL complete medium after removal of the treatments. The treated cells were incubated for 

two days in fresh medium and evaluated with the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide) assay. The absorbance of the solubilized formazan was 

measured with a SpectraMax M3 microplate reader (Molecular Devices, Sunnyvale, CA, 

USA) at a wavelength of 562 nm. The measured absorbance was normalized to the 

absorbance of the control group. To determine PTX retained in the cells after each treatment, 

another set of SKOV3 cells were treated in the same way as above. Immediately after 

removing treatments, 1 mL of sterile water was added to each well, frozen and thawed once 

to lyse the cells. The cell lysate was analyzed with HPLC and Micro BCA assay to 

determine the concentrations of PTX and protein, respectively.

In a separate experiment, SKOV3 cells were plated in a 12-well plate at a density of 60,000 

cells per well with 1.5 mL of complete medium. After 24h incubation, a Transwell insert 

was suspended in each well as a container of a PTX treatment. The Transwell membrane 

was perforated with fifteen 21-gauge needle holes to facilitate the transport of released PTX 

(either as free molecules or particles) to the underlying cell layer. 0.1 mL of PNC-gel, PPT-

gel, PNC, or PPT suspension was placed in each well along with 0.4 mL PBS, making the 

final PTX concentration in each well 30 μg/mL (35 μM). A control group was treated with 

0.1 mL of PBS. Cells were incubated with the treatments for 3h, 24h or 48h, removed of the 

treatments, washed twice, and incubated for additional two days in complete medium prior 

to the MTT assay.

2.7 HPLC analysis of PTX

PPT and PNC were quantified after dissolving in 50% acetonitrile and analyzed with HPLC. 

PTX in PBST solution (both 0.05% and 0.2%) was directly analyzed with HPLC after 

filtration with a 0.45 μm PVDF syringe filter. PTX in the crushed gel suspension was 

centrifuged at 9300 rcf for 10 min and filtered with a 0.45 μm PVDF syringe filter prior to 
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HPLC analysis. PTX in the cell lysate was analyzed after ethyl acetate extraction. Briefly, 2 

mL of the cell lysate was spiked with 10 μg/mL carbamazepine as an internal standard, 

mixed with 6 mL ethyl acetate, and agitated on a rotating shaker for 40 min. The mixture 

was then centrifuged at 3724 rcf for 15 min to separate an organic layer, which was 

transferred to a new glass vial and dried under vacuum. The dried sample was dissolved in 

the HPLC mobile phase, filtered through 0.45 μm syringe filter, and analyzed with HPLC. A 

calibration curve was drawn with PTX dissolved in complete medium (containing 10% FBS) 

in known concentrations, treated in the same manner as the sample solutions. PTX was 

analyzed with HPLC equipped with 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). The mobile phase was a mixture of acetonitrile and water (50:50), run in 

the isocratic mode at a flow rate of 1 mL/min. PTX was detected at 227 nm.

2.8 Determination of the maximum tolerated doses (MTDs) of treatments

All animal procedures were approved by Purdue Animal Care and Use Committee, in 

conformity with the NIH guidelines for the care and use of laboratory animals. The MTD of 

each treatment was determined according to the method published by the National Cancer 

Institute’s Developmental Therapeutics Program [31]. Healthy female Balb/c wild-type mice 

(8–10 week old, ~20g, Harlan Laboratories, Indianapolis, IN, USA) were randomly assigned 

to Taxol, PPT-gel, and PNC-gel groups and given a single IP injection of each formulation at 

different dose levels (one mouse per dose). The mice were observed over a period of 2 

weeks after the injection. The highest dose tolerated without >20% weight loss or other 

signs of significant toxicity was designated as the MTD of each treatment. This experiment 

was repeated at least three times to confirm the reproducibility.

2.9 In-vivo efficacy studies

A mouse model of IP tumor was prepared as described in our previous study [21]. 

