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ARTICLE INFO ABSTRACT

Keywords: Camptothecin (CPT) exhibits a number of challenges for its oral administration, including a low aqueous solu-
Camptothecin bility, a lactone ring susceptible to hydrolysis, and an affinity to the intestinal P-gp. The aim of this work was to
Nanoparticles evaluate nanoparticles from Gantrez-based conjugates as carriers for the oral delivery of CPT. For this purpose
Sgiﬁjge;z:ry two different conjugates (G-mPEG and G-HPCD), obtained by the covalent binding of either HP-p-CD or methoxy-
Cyclodextrin PEG (m-PEG) to the polymer backbone of Gantrez™ AN, were synthetized and characterized. Both excipients (m-

PEG and HPCD) were selected due to their reported abilities to stabilize the lactone ring of CPT and disturb the
effect of intestinal P-gp. The resulting nanoparticles (G-mPEG-NP and G-HPCD-NP) presented a similar size
(about 200 nm) and zeta potential (close to —35 mV); although, G-mPEG-NP presented a higher CPT payload
than G-HPCD-NP. On the contrary, in rats, nanoparticles based on Gantrez conjugates appeared to be capable of
crossing the protective mucus layer and reach the intestinal epithelium, whereas conventional Gantrez nano-
particles displayed a mucoadhesive profile. Finally, the pharmacokinetic study revealed that both formulations
were able to enhance the relative oral bioavailability of CPT; although this value was found to be 2.6-times

Poly(ethylene glycol)

higher for G-mPEG-NP than for G-HPCD-NP.

1. Introduction

Camptothecin (CPT) is a quinolone based alkaloid that was isolated
from the bark of Camptheca acuminate tree (Dev et al., 2016). The anti-
tumor activity of CPT is mainly due to its interaction with and blocking
effect of Topoisomerase 1 (Top 1), a ubiquitous and essential enzyme
required for DNA transcription and replication (Li et al., 2017). In the
cell, CPT would be integrated into the complex formed by Top 1 and
DNA (Top1-DNA complex) through hydrogen bonding. The formation of
this ternary complex would prevent the relegation of the nicked DNA, as
well as the dissociation of the Top 1-DNA complex (Champoux, 2001;
Pommier, 2006). Furthermore, during the replication phase, this ternary
complex would act as an obstacle for the replication fork, inducing DNA
double-strand breaks and cell death. Both Topl and DNA are required
for CPT binding, and CPT does not have significant binding to either in
the absence of the other (Liu et al., 2000; Li et al., 2006). Apart from this
main mechanism, CPT would also affect the activity of cellular proteins
and RNA and DNA synthesis (Li et al., 2017). In preclinical studies
camptothecin, has been shown to be effective against human xenografts

of colon, lung, breast, ovarian, and melanoma cancers (Van Hattum
et al., 2002; De Cesare et al., 2004; Li et al., 2017).

Nevertheless and in spite of the promising results at the preclinical
level, clinical trials demonstrated an unexpected toxicity and low anti-
neoplastic activity (Venditto and Simanek, 2010; Botella and Rivero-
Buceta, 2017). In fact, camptothecin exhibits a number of challenges
for its formulation and administration. Firstly, camptothecin shows a
very low aqueous solubility (approximately 4 pg/mL) (Saetern et al.,
2004). Secondly, the chemical structure of camptothecin includes an
unstable lactone ring that is highly susceptible to spontaneous and
reversible hydrolysis, under physiological pH conditions, yielding a
hydrophilic and inactive (but more toxic) carboxylate form (Lorence and
Nessler, 2004; Adane et al., 2012). These two forms of camptothecin
(lactone and carboxylate) co-exist at 50% at a pH of 6.65. At pH below
6.65, the equilibrium moves towards the lactone and active form of CPT
whereas, under neutral and basic pH conditions, the carboxylate de-
rivative predominates (Venditto and Simanek, 2010). In addition,
camptothecin is also a P-glycoprotein substrate (Takemoto et al., 2006;
Negi et al., 2013), which hampers its oral administration.
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In order to solve some of these drawbacks, structural modifications
of the camptothecin chemical structure have been implemented. These
works led to the synthesis of a number of camptothecin analogues and,
at least two of them (i.e., topotecan and irinotecan), have been approved
by the Regulatory Agencies and are currently employed for the treat-
ment of different types of cancer (Oberlies and Kroll, 2004). In a
different approach, conjugates between camptothecin and either poly
(ethylene glycol) (PEG) or cyclodextrins have also been proposed. One
example would be Pegamotecan, a water-soluble macromolecule con-
sisting of two camptothecin molecules conjugated, by an alaninate ester
linkage, to a 40 kDa PEG (Li and Wallace, 2008). This linkage stabilizes
the CPT molecule into its active lactone conformation (Zhang and Ma,
2013). Another interesting camptothecin conjugate is CRLX-101. This
derivative is composed by PEG, di-substituted p-cyclodextrin moieties
and CPT linked through a glycine ester linkage, and has also shown
promising results in clinical trials (Sanoff et al., 2019).

