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Abstract

Spurred by high risk for local tumor recurrence and non-specific toxicity of systemic
chemotherapy, clinicians have recently granted a growing interest to locoregional therapeutic
strategies. In this perspective, we recently developed a multipurpose thermosensitive hydrogel
based on reversible thermogelling properties of poloxamers P407 and P188, a bioadhesive
excipient and antineoplastic effect of 5-fluorouracil (5-FU) for the local treatment of
colorectal cancer (CRC) in ectopic CT26 murine models. Antitumor efficacy was assessed in
mice following intratumoral (IT) injection mimicking neoadjuvant therapy and subcutaneous
(SC) application after tumor excision simulating adjuvant therapy. Rheological
characterization disclosed that P407/P188/alginate 20/2/1% w/v thermosensitive hydrogel is
an injectable free-flowing solution at ambient temperature that undergoes a SOL-GEL
transition at 26.0°C + 0.6°C and thereby forms in situ a non-flowing gel at physiological
temperature. The generated gel presented an elastic behavior and responded according to a
shear-thinning fluid upon shear rate. Although delayed by the addition of alginate 1% w/v, 5-
FU is released mainly by diffusion mechanism. The local delivery of 5-FU from
P407/P188/alginate/5-FU 20/2/1/0.5% w/v hydrogel in the preclinical tumor models led to a
significant tumor growth delay. These results demonstrated that poloxamer-based
thermosensitive hydrogels provide a simple and efficient means for local chemotherapeutics

delivery.
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Thermosensitive hydrogels; Poloxamers; 5-Fluorouracil; Colorectal CT26 cancer model;

Local drug delivery.
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1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer (10.2% of the total
cancer cases worldwide) and the second most lethal cancer worldwide with almost 880792
deaths in 2018 according to the World Health Organization [1, 2]. Patients with locally
advanced (stage II-III) rectal cancer are treated with neoadjuvant chemoradiotherapy before
surgery in order to reduce tumor size and improve disease-free survival [3-5]. Moreover,
according to the 1990 NIH consensus recommendations, the treatment of colon cancer
patients with stage III disease (lymph node involvement) has consisted of surgery aiming to
excise tumor followed by adjuvant systemic chemotherapy to eradicate micrometastases and
prevent recurrence [6, 7]. Each year, approximately 230,000 patients with colon cancer are
eligible for adjuvant chemotherapy [8]. The benefits of 5-fluorouracil (5-FU)-based
chemotherapy in reducing the risk of relapse and prolonging survival in patients are well-
established [9]. However, the administration of 5-FU by systemic route results in short
plasmatic half-life (11.4 min after bolus intravenous administration) and drug clearance from
plasma within 1 hour as a consequence of a very rapid metabolism by the dihydropyrimidine
dehydrogenase or uracil reductase enzymes [10]. Hence, this implies low drug concentration
in tumor tissue and reduced overall efficacy. In addition, severe non-specific toxicities are
reported as a consequence of the high doses of chemotherapeutic drugs administered
systemically.

Therefore, tumor-targeting strategy such as local delivery of chemotherapeutic drugs is
thought to provide a site-specific drug delivery and a better control of the on-site drug
concentration, thus improving both safety and efficacy. A study carried out by Yi ef al. on 5-
FU-loaded polyethylene glycol hydrogel showed an optimized 5-FU pharmacokinetic with an
elimination half-life of 0.9 hours, 6-fold longer than the free solution of 5-FU, both
administered subcutaneously. The 5-FU-loaded polyethylene glycol hydrogel group showed a

3
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significant tumor growth inhibition in comparison to the untreated group and a significant
enhanced tumor inhibition rate compared to the free solution of 5-FU group in mice bearing
xenografted tumor [11].

Hydrogels are characterized by a hydrophilic polymer network capable to swell in the
presence of water or physiological fluids leading to a three-dimensional structure [12, 13].
Thermosensitive hydrogels are composed of polymers responsive to a thermal stimulus.
Temperature change alters the interaction between hydrophilic and hydrophobic chains in the
polymer with water molecules, thus inducing a phase transition of the polymeric solution
from a solution (SOL state) to a gel (GEL state). This transition occurs in situ and it is
commonly known as SOL-GEL transition. Accordingly, in situ-forming thermosensitive
hydrogels have attracted increasing attention as local drug delivery systems for locoregional
chemotherapy [14-21]. They allow an easy administration of injectable fluid solution that
forms a semi-solid gel in response to physiological temperature as soon as it is in contact with
tumor tissue. Thus, they have the potential to (a) deliver chemotherapeutic drugs locally to the
tumor site leading to low dose requirements, (b) provide controlled and sustained drug release
within tissues, (c) ensure drug diffusion into cells, (d) reduce multiple drug administration
cycles, and (e) reduce systemic toxicities due to reduced systemic drug diffusion [22, 23].
Poloxamers are tri-block copolymers of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) which exhibit excellent thermosensitive properties [23,
24]. They are non-toxic and FDA approved [25]. Below their critical micelle concentration
(CMC) and critical micelle temperature (CMT), poloxamers are in the form of individual
block copolymer molecules (unimers) in solution. Above their CMC and CMT, copolymers
self-assemble giving rise to a process defined as “micellization”. An increasing temperature
reaching their critical SOL-GEL transition temperature (Tsol-ger) results in the rearrangement