Luciferase-expressing SKOV3 (SKOV3-luc) cells [32] were maintained in complete 

RPMI-1640 medium containing 500 μg/mL G418 sulfate. 107 cells were suspended in 1 mL 

RPMI-1640 medium and IP injected to a female Balb/c nude mouse (8–10 week old, ~20g, 

Harlan Laboratories). Tumor growth was monitored every week by measuring the 

bioluminescence with the IVIS Lumina II whole body imaging system (Caliper Life 

Science, Hopkinton, MA, USA) [33]. When the radiance of tumors reached 105–106 

p/s/cm2/sr, which took 1–2 weeks, animals were evenly assigned to 5 treatment groups (n=3 

per group per study, repeated three times, total n=9 per group): PBS, HA gel, Taxol, PNC-

gel and PPT-gel (equivalent to 30 mg/kg of PTX). One milliliter of each treatment was IP 

injected through a catheter, and the skin was sealed with GLUture topical tissue adhesive 

(Abbott Park, IL, USA). Bioluminescence of IP tumor was measured weekly up to 14 

weeks. Animals were observed every 3 days for weight change and signs of pain until they 

reached the criteria of sacrifice, which include >20% loss in body weight, bloated abdomen 

and signs of respiratory distress, according to the approved animal procedure.

2.10 Statistical analysis

All in vitro data were analyzed using GraphPad Prism 6 (La Jolla, CA, USA), with the 

unpaired t-test to determine the difference of means between two groups. The comparison of 
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survival curves was conducted with the Log-rank (Mantel-Cox) test built in GraphPad Prism 

6. A value of p< 0.05 was considered statistically significant. For the tumor growth study, 

analysis of variance (ANOVA) was performed using IBM SPSS Statistics 23 (Armonk, NY, 

USA) to test the differences between the treatment groups in the change of tumor burden 

over time.

3. Results and Discussion

3.1 Characterization of PPT and PNC

The properties of PNC and PPT are summarized in Table 1. PNC were rod-shape 

nanoparticles with a length of 310 ± 86 nm and a width of 65 ± 10 nm under SEM (Fig. 1a). 

The average diameter (z-average) of PNC measured by Dynamic Light Scattering (DLS) 

was 258.0 ± 28.1 nm with polydispersity index values ranging from 0.045 to 0.223, which 

indicated midrange polydispersity [34]. On the contrary, PPT were needle-shaped crystals 

with a length of 11.5 ± 2.2 μm and a width of 2.0 ± 0.4 μm (Fig. 1b). Polarized light 

microscopy detected clusters of PTX crystals, confirming the broad size distribution of PPT. 

Both PNC and PPT showed weakly negative charges (PNC: −5.51 ± 0.42 mV; PPT: −3.08 

± 0.98 mV) at pH 7.4. PNC and PPT exhibited sharp peaks typical of crystalline solids (Fig. 

1c). The crystal pattern of PNC was consistent with the result in the literature [26].

3.2 Dissolution kinetics of PPT and PNC

Drug dissolution or release kinetics of a particulate formulation is typically studied by 

separating dissolution medium from the formulation by high speed centrifugation or a 

dialysis bag and measuring the drug concentration in the sampled medium. Neither is 

appropriate for estimating PTX dissolution from PNC or PPT: centrifugation does not 

completely separate small particles from the suspension and accelerates particle aggregation, 

and the dialysis method bears the risk of underestimating drug release/dissolution due to 

drug adsorption to the membrane and/or reprecipitation of dissolved drug in the bag [30]. 

Alternatively, in-situ analytical technique based on light scattering may be used to monitor 

dissolution of drug particles [25]. However, this method is not applicable to large particles 

like PPT that sediment rapidly.

To bypass the limitations of existing methods, we used photocrosslinkable PEGDA matrix to 

help separate PNC and PPT from the medium during sampling. PNC and PPT were 

suspended in gel precursor solutions, which were solidified under UV and immersed in the 

release medium. The crosslinked PEGDA matrix confined particles but allowed the diffusion 

of the dissolution medium. The PEGDA matrix did not degrade in the dissolution medium 

and retained particles during the test period (Supporting Fig. 1). This method avoided 

problems associated with the centrifugation or dialysis methods: it eliminated the need for 

centrifugation pressure during sampling, kept the particles apart throughout the incubation, 

and prevented sample loss due to the adsorption to the container. On the other hand, the 

dissolution rates measured by this method would be much slower than the actual dissolution 

rate due to PEGDA matrix, which could delay drug diffusion up to 48h in case of PTX. 