Another interesting strategy to solve the inconveniences of campto-
thecin and facilitate its oral administration would be its encapsulation in
nanocarriers, including lipid-based nanoparticles (Yang et al., 1999; Du
et al., 2018), dendrimers (Sadekar et al., 2013), and polymer nano-
particles (Huarte et al., 2016; Unal et al., 2020). In this context, an
alternative to increase the oral absorption of this drug may be its
encapsulation in nanoparticles capable of diffusing through the mucus
layer and, then, of reaching the mucosal epithelium surface in order to
increase their residence time in close contact with the absorptive
membrane. Such oral formulation could offer prolonged and sustained
levels of the drug in plasma and, indeed, an improved pharmacokinetic
profile that would facilitate the therapeutic use of this drug.

For this purpose, we propose in this work two different types of
nanoparticles from conjugates based on the copolymer of methyl vinyl
ether and maleic anhydride (Gantrez™ AN). This copolymer is highly
soluble in acetone but insoluble in ethanol and water. However, in
contact with water the polymer is hydrated leading to hydrolysis and
subsequent dissolution. Moreover, the presence of highly reactive an-
hydride residues, facilitates the polymer customization with a large
variety of nucleophiles (i.e., hydroxyl and primary amine groups) and
would endow nanoparticles with modified properties including their
capability to load lipophilic drugs and/or improved biodistribution
abilities. In this context, hydroxypropyl-p-cyclodextrin and poly
(ethylene glycol)s may be of interest to combine with Gantrez™ AN in
order to obtain polymeric conjugates that, transformed into nano-
particles, would be capable of yielding adequate formulations for the
oral delivery of camptothecin. In fact, both excipients can stabilize the
CPT's lactone ring (Swaminathan et al., 2010; Ci et al., 2013) and have
been described as inhibitors of the intestinal P-gp efflux pump (Werle,
2008; Zhang et al., 2011; Nguyen et al., 2021).

Therefore, the aim of this work was, in a first step, to synthesise and
characterize new cyclodextrin- or poly(ethylene glycol)-Gantrez™ AN
conjugates. Then, in a second step, these conjugates were used to pre-
pare CPT-loaded nanoparticles. Finally, a pharmacokinetic study after
the oral administration of these nanoparticles to Wistar rats was carried
out.

2. Materials and methods
2.1. Materials

Poly(methyl vinyl ether-co-maleic anhydride) or poly(anhydride)
(Gantrez™ AN 119; MW 200,000) was purchased from Ashland Inc. (KY,
USA). Camptothecin (CPT) (99.0%) was supplied by 21CECpharm
(London, UK). 2-hydroxypropyl-f-cyclodextrin (HP-p-CD), methoxy
poly(ethylene glycol) 2000 (mPEG), Lumogen® red, DAPI (4,6-dia-
midino-2-phenylindole), solid iodine (>99.8%), pepsin and pancreatin
were obtained from Sigma-Aldrich (Germany). Tissue-Tek® OCT com-
pound was purchased from Sakura, The Netherlands. Acetone, ethanol,
acetonitrile, formaldehyde, tetrahydrofuran (THF) and trifluoroacetic
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acid (TFA) were obtained from Merk (Darmstadt, Germany). All other
reagents and chemicals used were of analytical grade and supplied from
Sigma Aldrich (MO, USA) and Merck (Darmstadt, Germany).