of micelles and gel formation [26].
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Owing to its hydrophilic character, 5-FU represents an appropriate candidate to be
incorporated into poloxamer hydrogel. A comparative study between 5-FU suppository and
poloxamer-based in situ-gelling enema showed that enema provided higher rectal 5-FU
concentrations for up to three hours compared to suppositories [27]. This could be mainly
explained by a larger release area and a longer retention time of 5-FU in gelling enema
formulation. Both suppositories and enema resulted in low 5-FU blood concentration
compared to intravenous administration. In this sense, many topical and aerosolized
formulations of 5-FU have been developed to treat local tumors [15, 28, 29]. Furthermore,
intratumoral (IT) delivery of chemotherapeutic drugs constitutes an attractive strategy owing
to its capacity to introduce the cytotoxic drugs directly into the tumor, hence limiting the
systemic absorption, reducing the toxicity and increasing the overall efficacy [16, 30].
Injectable thermosensitive hydrogels provide an efficient means for IT administration.
Consequently, alternative neoadjuvant and adjuvant treatments aiming to reduce tumor size
prior to surgery and prevent recurrence after surgical excision of tumor, respectively, or treat
small-sized tumor, thereby bypassing surgery, are highly required. Not only should said
treatments increase life expectancy, but they are also expected to improve patient comfort by
limiting chemotherapy toxicities. The aim of this work was to develop a multipurpose
thermosensitive hydrogel capable to incorporate 5-FU for the local treatment of CRC by: 1)
reducing tumor size prior to surgery, 2) preventing tumor recurrence after surgical resection in
ectopic tumor models in mice. We have used Poloxamer P407 (P407) as thermosensitive
gelling agent to prepare thermosensitive hydrogels. Poloxamer P188 (P188) was added to
increase P407 Tsolgel and reduce gelling time [31]. Alginate and chitosan were included as
natural, biocompatible and biodegradable polymers to impart adhesive, thickening and shear-
thinning properties [32-34]. Alginate is a linear, water-soluble polysaccharide copolymer

composed of longer homo-polymeric regions of mannuronate and guluronate, potentially
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separated by regions of alternating structure mannuronate-guluronate. It is an anionic
bioadhesive polymer which is known for its ability to create hydrogen bonds with mucin-type
glycoproteins through carboxyl-hydroxyl interactions. Chitosan is a linear polysaccharide
composed of D-glucosamine and N-acetyl-D-glucosamine units. As a polycationic
biopolymer, chitosan is bioadhesive and readily binds to negatively charged surfaces such as
mucosal membranes. Medium MW chitosan was utilized because it confers low viscosity to
the hydrogel (the viscosity of a chitosan solution primarily depends proportionally on the
average molecular weight of the polymer), it increases slightly the Tsol.get [32] and impart a
mucoadhesion with no significant difference with low and high MW chitosan [35]. Resulting
formulations were carefully characterized in terms of thermogelling and rheological
behaviors. 5-FU release from thermosensitive hydrogel was studied at 37°C in a flow-cell
device. 5-FU release and hydrogel erosion were also tested in vitro. Finally, in vivo antitumor

efficacy was assessed in two colorectal CT26 cancer model in BALB/c mice.

2. Materials and Methods

2.1.Materials

Poloxamer P407 (P407; Kolliphor® P407; PEO98-PPO67-PEO98; MW 12.6 kDa) and
poloxamer P188 (P188; Kolliphor® P188; PEO80-PPO30-PEO80; MW 8.4 kDa) were
purchased from BASF France. Sodium alginate (Protanal® LF 10/60 FT; M:G ratio 25:75)
was a gift from FMC Biopolymer (Little Island, Ireland). Chitosan chloride (Protasan™ UP
CL 113; Ultrapure chitosan chloride salt; Deacetylation degree 75-90%; MW < 200 kDa) was
supplied by NovaMatrix®, FMC Biopolymer (Sandvika, Norway). 5-Fluorouracil (5-FU; MW
130.08 Da) was obtained from Acofarma (Madrid, Spain). Water used here was deionized
“water for injection” obtained from C.D.M. Lavoisier (Paris, France). Phosphate buffer saline

solution (PBS; pH 7.3; 0.01 M) was provided by Gibco, Life technologies (Saint Aubin,
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France). Drug and excipients were of European Pharmacopoeia grade whereas solvents were

of analytical grade.

2.2.Thermosensitive hydrogel preparation

2.2.1. P407/P188-based hydrogel preparation

Thermosensitive hydrogels were prepared on a volume basis. Concentrations of all the
components reported here are expressed as weight/volume percentage (% w/v). P407 and
P188 were used and hydrogels are represented below as P407/P188 hydrogels. Hydrogels
were prepared according to the “cold” method described by Schmolka [24]. Briefly,
appropriate amounts of P407 and P188 powders were added to a volume of water. Dispersion
was left under magnetic stirring overnight at 5°C + 3°C until clear solution was obtained.
Water was then added to adjust the final volume of the hydrogel placed in an ice bath. After
homogenization, resulting hydrogels were stored at 5°C + 3°C for further studies. Three
P407/P188 thermosensitive hydrogels were prepared yielding final concentrations of 17/1,

20/2 and 20/5% w/v, respectively.

2.2.2. Bioadhesive-contained hydrogel preparation

Two bioadhesive polymers i.e. alginate and chitosan, were investigated. For that purpose,
concentrated solution of alginate or chitosan was first prepared by slowly adding appropriate
amount of the bioadhesive powder to vigorously stirred water in order to avoid lumping.
Mixture was then stirred until complete hydration occurs and a clear viscous solution was
obtained (1 hour). Afterwards, appropriate amounts of P407 and P188 powders were added
and subsequent steps were precisely followed as described in the section above. Obtained
hydrogels contained P407/P188 at 17/1, 20/2 and 20/5% w/v, respectively, and a bioadhesive

polymer at a final concentration of 0.25, 0.5 or 1% w/v.



125

130

135

140

145

2.2.3. 5-FU-loaded hydrogel preparation

In order to prepare 5-FU-loaded hydrogel, appropriate amount of 5-FU powder was weighed
and added to a precise volume of P407/P188/alginate 20/2/1% w/v hydrogel. Mixture was
protected from light and the drug was solubilized by magnetic stirring at 5°C + 3°C yielding a
final concentration of 0.5% w/v (5 mg/mL) 5-FU. After complete solubilization, the resulting
hydrogel was stored at 5°C + 3°C for further studies. P407/P188/alginate/5-FU 20/2/1/0.5%

w/v hydrogel presented a pH value of 6.6 (supplementary Fig. S1).

2.3.Rheological characterization

Rheological analyses were performed using a rheometer (MCR102, Anton Paar, Germany) in
a cone-and-plate geometry with a diameter of 50 mm (cone angle 1°). Samples were kept at
5°C # 3°C until measurement. A solvent trap was used to minimize evaporation and to keep a
solvent saturated atmosphere surrounding the sample. Measurements were performed in at

least triplicate. Error bars were sometimes omitted to retain clarity.