Therefore, this method was only meaningful for in vitro comparison of formulations. A 

dissolution aid was included in the medium to maintain the solubility of the dissolved PTX. 
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Serum would have been the most physiologically relevant option; however, it was not 

suitable for long-term monitoring of drug dissolution due to the detrimental effect on PTX 

stability [30]. Instead, we chose Tween80, which we previously found to help generate a 

similar PTX dissolution profile as serum with less stability issue than serum [30]. With 0.2% 

PBST, in which PTX was soluble up to 5.5 μg/mL, no difference in dissolution rate was 

observed between PNC and PPT: 78.8±2.0% and 74.7±8.1% of total PTX were dissolved 

from PNC and PPT, respectively, in 4 days (Fig. 2a, b). We suspected that 0.2% PBST might 

have been too invasive that it actively dissolved PTX from both particles and eliminate the 

difference in dissolution rate. As expected, the difference was detected in PBST with a 

reduced Tween80 (0.05% PBST), where PTX was less soluble (maximum 1.6 μg/mL), and 

thus, the medium was less invasive to the particles. The overall dissolution rate in 0.05% 

PBST was much slower than in 0.2% PBST. 54.8±3.0% and 46.0±3.3% of total PTX was 

dissolved from PNC and PPT, respectively, over 19 days (Fig. 2c).

3.3 Cellular retention and cytotoxicity of PPT and PNC

We then compared the cytotoxicity of PPT and PNC as an indirect indicator of drug 

dissolution profiles. SKOV3 cells were incubated with PPT and PNC for 3h, and the level of 

PTX retained with cells were determined. Much less PTX was detected in the SKOV3 cells 

treated with PNC than those with PPT (Fig. 3a). The relatively high level of PTX retained 

with PPT-treated cells is attributable to the large size of PPT, bound on the cell surface and 

not readily removed from cells by gentle washing. Surprisingly, despite the low level of PTX 

retained with the cells, PNC showed higher cytotoxicity than PPT (Fig. 3b). The cell fraction 

affected by the unit amount of PTX was 3.3 times greater for PNC than PPT (Fig. 3c), which 

indicates that PNC killed SKOV3 cells more efficiently than PPT. These results suggest that 

the small size of PNC facilitated PTX dissolution and increased its availability to the cells as 

compared to PPT. In addition, the small size may have helped PNC to enter cells. A recent 

study supports that drug nanocrystals could be endocytosed as solid particles [35].

3.4 In-vitro PTX release kinetics from PPT-gel and PNC-gel

To predict the drug release from PPT-gel and PNC-gel in the peritoneal cavity, we evaluated 

in-vitro PTX release kinetics in 0.2% PBST. We first attempted to compare the release rates 

under a sink condition as defined by the United States Pharmacopeia (the volume of medium 

at least three times that required to form a saturated solution of a drug [29]). Since the 

highest PTX concentration (1.1 μg/mL) in the release medium fell far below the limit of 

quantitation (3.8 μg/mL) calculated per the ICH guideline, the released amount was 

indirectly determined by measuring the PTX amount remaining in the gel at each time point 

and subtracting it from the initial PTX amount. With this method, up to 80% of PTX was 

found to be released from the gels in 7 days, with no apparent difference between PPT-gel 

and PNC-gel (Fig. 4a), probably for the same reason as described in Section 3.2 

(invasiveness of 0.2% PBST).