2.2. Preparation of poly(anhydride) based-conjugates

Two different types of polymer conjugates, based on the combination
of either mPEG or HP-B-CD with Gantrez™ AN 119 (Gantrez), were
prepared.

2.2.1. Preparation of poly(anhydride)-metoxiPEG2000 conjugate (G-
mPEG)

For the preparation of G-mPEG, 500 mg Gantrez were firstly dis-
solved in 300 mL acetone and heated at 50 °C. In parallel, a variable
amount of mPEG (mPEG-to-Gantrez ratios between 0.05 and 0.2 by
weight) was dissolved in 100 mL acetone and, then, added dropwise to
the Gantrez solution. The mixture was maintained under magnetic
agitation for 4 h and, then, the solvent was eliminated under reduced
pressure (Biichi R210, Switzerland). The residue was dispersed in 20 mL
dicloromethane and the mixture sonicated for 1 min. The residue was
collected and the supernatants analysed by TLC, using a mixture of
dicloromethane and methanol (9:1 by vol.) as mobile phase and solid
iodine as reagent to identify the presence of free PEG. This purification
step was repeated two times.

2.2.2. Preparation of poly(anhydride)-HPCD conjugates (G-HPCD)

In this case, 500 mg Gantrez were dissolved in 300 mL acetone,
whereas 100 mg of HP-B-CD was dispersed in 100 mL of the same sol-
vent. Then, the oligosaccharide mixture was added dropwise to the
polymer solution heated at 50 °C. The mixture was maintained under
magnetic stirring at the same temperature for 4 h. The mixture was
filtered in order to eliminate the remaining free cyclodextrin and the
filtrate was evaporated under reduced pressure. Finally, the solid was
collected and purified as described above.

2.3. Characterization of the conjugates

Gantrez-based conjugates were characterized to confirm the binding
of either mPEG or HP-B-CD to the polymer backbone, as well as to
calculate the molecular weight (MW) and the degree of substitution.

2.3.1. Infrared spectroscopy (IR)

IR spectroscopy was performed in a Nicolet Avatar 360FT-IR appa-
ratus (Thermo, WI, USA) to confirm the presence of carbonyl groups
and, then, to evidence the opening of the anhydride group in the Gantrez
backbone (Lucio et al., 2018).

2.3.2. Nuclear magnetic resonance spectroscopy ( TH NMR)

'H-RMN studies were carried out in an Avance 400 apparatus
(Bruker, WI, USA) of 400 MHz, using a pulse program of zg30 and a
waiting time between pulses (Dg) of 1 s. The number of accumulations
was 64. The samples (2 mg) were analysed after dissolution in 0.5 mL
deuterated acetone as solvent. The integration of the signal corre-
sponding to the methylated proton in the Gantrez (5Ha at 4.25 ppm in
Fig. S1, Supplementary material) was used as reference. For mPEG and
HP-B-CD, the reference signals were bands produced by protons identi-
fied with 8Ha’ at 3.6 ppm (Supplementary material, Fig. S2) and §Ha" at
3 ppm, respectively (Supplementary material, Fig. S3). The amount of
either mPEG or HP-B-CD bound to the polymer backbone in the syn-
thetized conjugates was then estimated using the following §Ha-to-5Ha’
and 8Ha-to-8Ha" ratios.

2.3.3. Titration

Gantrez and the synthetized conjugates were dispersed in water in
order to induce a complete hydrolysis of anhydride groups (about 24 h).
Then, aqueous solutions of the hydrolysed polymers were titrated with a
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NaOH 0.2 N solution in the presence of phenolphthalein.