2.3.1. Oscillation mode studies

Oscillatory studies allow to determine the viscoelastic properties of hydrogels by subjecting
the sample to a sinusoidal shear stress. The hydrogel (730 uL) was placed on the pre-cooled
Peltier plate (15°C) immediately prior to testing and submitted to a temperature sweep in the
range of 15-45°C at a heating rate of 1°C/min. A Peltier controller unit was used to control the
sample temperature with an accuracy of 0.1°C. The test was carried out at a controlled strain y
of 0.2% and constant frequency of 2 Hz. These parameters were determined prior to the test to
define the linear viscoelastic regime where the stored elastic energy (storage or elastic
modulus G’) remained invariant and the sample did not undergo structural modifications
(non-destructive dynamic conditions). The changes of G’ modulus and the viscous dissipated

energy (loss or viscous modulus G”) were thus investigated. Oscillatory rheology provides the
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most sensitive measurement of the main parameters Tsolgel, G* and G” moduli and the loss

factor tangent 0 (tand = G”/G’).

2.3.2. Rotational mode studies

Rotational studies allow to determine the dynamic viscosity (n) and shear stress (t) of
hydrogels by subjecting the sample to constant or ascending shear rate. Herein, viscosity (1)
was measured at 10! s shear rate at constant or gradient of temperature in the range of 15-
45°C, while shear stress (t) was obtained at a shear sweep between 107 and 10* s™! at 5°C and

37°C.

2.4.Hydrogel erosion

Hydrogel erosion study was performed in vitro at 37°C using a membrane-free release model.
PBS (pH 7.3; 0.01 M) was used as release medium. Experiment met the sink conditions. In
detail, under ice bath, 1 mL of the hydrogel was introduced into 20 mL transparent vials and
placed at 5°C % 3°C for 10 minutes in order to homogenize the distribution of the hydrogel at
SOL state in the bottom of the vial. Afterwards, vials were placed in an incubator set at 37°C
and allowed to gel for 30 minutes. Subsequently, 5 mL of pre-warmed (37°C) release
medium, were gently layered over the surface of the gel and vials were stored in an orbital
shaker/incubator (Orbital Shaker, Forma Scientific, Ohio, USA) and shaken at 50 rpm at
37°C. At specific time points (0, 0.5, 1, 3, 6, 24, 48 and 96 hours), 200 uL of the release
medium were sampled and replaced with an equal volume of pre-warmed (37°C) fresh release
medium. The concentrations of dissolved poloxamers in samples were measured by the
colorimetric method of Baleux and the times required to erode 50% (T50%) or 80% (T80%)
of the hydrogels were calculated. All measurements were conducted in triplicate and mean

values + standard deviations were reported.
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2.5.Hydrogel erosion and 5-FU release

P407/P188/alginate/5-FU 20/2/1/0.5% w/v hydrogel erosion and 5-FU release from the
hydrogel were conducted simultaneously in vitro at 37°C using a membrane-free release
model. PBS (pH 7.3; 0.01 M) and water were used as release media. The experimental
protocol was precisely followed as described in the section above. The concentrations of
dissolved poloxamers and released 5-FU were measured by the colorimetric method of
Baleux and HPLC-UV, respectively, in samples withdrawn at specific time points (0, 0.25,
0.5, 1, 3,6,9, 19 and 24 hours). In parallel, a solution of 5-FU (0.5% w/v) kept in the orbital
shaker/incubator at 37°C was used as control to monitor the stability of 5-FU in the
experiment conditions. All measurements were conducted in triplicate and mean values +

standard deviations were reported.

2.6.Poloxamer quantification by the colorimetric method of Baleux

To quantify dissolved poloxamers in the release medium, samples were centrifuged for 10
min at 14,000g in order to separate dissolved poloxamers from possible hydrogel fragments.
After centrifugation, supernatants were collected and assayed by the colorimetric method
described by Baleux [36]. Briefly, 25 uL of potassium iodide (KI3) reagent was added to 1
mL of diluted supernatant. After homogenization, optical density was quickly measured at
440 nm to avoid photobleaching phenomenon of KI; and the formed PEO-KI3 complex. A
solution of 1 mL of water and 25 pL of the reagent has served as a reference. Results were
calculated from linear regressions of P407 and P188 generated by dissolving known amounts
of these copolymers in water in the concentration ranges of 0.05-20 pg/mL (supplementary
Fig. S2). The cumulative percentage of hydrogel eroded was expressed as the weight

percentage of dissolved poloxamers as a function of time.

10
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2.7.5-FU quantification by HPLC-UV

The amount of released 5-FU occurring simultaneously with the hydrogel erosion was
measured by high performance liquid chromatography with ultraviolet detection (HPLC-UV).
To this end, samples were diluted with appropriate volume of water to destroy poloxamer
micelles. After 3 min of vortex, drug was separated from poloxamers and alginate through 0.5
mL Amicon Ultra centrifugal filters (cut-off 3 kDa, Millipore Corporation, Molsheim, France)
by centrifugation at 14,000g for 40 min using a tabletop Eppendorf MiniSpin® plus
(Hamburg, Germany). Subsequently, ultrafiltrates free of polymers were collected and 5-FU
was assayed by HPLC using a LC-20AD XR HPLC system (Shimadzu, Japan) connected to a
Waters pBondapak® C18 column (Guyancourt, France) (reversed phase, 300 mm X 3.9 mm
1.d., 10 um). Chromatographic conditions were the following: Isocratic elution, mobile phase
of deionized water whose pH was adjusted to 4.5 with trifluoroacetic acid (0.001% v/v), flow
rate 0.6 mL/min with column temperature maintained at 25°C, an injection volume of 20 pL
and an UV detection at 266 nm. Results were calculated from linear regression of 5-FU
generated by dissolving known amounts of the drug in water in the concentration range of 5-
50 pg/mL. The cumulative percentage of 5-FU released over time was expressed as the

weight percentage of 5-FU.