We next tested the dissolution rate in a non-sink condition to reflect the limited fluid volume 

in the peritoneal cavity. The volume of peritoneal fluid in a healthy adult is approximately 

50 mL with a protein content 75% lower than that of the blood [36, 37]. The turnover rate of 

peritoneal fluid is 4–5 mL/h [36]. A Balb/c mouse, used in this study, has <1 mL peritoneal 
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fluid. Since the small volume of the peritoneal fluid (compared to blood) is likely to 

challenge the sink condition assumption, we used 20 mL of 0.2% PBST for PPT-gel and 

PNC-gel equivalent to 200 μg of PTX to create a situation that intentionally violated a sink 

condition. The release medium sampled at each time point was directly analyzed to 

determine the cumulative drug release. Under the non-sink condition, 32.6% and 30.6% of 

the total PTX were released from PPT-gel and PNC-gel, respectively, in 12 days (Fig. 4b). 

66.0% (PPT-gel) and 59.7% of PTX (PNC-gel) were recovered in the remaining gel 

(Supporting Fig. 2). The relatively slow release (compared to the sink condition) suggests 

that the released PTX might have undergone reprecipitation in the medium as the PTX 

concentration reached the saturation solubility [30], especially in the presence of existing 

seeds such as PTX particles. Although we expected that the two gels would show different 

release kinetics at least initially, we did not observe any difference, most likely due to rapid 

reprecipitation of released PTX.

The lack of difference in in-vitro release kinetics between PPT-gel and PNC-gel may be 

explained in two ways. First, both methods may involve the centrifugation-induced artifacts. 

In the sink condition method, it is possible that the remaining PTX at each time point might 

have been underestimated (i.e., drug release overestimated) due to the centrifugation, which 

would have pressurized the gels and caused artificial release of PPT and PNC loosely 

associated with them. In the non-sink method, the centrifugation force might have 

contributed to underestimation by accelerating the aggregation of reprecipitates. Second, the 

invasiveness of Tween80, observed in the dissolution kinetics study, might have masked the 

potential difference between two gels.

3.5 Cytotoxicity of PPT-gel and PNC-gel

Acknowledging these limitations of in vitro release kinetics tests, we measured the 

cytotoxicity of PPT-gel and PNC-gel varying the exposure time to predict their in vivo 
effects. The gel was contained in a perforated Transwell insert to avoid direct contact with 

the cell layer that might limit oxygen supply. Free particles were supplied in the same 

manner to mimic a situation where degrading gel was no longer able to retain the particles. 

Therefore, the tests with gels and free particles represented the initial and later phase of the 

delivery, respectively. With 3h exposure, PNC-gel was found to be more toxic than PPT-gel, 

indicating faster dissolution of PNC than PPT. This difference disappeared upon longer 

incubation (24h and 48h), which may be explained by the reprecipitation of released PTX 

exceeding the saturation solubility, as expected from the release kinetics results. In contrast, 

free PNC showed consistently high cytotoxicity as compared to PPT, indicating that at least 

part of PNC were endocytosed by the cells as solid particles before they underwent 

dissolution and reprecipitation in the medium. This result suggests that PNC-gel would 

achieve greater anti-tumor effect than PPT-gel in vivo, as the endocytosis of released PNC 

offset the effect of reprecipitation of dissolved PTX.

3.6 MTDs of PPT-gel and PNC-gel

MTDs of PNC-gel, PPT-gel, and Taxol were determined using healthy Balb/c mice to 

determine the maximum PTX dose to administer in the anti-tumor efficacy study. Mice did 

not survive a single administration at doses higher than 60 mg/kg of Taxol. On the other 
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hand, PPT-gel and PNC-gel were tolerated at much higher doses: 120 mg/kg and 90 mg/kg, 

respectively. This result first confirms the benefit of the gel formulations free of the toxic 

solubilizer, Cremophor ELP [38]. Interestingly, PNC-gel showed lower MTD than PPT-gel, 

despite the identical composition. The difference between PNC-gel and PPT-gel suggests 

that PNC-gel might have released a greater amount of PTX (as free drug and/or PNC) than 

PPT-gel in the given time. This result is consistent with the cellular PTX retention and 

cytotoxicity results.