2.3.4. Dynamic light scattering

DLS analysis was performed at a scattering angle of 90° using a
DynaPro-MS/X photon correlation spectrometer equipped with a 248-
channel multi-tau correlator and a Peltier effect temperature unit
(Proteins solutions Inc., USA). The wavelength of the laser was 852.2 nm
at 100% intensity. Measurements were carried out at 25 °C after dis-
solving the conjugates in tetrahydrofurane.

2.3.5. Elemental analysis

Conjugates were analysed in a CHN-900 Leco apparatus (Leco Cor-
porations, USA) in order to determine their composition in carbon,
hydrogen, oxygen and nitrogen.

2.4. Preparation of camptothecin-loaded nanoparticles

Camptothecin-loaded nanoparticles from the synthetized conjugates
were prepared by a desolvation procedure described previously (Huarte
et al., 2016) with some modifications. For this purpose, 100 mg of either
G-mPEG or G-HPCD were dissolved by magnetic stirring in 4 mL
acetone. On the other hand, 3 mg CPT were dispersed in 1 mL acetone
and sonicated for 30 s before introduction in the organic solution of the
conjugate. Nanoparticles were obtained by the addition of a hydro-
alcoholic solution (50% ethanol, containing calcium chloride 0.8% w/v).
The organic solvents were eliminated under reduced pressure (Biichi
R210, Switzerland) and the suspension of nanoparticles were filtered
through a 0.45 ym membrane before centrifugation at 27,000 xg, for 20
min in a 3 K30 centrifuge (Sigma Centrifuges, UK). The resulting pellets
were resuspended in water and freeze-dried (Genesis 12EL, Virtis, USA)
using sucrose (5% w/v) as cryoprotectant.

The developed formulations were named as follows: G-mPEG-NP,
camptothecin-loaded nanoparticles obtained from G-mPEG; G-HPCD-
NP, camptothecin-loaded nanoparticles obtained from G-HPCD. Empty
nanoparticles were prepared in the same way as described above but in
the absence of camptothecin (empty G-mPEG-NP and empty G-HPCD-
NP).

On the other hand, for the distribution studies, nanoparticles con-
taining Lumogen® red were prepared by adding 0.5 mg of the fluores-
cent dye in the acetone (5 mL) containing the conjugate. Then, the
nanoparticles were prepared as described above. Finally, control Gan-
trez nanoparticles, fluorescently loaded with Lumogen® red, were also
prepared by inducing the desolvation of the polymer with a hydro-
alcoholic solution (50% ethanol) in the absence of calcium chloride.

2.5. Characterization of CPT-loaded nanoparticles

2.5.1. Physicochemical characterization

The diameter and the zeta potential of nanoparticles were deter-
mined in a ZetaPlus analyzer system (Brookhaven Instruments Corp.,
New York, USA). The diameter of the nanoparticles was determined
after dispersion in water (1:10), whereas the zeta potential was deter-
mined after dispersion of nanoparticles in 0.1 mM KCl solution. The
morphology of the nanoparticles was examined by scanning electron
microscopy (SEM) in a Zeiss DSM940 digital scanning electron micro-
scope (Oberkochen, Germany) coupled with a digital image system
(Point Electronic GmBh, Germany). The yield of the process was
calculated by gravimetry as described previously (Arbos et al., 2002).

2.5.2. Camptothecin analysis

The amount of CPT-loaded into nanoparticles was quantified by
HPLC-FLD (Huarte et al., 2016). The cromatographic system was
mounted with a reversed-phase 150 mm x 3 mm C18 Phenomenex
Gemini column (particle size 5 pm) and precolumn (Phenomenex
SecurityGuard C18). The mobile phase, at a flow rate of 1 mL/min, was a
mixture of acetonitrile and trifluoroacetic acid 0.01% in water (1:1 by
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vol.). The detection was performed by fluorescence in a detector set at
excitation and emission wavelengths of 380 and 418 nm, respectively.
The injection volume was 20 pL. Calibration curves were designed over
the range of 0.48 and 8000 ng/mL (R? > 0.999). The limit of quantifi-
cation was calculated to be 1.3 ng/mL with a relative standard deviation
of 4.1%.