2.8.In vitro 5-FU release in T-cell for flow-through dissolution

This study was meant to determine in vitro 5-FU release behavior from poloxamer hydrogel
and the consecutive effect of addition of alginate 1% w/v on drug release rate. Two hydrogels
were tested: P407/P188/5-FU 20/2/0.5% w/v and P407/P188/alginate/5-FU 20/2/1/0.5% w/v.
T-cell for flow-through dissolution (membrane-free model) provided by the company Sotax
(Switzerland) was utilized and water was used as the release medium. Experiment met the
sink conditions. In detail, 150 uL of each hydrogel was introduced in the pit of the cell, placed

in an incubator at 37°C and allowed to gel for 30 minutes. Subsequently, the cell was

11
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reinserted in the flow-cell system where the release medium flows continuously at 37°C. At
specific times (0, 1, 2, 3, 4, 5, 6, 24 and 48 hours), 500 uL of the release medium were
sampled and replaced with an equal volume of pre-warmed (37°C) fresh release medium.
Collected samples were analyzed as described in the previous section and the percentage of 5-
FU was determined by HPLC-UV at 266 nm. All measurements were run in triplicate, data

are expressed as the mean + standard deviations.

2.9. In vivo antitumor efficacy

In vivo experiments were carried out in female BALB/cJRJ mice (Janvier, St Genest de Lisle,
France), aged from 6 to 7 weeks and kept under SPF (specific pathogen free) conditions for 1
week before the study with free access to standard food and water. Animal experiments were
conducted in compliance with the principles of care and use of laboratory animals of the

European and national guidelines and were approved by the institutional ethics committee.

2.9.1. Tumor models development

The CT26.WT murine colon carcinoma cell line was purchased from American Type Culture
Collection (ATCC, CRL-2638, LGC Standards, Molsheim, France). The luciferase-positive
cell line (CT26-luc) was generated by transfection of CT26.WT cell line with luciferase gene
as reporter. CT26-luc cells were cultured at 37°C in a 5% CO:-humidified atmosphere in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco Life Technologies) supplemented with
10% fetal bovine serum (FBS, Gibco Life Technologies), 1% penicillin/streptomycin and
0.08% of Geneticin (G418 sulfate, Gibco Life Technologies). CRC tumor model was
developed as previously described [37]. Briefly, 10° CT26-luc cells in 100 uL of DMEM
culture medium were injected subcutaneously into the right and left flanks of the mouse.
Fifteen days later, the size of the subcutaneous (SC) tumor was around 1000 mm?>. The tumor-

bearing mouse was sacrificed, the CT26-luc tumor was resected and placed into DMEM

12
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culture medium. Tumor was then cut into 20-30 mm?® fragments and inoculated
subcutaneously, through a 12 gauge trocar (38 mm), into the right and the left mouse flanks
previously disinfected with alcohol. Those mice were subsequently used for the antitumor

efficacy studies. In each mice, both tumors were treated identically.

2.9.2. IT injection of hydrogel in neoadjuvant therapy model

On the eighth day, mice bore a SC tumor of 63.8 mm?® + 10.6 mm?® mean volume. Mice were
randomly separated into four groups of five mice each. Mice were anesthetized by
intraperitoneal injection of 300 uL of Ketamine (80 mg/kg) and Xylazine (10 mg/kg), and the
areas around their two tumors were shaved and disinfected with alcohol (Fig. 6A). During
anesthesia, mice were kept at physiological temperature. Mice received a single injection of
60 uL of P407/P188/alginate/5-FU 20/2/1/0.5% w/v (corresponding to 15 mg 5-FU/kg body
weight), 5-FU solution (0.5% w/v), P407/P188/alginate 20/2/1% w/v (5-FU-free hydrogel) or

water (control group). Formulations were injected into the tumor via a 26Gx1/2’’ needle.

2.9.3. SC application of hydrogel after surgical tumor excision (adjuvant therapy

model)

Fourteen days after tumor fragment implantation, mice were randomized into two groups
of three mice each. Mice were anesthetized and prepared as described in the previous section.
An incision of 1-2 cm was made in the proximity of the tumor and the latter was subsequently
resected without leaving macroscopic residuals (Fig. 7A). In the remaining cavity, 100 pL of
P407/P188/alginate/5-FU 20/2/1/0.5% w/v (corresponding to 25 mg 5-FU/kg body weight)
were applied through a syringe. For the control group, 100 uL of P407/P188/alginate 20/2/1%
w/v (5-FU-free hydrogel) were applied. Afterwards, the wound was closed with silk thread
5.0. 5-FU solution and water were not tested here as they cannot be retained in the tumor

cavity.

13
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2.9.4. Mice follow up

The viability, status and any visible toxicity changes at the injection sites of the mice were
followed throughout the experiments. The body weight of each mouse was checked every
other day and recorded as a function of time. Longitudinal monitoring of the tumor growth
was performed thrice weekly by optical imaging and by caliper. To this end, 20 min before
imaging, mice were injected intraperitoneally with 200 uLL of 10 mg/mL luciferin solution (D-
luciferin potassium salt, Interchim). Luciferin reacts with luciferase which produces a photon
signal detected by the camera (Photon Imager™ Biospace Lab). Mice were thus imaged
during 10 min while being under anesthesia with isoflurane. Image analysis was performed
with the M3 Vision software developed by Biospace Lab. Likewise, tumor volume was
measured with a caliper and the volume was estimated as follows: (length x width?)/2. This
allowed to determine the time point for the mice killing. Mice were sacrificed as soon as their

tumor volume exceeded 1000 mm?.

2.10. Statistical analysis

Multiple comparison tests for different experiments were conducted. Values represent means
+ SD. ANOVA multiple comparison tests (Tukey's test and Bonferoni’s test) were performed
to determine significant differences. A Student's rtest was also used to compare the viscosity
of alginate-containing hydrogel versus the chitosan-containing hydrogel. The level of
significance was taken as p < 0.05. Statistical analyses were performed with GraphPad Prism

version 5 for Windows (GraphPad Software, La Jolla California USA).

3. Results and discussion

The unique property of thermosensitive hydrogels makes them efficient drug carrier for local
drug delivery. Consequently, such system must meet a set of specifications compatible with

the intended use. In the present context, the thermosensitive hydrogel must (a) be a fluid

14
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solution (SOL) at ambient temperature, (b) be injectable with a syringe after being combined
with 5-FU at the SOL state and this owing to its low viscosity, i.e. < 1 Pa.s, which enables its
flow and spreading over the tumor site, (c) exhibit a Tsorgel around 26°C to 28°C to undergo a
rapid SOL-GEL transition once administered in mouse, thus avoiding its dilution in
physiological fluids [38], (d) possess a G’ modulus > 10x10° Pa and a loss factor tand < 1.0 at
37°C to yield a strong elastic gel [39, 40], (e) provide in situ 5-FU release at the site of

injection leading to a local antitumor effect.