3.7 Anti-tumor effects of PPT-gel and PNC-gel

The anti-tumor efficacy of PPT- and PNC-gels was studied using a mouse model of IP 

tumor. Once the tumor reached a certain size as indicated by the bioluminescence signals, 

treatments (Taxol, PPT-gel, and PNC-gel) equivalent to 30 mg/kg PTX as well as vehicle 

controls were administered IP once. A single administration regimen was chosen to compare 

the duration of the therapeutic effects of the treatments (Fig. 6a). The tumor burden was 

monitored up to 14 weeks until the animals reach a humane endpoint (Fig. 6b). Animals 

treated with PBS or HA gel vehicle reached the endpoint in <7 weeks with median survival 

periods of 37 days. All animals receiving PTX-treatments survived longer than the vehicle 

control groups with notable difference among the treatments. Tumor growth in animals 

treated with Taxol was initially delayed but resumed after 3 weeks to reach the endpoint in 

<9 weeks with a median survival time of 56 days. This result may be explained by the rapid 

clearance of PTX from the peritoneal cavity [21]. Animals treated with PPT-gel showed a 

similar survival curve (median survival time of 51 days) as Taxol-treated ones. On the other 

hand, mice treated with PNC-gel showed a significant extension of the survival period (67 

days), which clearly contrasted with Taxol-treated groups (p<0.05: PNC-gel vs. Taxol, Log 

rank Mantel-Cox test) (Fig. 6c). Both PPT-gel- and PNC-gel-treated animals showed 

minimal increase in tumor signals in surviving animals until 7 weeks post-treatment (Fig. 

6b, Supporting Fig. 3). However, statistical differences between the two groups based on 

bioluminescence signals vs. time plot were not achieved due to the attrition of animals over 

the survival period and the large variation in tumor growth. Thus, the change of tumor 

burden (tumor burden at each time point – initial tumor burden) was plotted with respect to 

the survival time for each mouse, and the area under the curve over time (AUC/time) was 

calculated as an estimate of average tumor burden during the survival period. The mice 

treated with PNC-gel or PPT-gel showed the lowest median AUC/time value among the 

treatments (Fig. 6d). The AUC/time value of Taxol group was not significantly different 

from PBS or HA gel control groups. Both PPT-gel and PNC-gel showed significantly lower 

AUC/time values than Taxol group, but the difference between PNC-gel and Taxol groups 

was more significant than that of PPT-gel and Taxol groups (p: 0.0012 vs. 0.0306).

Taken together, the in vivo studies demonstrated that a single dose PNC-gel was 

significantly better than Taxol in delaying tumor progression. PPT-gel was not different from 

Taxol in the median survival time. This result is consistent with the in vitro cellular toxicity 

test and MTD values, which indicated greater dissolution and cellular uptake of PNC than 

PPT. Based on the depot effect of HA gel, PNC could have a prolonged effect on IP tumors 

than Taxol. It remains to be investigated how the prolonged local delivery improved the 

efficacy of PTX. A potential mechanism may involve the tumor priming effect by initial 
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PTX exposure, which suppresses stroma expansion [39], thereby facilitating the transport of 

subsequently released PTX. A remaining challenge is to improve the specificity of local 

delivery of PTX. The current PNC-gel does not have a mechanism to distinguish tumors vs. 

normal tissues; thus, some toxicity to adjacent normal tissues is likely unavoidable (although 

no abnormalities were observed on macroscopic level in this study). This may be achieved 

by surface modification of PNC with tumor cell-interactive ligands.

3.8 Perspective on the predictive value of in vitro release kinetics studies

This study illustrates how in vitro release kinetics studies can have little value in predicting 

in vivo outcomes. In vitro release kinetics studies are routinely performed to demonstrate the 

ability of new formulations to control the drug release. Our release kinetics studies, 

performed in both sink and non-sink conditions, failed to distinguish between PNC-gel and 

PPT-gel. Nevertheless, the in vivo MTD and anti-tumor effect studies show that PNC-gel can 

provide greater benefits than PPT-gel as compared to Taxol. In this regard, it is worthwhile 

to revisit the current practice of in vitro release kinetics studies. Drug release kinetics is 

largely affected by sampling methods, choice of release medium, and the concentration 

difference between the formulation and the release medium [30]. Various methods and 

conditions are employed in the literature, however, with very little justifications. Sampling 

methods involve the aforementioned problems such as accelerated aggregation or delayed 

diffusion. The sink condition assumption is not necessarily applicable to some parts of the 

body, including the peritoneal cavity. 0.2% PBST is widely used as a dissolution/release 

medium for poorly water-soluble drug formulations as a solubility enhancer [40–45]; 

however, its physiological relevance is not clearly established, and the active role of 

Tween80 in drug release is seldom considered in data interpretation. These limitations 

critically hamper the translation of drug delivery technologies and warrant increased efforts 

for developing new in vitro methods with greater predictive potential.