For analysis, the amount of free CPT was measured in the superna-
tants obtained after ultracentrifugation of an aqueous suspension of
lyophilized nanoparticles in water. In parallel, the total amount of CPT
in the lyophilized samples was quantified by HPLC after dispersion and
breaking down of lyophilized nanoparticles in acetonitrile. Each sample
was assayed in triplicate and results were expressed as the amount of
CPT (in pg) per mg nanoparticles.

2.6. In vitro release studies

In vitro release experiments were conducted under sink conditions at
37 °C using simulated gastric (SGF; pH 1.2; containing pepsin) and in-
testinal (SIF; pH 6.8; containing pancreatin) fluids. Studies were per-
formed under agitation in a Vortemp 56™ Shaking Incubator (Labnet
International Inc., NJ, USA). For each time point, nanoparticles (con-
taining 0.8 pg CPT) were dispersed in 1 mL of the corresponding
simulated fluid and, at different time-points, transferred to Vivaspin
tubes (300,000 MWCO, Sartorius group, Germany) before centrifuga-
tion at 3000 xg for 5 min. The supernatants were analysed by HPLC (see
Section 2.5.2) and the release profiles expressed in terms of CPT cu-
mulative release (in percentage).

2.7. In vivo distribution study of con-mPEG2-NP and con-HPCD-NP in
the gut mucosa

In order to visualize and evaluate the distribution and the capability
of the nanoparticles to interact with the gut mucosa, fluorescence mi-
croscopy studies were carried out (Inchaurraga et al., 2019). Animal
experiments were performed in male Wistar rats following a protocol
approved by the Ethical and Biosafety Committee of the University of
Navarra in agreement with the European legislation on animal experi-
ments (protocol number 059-13). Each animal received orally a single
dose of fluorescently labelled nanoparticles (10 mg in 1 mL water). Two
hours later, the animals were sacrificed and the ileum portions of 1 cm
were collected, stored in the tissue proceeding medium Tissue -Tek®
OCT and frozen at —80 °C. Finally, samples of intestinal sections with a
thickness of 5 pm were treated with formaldehyde and incubated with
DAPI (4',6-diamidino-2-phenylindole) for 15 min before the visualiza-
tion of the fluorescence in a microscope (Axioimager M1, Zeiss) with a
coupled camera (Axiocam ICc3, Zeiss) and fluorescent source (HBO 100,
Zeiss).

2.8. In vivo pharmacokinetic studies

Pharmacokinetic studies were performed in Wistar rats obtained
from Harlan (Barcelona, Spain) and conducted in accordance with the
ethical guidelines and policies for investigations in laboratory animals
approved by the Ethical Committee for Animal Experimentation of the
University of Navarra (protocol number 058-12). Before the oral
administration of the formulations, animals were fasted overnight,
allowing free access to water. Two experimental groups of six animals
each were prepared: (a) G-mPEG-NP, and (b) G-HPCD-NP. Nano-
particles were dispersed in 1 mL water and administered as a single dose
of 1 mg CPT/kg bw. Control animals (n = 6) received orally the same
volume of a CPT aqueous suspension (1 mg/kg). The camptothecin
suspension was prepared extemporary by dispersing the drug (3.6 mg) in
10 mL of a solution of Tween 80 and NaCl 0.9% (9:1) in water (Fox et al.,
2009).

Blood samples were collected at different times and the blood vol-
ume was recovered ip with an equal volume of saline solution pre-
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heated at body temperature. Samples were immediately centrifuged at
2500 xg for 10 min and the plasma was frozen at -20 °C until analysis.

2.8.1. Determination of CPT plasma concentration by HPLC-FLD

The amount of CPT was determined in plasma by HPLC and fluo-
rescence detection with the technique described above (see Section
2.5.2). In this case, the injection volume was 100 pL. Calibration curves
(in the range of 0.48 and 8000 ng/mL; R? > 0.999) were prepared by
adding a solution of camptothecin in a mixture of dimethylsulfoxide,
acetonitrile and trifluoroacetic acid (1:8.9:0.1 by vol.) to drug free
plasma. The limit of quantification was calculated to be 2.6 ng/mL with
a relative standard deviation of 4.6%.