3.1.Viscoelastic properties of P407/P188-based hydrogels

P407 is a water-soluble, non-ionic, thermosensitive copolymer with high CMC (2.8x10 M at
37°C) and Tsolgel due to weak hydrophobicity of PPO block [41]. At P407 concentrations
below 15% w/v, though above the CMC, SOL-GEL transition does not probably occur [27,
42]. Increasing the concentration, the Tsol-gel varies inversely with the concentration with a
gel formation arising around 24°C at 20% w/v P407 [43], thus impairing the characteristic of
SOL state at ambient temperatures. Given that high P407 concentration is relevant to
strengthen gel network and bioadhesion force [44], P407 is often mixed to P188 to
compensate for this drawback. P188 is more hydrophilic than P407 (hydrophilic-lipophilic
balance of 29 vs. 22 at 22°C, respectively) [41] with lower molecular weight, thereby
increasing the Tsol-gel and shear-thinning behavior of P407 [27, 31]. Furthermore, it is
demonstrated that the combination of P407 (20% w/v) and P188 (2.5 and 5% w/v) resulted in
hydrogels presenting suitable Tsol-gel [27]. Therefore, based on those data, three different
P407/P188 ratios were considered: 17/1, 20/2 and 20/5. Viscoelastic properties were
determined by oscillatory rheometry and results were illustrated in Fig. 1. Tsol.get Was chosen
as the temperature at which both moduli, G’ and G”, were equal, reflecting similar elastic and
viscous properties (G’G” crossover). Fig. 1A showed that, in accordance with the literature

[27, 45], P188 tends to increase P407 Tsolgel yielding a value of 26.5°C = 0.3°C for the
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P407/P188 ratio 20/2 (as regard to 24°C for 20% w/v P407), consistent with the targeted
range. G” modulus values were not affected by the variation of P407/P188 ratio (Fig. 1B).
Considering the storage modulus, G’ was below 10x10° Pa for the P407/P188 ratio 17/1,
highly dispersed between 1x10° Pa and 13x10° Pa for the P407/P188 ratio 20/5, whilst values
for the P407/P188 20/2 ratio gathered in the range 11x10° to 16x10° Pa (Fig. 1C). 5% w/v of
P188, thus produced a decrease in G’ modulus values compared to those obtained with 2%
w/v. Consistently, values of the loss factor tand were lower and less dispersed for the
P407/P188 20/2 ratio and more importantly below 0.1, reflecting a G’ higher than G” at 37°C
(Fig. 1D). The relationship between storage modulus G’ and loss modulus G highlight the
change of elasticity and viscosity between a weak hydrogel (tand > 1.0) and a strong hydrogel
(tand < 1.0). When the loss factor tand is lower than 1.0, the G’ is greater than the G" and the
material behaves like a strong hydrogel with elastic behavior and not like a viscous liquid.
From the rheology side, a high G’ is one of the inherent characteristics of solid materials [40].
Accordingly, P407/P188 20/2% w/v, made of uncrosslinked copolymers, behaves like a liquid
below the Tsolge1, While above this point, it turns into a gel and provides an elastic semi-solid

material at 37°C.

3.2.Effect of bioadhesive polymers on hydrogel properties

To achieve a local drug delivery at the site of the tumor, bioadhesiveness of the hydrogel is an
important point to increase its residence time on the injection site. To improve that
characteristic, several methods have been exploited based mainly on covalent-cross-linking of
chemical group to the poloxmer chains [46]. Bioadhesive force also increases with gel
strength that depends on poloxamer concentration. Moreover, the presence of some
bioadhesive polymers may also improve this property [47]. In this context, two natural
bioadhesive polymers were selected, namely alginate and chitosan, and a range of

concentration (i.e. 0.25, 0.5 and 1% w/v) was tested. Independently of the concentration, the
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addition of alginate and chitosan did not modify the rheological properties of P407/P188
hydrogels (supplementary Table S1). Only a slight increase in Tso.gel in line with previous
works [32] was noted at low percentages. In the light of all the above, particularly the highest
G’ modulus and the lowest loss factor tand values obtained with P407/P188 20/2 ratio, the
P407/P188 20/2% w/v hydrogel was expected to provide the strongest gel at the injection site
and was thereby hereafter studied.

As alginate and chitosan exhibit viscosifying properties, their impact on hydrogel viscosity
was therefore determined. Viscosity of P407/P188 20/2% w/v hydrogel was measured as a
function of a temperature sweep in the range of 15-45°C at various percentages of
bioadhesive, i.e. 0, 0.25, 0.5 and 1% w/v, at 107" sec! shear rate (supplementary Fig. S3).
Temperature influenced viscosity with increasing heating resulting in ascending viscosity.
This confirmed once again that the phase transition of poloxamer hydrogel was not altered by
the addition of bioadhesives. Besides, this highlighted that below the Tisol-¢e1, hydrogel behaves
like a low viscous liquid (n < 1 Pa.s), whereas above this point, it gains in viscosity
converting into a viscous gel system at 37°C (1.4x10° < n < 1.7x10° Pa.s). Moreover,
viscosity was determined at constant temperatures, i.e. 15°C and 37°C, corresponding to SOL
and GEL states, respectively, and constant shear rate of 107" sec’!. At the SOL state, the
addition of 1% w/v of alginate (0.50 Pa.s) or chitosan (0.18 Pa.s) caused a significant
viscosity-enhancing effect compared to the bioadhesive-free hydrogel (0.04 Pa.s) (Fig. 2).
However, viscosity enhancement remained markedly below 1 Pa.s. No significant difference
was however observed at the GEL state (37°C). It is common knowledge that bioadhesive
polymers increase adhesion but decrease syringeability by raising the viscosity. Hence, the
observed viscosity rise of our hydrogel at the SOL state maintained the balance between
adhesiveness, syringeability and injectability. Viscosity measured at 5°C and 37°C and very

low shear rate (i.e. 102 s!) showed no significant difference between any of the tested
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bioadhesives (supplementary Fig. S4). Finally, hydrogel erosion study was conducted on
these hydrogels at 37°C in vitro. No statistical difference was obtained between bioadhesive-
free hydrogel and alginate- or chitosan-containing hydrogel in terms of the time required to
erode 50% (T50%) or 80% (T80%) of the hydrogels. The values for T50% and T80% were
between 14.5 and 23.5 hours, and 23.2 and 45.9 hours, respectively (supplementary Table
S2).