4. Conclusion

PTX-gel formulation comprising PNC and HA gel was developed for IP chemotherapy of 

ovarian cancer. In cellular toxicity test and MTD assessment, PNC-gel provided more 

efficient killing effect and greater toxicity than PPT-gel containing larger PTX particles. A 

single IP administration of PNC-gel outperformed the same dose Taxol in extending the 

survival of mice with IP tumors, due to the local depot effect, but PPT-gel did not. The cell 

toxicity test and in vivo results consistently point to the beneficial effect of particle size 

reduction, which lead to a greater dissolution rate and cellular uptake of PTX.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Scanning electron micrograph of PNC. (b) Polarized light micrograph of PPT. (c) XRPD 

pattern of PNC and PPT.
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Fig. 2. 
(a) Solubility of PTX in PBST. Dissolution kinetics of PPT and PNC in (b) 0.2% PBST and 

(c) 0.05% PBST.
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Fig. 3. 
(a) PTX retention normalized with total protein content. Micro BCA assay was performed to 

determine the total protein content in the cell lysate as an estimate of cell population. The 

PTX to protein ratio reflects PTX retained by each cell. (b) Cytotoxicity of PPT and PNC 

(equivalent to 7 μM PTX) to SKOV3 cells after 3h of direct exposure followed by incubation 

in drug-free medium. (c) Fraction of cells affected by unit amount of PTX. Data are 

expressed as averages and standard deviations of three measurements of a representative 

batch. *: p<0.05 by t-test.
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Fig. 4. 
(a) In-vitro PTX release kinetics from PPT- and PNC-gels under sink condition (initial PTX 

concentration: 1.1 μg/mL). (b) In-vitro PTX release kinetics from PPT- and PNC-gels under 

non-sink condition (initial PTX concentration: 10 μg/mL).
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Fig. 5. 
Cytotoxicity of (a) PNC-gel and PPT-gel and (b) PPT and PNC (equivalent to 35 μM PTX) 

to SKOV3 cells after 3h, 24h or 48 h exposure via a perforated Transwell membrane, 

followed by incubation in drug-free medium. Data are expressed as averages and standard 

deviations of three measurements of a representative batch. *: p<0.05 by t-test.
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Fig. 6. 
(a) Treatment schedule. (b) Representative whole body bioluminescence images of animals 

administered with different treatments. The most representative animal in each group is 

presented. (c) Kaplan-Meier analysis for survival time post tumor cells inoculation. n=9 per 

group. *: p<0.05, PNC-gel vs. Taxol by Log-rank Mantel-Cox test. (d) AUC of tumor 

burden change over survival time of animals treated with PBS, HA gel, Taxol, PNC-gel and 

PPT-gel. *: p<0.05, PPT-gel vs. Taxol, **: p<0.05, PNC-gel vs. Taxol by Tukey’s test.
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Table 1

Summary of PNC and PPT properties

PNC PPT

Particle size Lengtha: 310 ± 86 nm;

Widtha: 65 ± 10 nm

z-averageb: 258 ± 28.1 nm

Lengthc: 11.5 ± 2.2 μm;

Widthc: 2.0 ± 0.4 μm

Zeta potentiald −5.51 ± 0.42 mV −3.08 ± 0.98 mV

a
Estimated by SEM; based on 50 measurements with ImageJ

b
Measured by a zeta sizer (DLS); average and standard deviation of 8 independently prepared batches

c
Estimated by light microscopy; based on 50 measurements with ImageJ

d
Measured by a zeta sizer; average and standard deviation of 5 independently prepared batches
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