For analysis, an aliquot of plasma (100 pL) was mixed with 400 pL
acetonitrile and vortexed for 2 min. After centrifugation (5000 xg, 5
min), the supernatant was evaporated until dry and the residue dis-
solved in 120 pL of reconstitution solution (dimethylsulfoxide, aceto-
nitrile and trifluoroacetic acid; 1:8.9:0.1 v/v/v) before analysis.

2.8.2. Pharmacokinetic data analysis

The pharmacokinetic analysis was performed using a non-
compartmental model with the WinNonlin 5.2 software (Pharsight
Corporation, USA). The following parameters were estimated: maximal
plasmatic concentration (Cpay), time in which the maximum concen-
tration is reached (Tax), area under the concentration-time curve from
time O to t h (AUC), clearance (Cl), volume of distribution (V) and half-
life in the terminal phase (t;/»). Furthermore, the relative oral
bioavailability, Fr, of CPT was expressed as the ratio between the area
under the concentration-time curve from time O to t (AUC) of the for-
mulations assayed and the one of the oral suspension of CPT
administered.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 statis-
tical software (GraphPad Software, USA). For the in vivo study, the non-
parametric Kruskall-Wallis followed by Mann-Whitney U test was
employed to investigate statistical differences (p < 0.05 was considered
as statistically significant difference).
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Fig. 1. IR spectra of Gantrez and its conjugates with either mPEG (G-mPEG) or

HP--CD (G-HPCD). Synthesis experimental conditions: excipient-to-Gantrez
ratio of 0.2; incubation time 4 h; 50 °C.
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3. Results
3.1. Characterization of the conjugates

Fig. 1 shows the IR spectra of the conjugates between Gantrez and
either mPEG or HP-B-CD. In the spectrum of both compounds (G-mPEG
and G-HPCD) a new band (at ~1705 cm ™) appeared. This band would
be associated with the stretching of the carbonyl group (vc—o), sug-
gesting a nucleophilic substitution reaction between hydroxyl groups of
either mPEG or HP-$-CD and the anhydride residues of Gantrez; yielding
new ester bonds (Mazo et al., 2011).

Supplementary material (Figs. S4 and S5) contains the spectra ob-
tained from the analysis of conjugates by 'H-RMN, compared to those of
Gantrez, mPEG and HP-B-CD. From these spectra, the amount of mPEG
or HP-B-CD bound to the poly(anhydride) backbone, as well as the
substitution degree (DS), were calculated (Table 1). For mPEG based-
conjugates, higher mPEG-to-Gantrez ratios in the synthesis lead to
higher percentages of mPEG bound to the polymer backbone. Thus, at a
mPEG-to-Gantrez ratio of 0.05, the DS was calculated to be of 5.7%,
whereas at a ratio of 0.2, the DS reached a value of 9.5%. For HP-3-CD-
based conjugates, since the reaction was carried out by dispersing the
cyclodextrin in the organic solution of Gantrez, increasing cyclodextrin-
to-Gantrez ratios did not lead to higher substitution degrees (data not
shown). Under these experimental conditions, the DS was calculated to
be of about 8.8%.

Table 2 shows the percentage of free carboxylic groups of conjugates
and Gantrez calculated by titration after complete hydrolysis and
dissolution in water. Interestingly, for both conjugates, the amount of
—COOH groups was around 50% of the carboxylic groups estimated for
Gantrez. On the other hand, the hydrodynamic radius of Gantrez when
dissolved in tetrahydrofurane was close to 19. This value was slightly
lower for G-mPEG (around 13), whereas for G-HPCD the hydrodynamic
radius was 10 times higher than that of the original polymer (Table 2).
Regarding the elemental analysis (Table 2), the binding of either mPEG
or HP-B-CD to the polymer backbone, decreased the percentage of car-
bon and increased the oxygen content. This decrease in the C-to-O ratio
(C/0 ratio) was higher for G-mPEG than for G-HPCD.