Given, on one hand, the comparable results between alginate and chitosan with respect to the
resulting viscosity at 37°C and hydrogel erosion kinetics, and, on the other hand, the wide use
of alginate in tissue engineering [48, 49], and the availability of an injectable alginate grade
listed in the European pharmacopoeial monograph, we opted for alginate 1% w/v for the

further course of the study.

3.3.Viscoelastic and rheological behavior of P407/P188/alginate hydrogel

P407/P188/alginate 20/2/1% w/v hydrogel was characterized by oscillatory and rotational
rheometry. G’ and G” moduli and dynamic viscosity 1 were plotted as a function of the
temperature (Fig. 3A). G’ and G” moduli were constant as long as the temperature was below
a critical value where both moduli rose sharply to new steady values characterizing the GEL
state. G’G” crossover indicated 26.0°C + 0.6°C as Tsolgel. Storage modulus G’ was of 15866
Pa + 1397 Pa whilst loss factor tand was of 0.03, both at 37°C. Viscoelastic values were
constantly assigned to a strong elastic gel at physiological temperature. In parallel, as
temperature increased and hydrogel turned to GEL from SOL, viscosity followed a similar
pattern than G” and G” moduli (Fig. 3A, right axis). Viscosity was practically constant (~ 0.5
Pa.s) then it increased abruptly once the temperature was higher than 25°C, reaching a new
steady level with 1.6x10° Pa.s at 37°C. This brutal thickening of the solution reflects the self-

assembling of the copolymers: at low temperatures (< 25°C), interactions are mostly
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intramolecular and become intermolecular at higher temperatures driving to gel formation.
The shear stress of P407/P188/alginate 20/2/1% w/v hydrogel (5°C and 37°C) with respect to
the change in shear rate, in comparison with a Newtonian fluid, was profiled in Fig. 3B. As
the shear rate was increased from 1072 to 10* s7!, the shear stress rose at 5°C and remained
stable at 37°C around 100 Pa. A solution whose shear stress is directly proportional to the
shear rate is considered as a Newtonian fluid. Therefore, the hydrogel at 5°C can be
assimilated to a Newtonian fluid. However, at 37°C, as expected, the hydrogel turned to a
non-Newtonian fluid. Thus, the P407/P188/alginate hydrogel presented a shear-thinning flow
at 37°C and this behavior confirmed the formation of gel above the Tso.gl. This finding is
consistent with the shear-thinning characteristics of poloxamer and alginate hydrogels due to
the destruction of intermolecular bonds [31, 50]. The low viscosity and the absence of shear-
thinning behavior at 5°C revealed its SOL state. Likewise, this Newtonian-fluid behavior at
the SOL state could be correlated to a good contact surface of the hydrogel at the injection

site leading to a continual coverage and favorable bioadhesion.

3.4.In vitro release studies

3.4.1. Effect of hydrogel erosion on 5-FU release

Prior to choosing the 5-FU concentration to be loaded in the hydrogel, two factors were taken
into account: drug solubility at 5°C £ 3°C and drug therapeutic dose. 5-FU has a temperature-
dependent solubility (11.9 mg/mL at 20°C) which is considerably lowered at low temperature
resulting in its crystallization [51]. Moreover, 5-FU therapeutic dose in mice is documented to
be between 5 and 85 mg/kg body weight [11, 52]. Hence, we opted for a concentration of 5
mg 5-FU/mL hydrogel (0.5% w/v) which provides an adequate drug dose in mice while
avoiding insolubility matter at +5°C £ 3°C. It is worth noting that 5-FU (0.5% w/v) addition

to the P407/P188/alginate 20/2/1% w/v hydrogel allows to maintain a Tsol-ger in the targeted
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range, as demonstrated by differential scanning calorimetry (supplementary Fig. S5). In vitro
erosion behavior and concomitant 5-FU release from P407/P188/alginate 20/2/1% w/v
hydrogel was studied at 37°C using a T-cell for flow-through dissolution. Cumulative 5-FU
release and hydrogel erosion were presented on the left and right axis of the Fig. 4A,
respectively. Results showed an initial fast release with 50% of 5-FU released in the first one
hour and reached a total release after 9 hours. To better understand the release mechanism, the
erosion of the hydrogel was also followed by measuring the poloxamer dissolved in the
release medium using the Baleux dosage. The calibration curve is given in supplementary Fig.
S2. Hydrogel exhibited a slow erosion with 50% of the poloxamers dissolved within 15 hours
and a complete erosion measured after 24 hours. These two informations put together indicate
that the major mechanism governing 5-FU release is diffusion. Similar results were obtained
when water was used as release medium (data not shown). It is worth mentioning that the
various mechanisms involved in drug release have been reviewed by Siepmann and Siepmann
[53]. 5-FU release from hydrogel is thereby reported to be rapid and characterized by a burst
effect. Narasimhan and Langer showed that burst release was controlled by the solubility of
drug, the drug diffusion coefficient and the initial drug distribution within the polymeric
carrier [54]. 5-FU is a small hydrophilic (LogPoctanoiwater = -0.89) drug molecule and the
hydrogel network is a highly hydrated microscale environment. Thereby, it is expected that 5-
FU diffuse freely through the extramicellar water channels of the hydrogels matrix. Our result
is thus in agreement with previous works on 5-FU release from poloxamer-based hydrogels
where total release was achieved within few hours (90% in 1h [27]). It is known that the
diffusion coefficient of a drug in the hydrogel decreases with increasing P407 content and
bioadhesive material content, consistent with a consequent increase in viscosity and gel
rigidity. However, more concentrated poloxamer-based hydrogel, i.e. 30% and 35% w/v

P407, were reported to be very viscous and have very low syringeability, so they were not
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suitable carriers for parenteral administrations [55]. Relating to what was previously
mentioned, a balance between administration and handling easiness, thermogelling and drug
release rate from hydrogel is sought.

Meanwhile, 5-FU stability in solution and the hydrogel was monitored over time. 5-FU
solution (0.5% w/v) was stable at 37°C along the study and served as a control (Fig. 4A).
When compared with 5-FU solution, the total released amount of 5-FU (97%) (Fig. 4A left
axis) and the 5-FU chromatogram at 24 hours time point (Fig. 4B), showed that hydrogel
composition did not compromise 5-FU stability at 37°C. Drug was noteworthy stable in both,

solution and hydrogel matrices, for at least up to three days (data not shown).

3.4.2. Effect of alginate on 5-FU release

Our hydrogel is meant to be administered intratumorally or to be applied subcutaneously after
tumor excision. It is well known that after tissular injection, drug first diffuses from the
vehicle then it is transported by convection phenomenon through the blood flow. To simulate
the intended application, 5-FU release from hydrogel was carried out using a flow-cell model.
Fig. 5 illustrated that in P407/P188 20/2% w/v hydrogel, the release of 50% of the loaded 5-
FU occurred within 2.8 hours, whereas, in presence of 1% w/v alginate, the 50% release took
place after 6.6 hours. Alginate, though devoid of viscosity-enhancing effect on the P407/P188
20/2% wlv hydrogel at 37°C, was able to delay 5-FU release by two fold. Furthermore, the
flow-cell model better mimics the tissular area by submitting the sample to the sole effect of
the diffusion mechanism which explains the retardation of 5-FU release obtained here when
compared to the Fig. 4A. To further retard release, the initial drug loading amount in hydrogel
could be adjusted. In PEG-PCL-PEG hydrogel, doubling 5-FU amount resulted in delaying
release from 83% to 66% in 24 hours [15], whereas in P407 (25% w/w) hydrogel, an increase
in initial 5-FU concentration from 0.1 to 1.0% w/v increased the drug release rate [56]. Drug
concentration increase is known to increase the diffusion coefficient of the drug and thereby
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its release rate. In addition, using poloxamer hydrogels conjugated to nanoparticles

encapsulating the 5-FU would be also beneficial to delay the drug release [57].

3.5.In vivo antitumor efficacy of P407/P188/alginate/5-FU 20/2/1/0.5% w/v
hydrogel

Subsequent to physicochemical characterization of the hydrogel, antitumor efficacy was

assessed on CT26-luc CRC model following two different treatment modalities.

3.5.1. Hydrogel efficacy in the context of neoadjuvant therapy

All the tested formulations were injected in the primary tumor implanted subcutaneously.
Mice weight was stable following the injections (Fig. 6B), thus indicating the absence of
systemic toxic effect due to the injected formulation. The drastic weight loss noted on day 18
in the control group (-11.6% % 6.1%) and in the group which received the 5-FU-free hydrogel
(-21.2% + 2.8%) was due to the toxicity of the tumor itself which is known to be harmful
towards mouse at advanced stage (mean tumor volumes 599.9 mm?® + 50.3 mm? and 574.5
mm?® + 62.7 mm?, respectively) (Table 1). In addition, significant tumor growth delay was
seen in the group which received 5-FU hydrogel starting the day 13, i.e. five days after
receiving the treatment, as compared to the control group (p < 0.05) (Fig. 6C, supplementary
Tables S3 and S4). The optical images of mice taken on day 15 showed a nearly disparition of
the bioluminescence signal of both tumors in mice treated with 5-FU hydrogel compared to
mice of the control group and mice which received the 5-FU-free hydrogel (Fig. 6D,
supplementary Fig. S6). Since 5-FU-free hydrogel did not induce a reduction of the tumor
size, the improved antitumor efficacy of 5-FU hydrogel was proven here to be due to the
release of 5-FU. Likewise, in the 5-FU solution group, the mean tumor volume at day 18 was
relatively similar to that of the group treated with 5-FU hydrogel (231.4 mm?® + 67.6 mm? and
275.5 mm® + 36.9 mm’, respectively) (Table 1). This discrepancy with some data of the

literature showing a superior efficacy of the 5-FU hydrogel compared with the 5-FU solution
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would arise from the difference in experimental parameters including the administered 5-FU
dose, protocol and schedule of the treatment [11, 15, 58]. Furthermore, the toxicity expressed
in mean body weight loss was lower in the 5-FU hydrogel group (-0.4% + 2.9 %) as compared
to the 5-FU solution group (-3.6% + 3.0 %) at the end of the study (Table 1). Although not
significant, this finding suggests that in the solution group, more drug would reach the
systemic circulation. The IT delivery of 5-FU through hydrogel might reduce the chance of
systemic absorption and overall increase its efficacy. Drug toxicity is then limited within a
localized area where tumor cells lie. Neoadjuvant chemotherapy is prescribed for patients
with locally advanced stage of rectal cancer [3-5]. The thermosensitive hydrogel presented in
this work is low viscous liquid (n < 1 Pa.s) and flowable formulation at ambient temperature,
thus allowing an easy administration through syringe or fine catheter. Therefore, the clinical
translation of the approach would be the IT injection of the hydrogel formulation containing
the 5-FU at the rectal tumor site through an appropriate syringe-needle system [59]. If
required, an endoscopic guidance could be applied in order to achieve accurate injection of
the target lesion. Hence, tumors which are unresectable due to their big size, would benefit
from local neoadjuvant chemotherapy by IT injection of the drug-loaded hydrogel before

surgery.

3.5.2. Hydrogel efficacy in the context of adjuvant therapy (after tumor excision)

Herein, the SC tumor was removed and the mice was locally treated at the excision site with
the hydrogel. Solutions such as 5-FU or water were not tested here as they cannot be retained
in the tumor cavity, the group which received 5-FU-free hydrogel served as a control group.
Mice weight, albeit decreased between day 14 and day 18, was stable afterwards showing a
good tolerability for the treatment (Fig. 7B). This rapid weight loss happening on the day of
treatment could be consecutive to the surgery procedure itself. Also here no systemic toxic

effect was noted. The soft, moist surface, and affinity of the hydrogel with the tissues greatly
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reduce the stimulation of the mice body. The notable weight loss noted on day 34 in the 5-FU-
free hydrogel group (-21.8%) was due to the toxicity of the tumor itself as previously
explained. Significant tumor growth delay of fifteen days was obtained in the group treated
with 5-FU hydrogel compared to the control group (p < 0.01) (Fig. 7C). Concordant images of
one representative mouse of each group were shown in Fig. 7D. Moreover, mice survival was
increased in the 5-FU hydrogel-treated group as compared to the 5-FU-free hydrogel group
which exhibited a median of survival of 32 days (Fig. 7E). In sum, 5-FU hydrogel has proved
to be very efficient in inhibiting CT26 CRC local recurrence when applied locally along with

tumor resection surgery.