3.2. Characterization of camptothecin-loaded nanoparticles

The physicochemical characteristics of the resulting conjugate-based
nanoparticles are summarized in Table 3. Empty nanoparticles, inde-
pendently of the conjugate employed, displayed similar mean sizes
(about 250 nm) and negative zeta potential (between —33 and —38 mV).
For both types of nanocarriers, the yield of the process, expressed as the
amount of polymer (either G-mPEG or G-HPCD) transformed into
nanoparticles, was calculated to be close to 80%.

For camptothecin-loaded nanoparticles, the mean size and the yield
of the process was slightly lower than for the empty ones (Table 3).
Interestingly, the encapsulation of camptothecin did not modify the zeta
potential of the resulting nanoparticles. On the other hand, nano-
particles form G-mPEG displayed a higher capability to load campto-
thecin than G-HPCD-NP (11 vs 8.6 pg/mg; p < 0.05).

The morphological analysis by scanning electron microscopy (Fig. 2)

Table 1

Estimated molecular weight (MW) and degree of substitution (DS) for the
different conjugates synthesised calculated by 'H NMR. The MW of Gantrez™
AN (as defined by the manufacturer) was 216 kDa.

Excipient-to-Gantrez ratio MW DS
(g/mol) (%)
Gantrez - 216,000 -
G-mPEG 0.05 229,099 5.7
G-mPEG 0.1 230,165 6.2
G-mPEG 0.2 238,694 9.5
G-HPCD 0.2 236,770 8.8
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Table 2

Physico-chemical characterization of Gantrez and its conjugates with either
mPEG or HP-B-CD. Determination of carboxylic acids by titration and hydro-
dynamic radius (Rh) by DLS. Synthesis experimental conditions: excipient-to-
poly(anhydride) ratio of 0.2; incubation time 4 h, 50 °C.

%COOH Rh %C %H %0 C/0 ratio
Gantrez 100 18.96 53.49 5.18 41.33 1.29
G-mPEG 50.27 12.89 48.33 6.01 45.66 1.06
G-HPCD 48.36 134.97 51.46 5.33 43.21 1.19
Table 3

Physico-chemical characterization of nanoparticles based on the synthetized
conjugates. Empty nanoparticles were manufactured without CPT. G-mPEG-NP,
camptothecin-loaded nanoparticles obtained with G-mPEG; G-HPCD-NP,
camptothecin loaded nanoparticles prepared with G-HPCD. Data expressed as
mean + SD, n > 3.

Mean size PDI Zeta potential  Yield CPT loading
(nm) (mV) (%) (ng/mg)
Empty G- 250 + 6 0.20 + 33+ 4 81 + -
mPEG-NP 0.04 5
Empty G- 245 +7 0.19 + -38+6 83 & -
HPCD-NP 0.05 4
G-mPEG-NP 195 + 2 0.23 + -36+3 69 + 10.9 + 0.2
0.03 4
G-HPCD-NP 230 + 10 0.24 + -33+2 73 £ 8.6 +1.2
0.04 7

showed that both types of nanoparticles (G-mPEG-NP and G-HPCD-NP)
consisted of homogeneous populations of spherical particles of a size
similar to that obtained by photon correlation spectroscopy. Moreover,
in both cases, the surface of nanoparticles appeared to be smooth.