4. Conclusion

We developed a P407/P188/alginate/5-FU 20/2/1/0.5% wi/v thermosensitive hydrogel which
possessed appropriate viscoelastic and physicochemical properties to ensure preclinical
efficacy. At ambient temperature, hydrogel existed as free-flowing solution allowing
injectability through a syringe and underwent a SOL-GEL transition at 26.0°C £ 0.6°C
yielding a strong elastic gel at physiological temperature. While preserving drug stability,
hydrogel achieved total 5-FU release between 24 and 48 hours in vitro. In two different local
treatment modalities of CRC in mice, hydrogel demonstrated a significant tumor growth delay
and local recurrence prophylaxis. After IT injection and post-excision application in
neoadjuvant and adjuvant therapies, respectively, hydrogel was found to be efficient in
suppressing tumor growth. Accordingly, stable drug release in the vicinity of tumor cells and
localized cytotoxicity of 5-FU all contributed to facilitate the antitumor efficacy in mice
models. Importantly, drug-free hydrogel, constituting the 5-FU vehicle, showed no toxic
effect. P407/P188/alginate/5-FU 20/2/1/0.5% w/v thermosensitive hydrogel, though,

represented an efficient local drug delivery system, further optimizations are foreseeable
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regarding sustaining even greater the release rate, for instance, by adjusting 5-FU initial

loading and strengthening the gel network.
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Figure captions

Fig. 1 Effect of P407/P188 ratio on the rheological properties of P407/P188 thermosensitive
hydrogel: (A) Tsol-gel, (B) loss (viscous) modulus G” at 37°C, (C) storage (elastic) modulus G’
at 37°C, (D) loss factor tand at 37°C. Measurements were carried out in the linear viscoelastic
range. n=13. (2-column fitting)

Fig. 2 Viscosity of the thermosensitive hydrogel P407/P188 20/2% w/v upon addition of 1%
w/v alginate or 1% w/v chitosan at (A) 15°C (SOL state) and (B) 37°C (GEL state). Viscosity
was measured at 10! sec’! shear rate. n=3 mean + SD. One way ANOVA with Tukey’s
multiple comparison test ns P > 0.05, * P <0.05, **** P <0.0001. (2-column fitting)

Fig. 3 Rheological characterization of P407/P188/alginate 20/2/1% w/v thermosensitive
hydrogel. (A) Variation of storage (elastic) modulus G’ (left axis), loss (viscous) modulus G”
(left axis) and viscosity n (right axis) as a function of a temperature sweep at 1°C/min heat
rate. Viscosity was measured at 10" sec”! shear rate. (B) Rheogram (flow curve) plot showing
shear stress T as a function of shear rate at 5°C (SOL state) and 37°C (GEL state) compared to
a Newtonian fluid. (2-column fitting)

Fig. 4 (A) In vitro hydrogel erosion (right axis) and simultaneous 5-FU release (left axis)
kinetics from P407/P188/alginate/5-FU 20/2/1/0.5% w/v in PBS at 37°C. 5-FU solution in
PBS at 37°C was used as control for drug stability. n=3 mean + SD. (B) Chromatograms of 5-
FU eluted at 9.5 min from 5-FU solution and 5-FU hydrogel samples at 24 hours time point.
(2-column fitting)

Fig. 5 Cumulative in vitro release of 5-FU from P407/P188/alginate/5-FU 20/2/1/0.5% w/v
hydrogel (1% alginate) compared to release from P407/P188/5-FU 20/2/0.5% w/v hydrogel
(w/o alginate) in water at 37°C in T-cell for flow-through dissolution. n=3 mean + SD. (/-

column fitting)
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Fig. 6 Evaluation of P407/P188/alginate/5-FU 20/2/1/0.5% w/v hydrogel antitumor efficacy
after a single intratumoral injection in mice bearing subcutaneous CT26-luc tumor. (A)
Schedule of the experiment. (B) Mean body weight change expressed in percentage
monitored from day 4 to day 18 post-tumor implantation. (C) Longitudinal monitoring of the
tumor growth over time by caliper. (D) Bioluminescence images of one representative mouse
of each group on day 15 (7 days after formulation injection). Data were submitted to two way
ANOVA with Tukey's multiple comparisons test, ns P > 0.05, * P <0.05, ** P <0.01, *** P
<0.001 as compared to the control group. (2-column fitting)

Fig. 7 Evaluation of P407/P188/alginate/5-FU 20/2/1/0.5% w/v hydrogel antitumor efficacy
after a single application after surgical excision of subcutaneous CT26-luc tumor. (A)
Schedule of the experiment. (B) Mean body weight change expressed in percentage
monitored from day 14 to day 34 post-tumor implantation. (C) Longitudinal monitoring of the
tumor growth over time by optical imaging. (D) Bioluminescence images of one
representative mouse of each group on days 11 to 29 (15 days after tumor excision and local
hydrogel administration). (E) Mice survival after tumor excision and local administration of
the hydrogels. Data were submitted to two way ANOVA with Tukey's multiple comparisons

test, ns P > 0.05, **p <0.01 as compared to control group. (2-column fitting)
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Tables

Table 1. The change in body weight and tumor volume in mice after a single injection on the
eighth day of the different formulations in neoadjuvant therapy model.

5-FU Mean body weight Mean tumor
Formulation dosage volume + SEM
(mg/kg) change + SEM (%) (mm?®) on day 18
-2.1 £0.6 (day 8)
Water (control) 0 599.9 +£50.3
-11.6 £ 6.1 (day 18)
5-FU solution -2.6 £ 1.0 (day 8)
15 231.4 +67.6
0.5% wlv -3.6 £ 3.0 (day 18)
-3.5+ 0.6 (day 8)
5-FU-free hydrogel 0 574.5 £ 62.7
-21.2 £2.8 (day 18)
5-FU hydrogel -2.9 £ 1.3 (day 8)
15 275.5 +£36.9

0.5% wlv -0.4 £2.9 (day 18)
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