3.3. In vitro release study

Fig. 3 represents the release profiles of camptothecin from G-mPEG-
NP and G-HPCD-NP in simulated gastric and intestinal fluids, as cu-
mulative percentage of drug released as a function of time. Both for-
mulations, showed a similar release profile. In SGF, during the first 2 h of
the experiment, the amount of camptothecin released from nano-
particles was very low (about 10% for G-mPEG-NP and 20% for G-
HPCD-NP). On the contrary, in SIF, CPT was rapidly released from
nanoparticles. In fact, after one hour of incubation in SIF, more than
80% of the initial drug loaded was released from the two nanoparticle
formulations.
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3.4. Invivo distribution study of G-mPEG-NP and G-HPCD-NP in the gut
mucosa

For the in vivo distribution study, nanoparticles were fluorescently
labelled by encapsulation of lumogen red. The resulting nanoparticles
displayed similar physico-chemical properties to those determined for
empty nanoparticles (data not shown). Fig. 4 A and B show the distri-
bution of Gantrez nanoparticles fluorescently labelled with lumogen red
(215 nm and —36 mV) in the ileum of rats, two hours after their oral
administration as single dose. These control nanoparticles displayed a
distribution that appeared to be restricted to the mucus layer covering
the intestinal epithelium. On the other hand, nanoparticles made from
G-mPEG appeared to be able to cross the mucus layer and interact in a
more intimate way with the surface of the enterocytes (Fig. 4C and D).
Similarly, nanoparticles from G-HPCD also displayed a higher capability
than Gantrez nanoparticles to reach the absorptive membrane of the
intestinal epithelium; although, in this case a fraction of the formulation
was also trapped in the mucus layer (Fig. 4E and F).

3.5. Pharmacokinetic studies

Fig. 5 shows the plasma concentration profiles of CPT after the oral
administration to rats of a single dose (1 mg/kg) as either a suspension
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Fig. 3. Camptothecin release profile from G-mPEG-NP and G-HPCD-NP after
incubation in simulated gastric fluid (0—2h) and simulated intestinal fluid
(2-14 h) under sink conditions. Data expressed as mean + SD, n = 3.

Fig. 2. Scanning electron microscopy (SEM) of freeze-dried nanoparticles. A: G-mPEG-NP. B: G-HPCD-NP.
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Fig. 4. Visualization of nanoparticles based on Gantrez (A and B), G-mPEG (C and D) and G-HPCD (E and F), fluorescently labelled with lumogen red, in the proximal
ileum of rats. Cell nuclei of enterocytes dyed with DAPI (in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

or loaded in nanoparticles. Table 4 summarises the main pharmacoki-
netic parameters estimated with a non-compartmental analysis of the
experimental data. For the control formulation (suspension of campto-
thecin), the drug plasma levels increased rapidly reaching the Cpax 30
min after administration. Eight hours post-administration the CPT
plasma levels were close to 15 ng/mL and, two-hours later, not detect-
able levels were found.

For camptothecin-loaded nanoparticles, the initial profile of the
plasma curve was quite similar to that observed for the camptothecin
suspension; however, these levels were maintained in a sustained way
for at least 48 h post-administration. Overall, the plasma levels of
camptothecin from G-mPEG-NP were higher than those observed from
G-HPCD-NP. Interestingly, G-mPEG-NP displayed a more moderate
decrease of drug levels in plasma, resulting in an AUC 2.6-times higher
than the AUC obtained after the administration of G-HPCD-NP (Table 4).
For nanoparticles based on Gantrez-conjugates, in both cases, the
camptothecin AUC was significantly higher than for the aqueous

suspension of the drug (p < 0.05). In a similar way, for G-mPEG-NP and
G-HPCD-NP, the half-life of the terminal phase of the curve (t;,2) was
also significantly higher than for the control formulation. In accordance
with these results, the clearance of the drug when administered in G-
mPEG-NP was about 11-times lower than the value obtained when
administered as a suspension (p < 0.01). This decreased clearance was
also observed when camptothecin was encapsulated in G-HPCD-NP;
although, in this case, the difference was also of 3.5 times lower (p <
0.05). Finally, the relative oral bioavailability of camptothecin when
loaded in G-mPEG-NP and G-HPCD-NP was almost 8- to 3-fold higher
than when prepared as an aqueous suspension, respectively.

4. Discussion
Oral chemotherapy's interest has grown through the last years due to

the benefits it offers to the patient and its economical sustainability.
However, in this field, the oral route holds great problems, being the
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Fig. 5. Concentration-time profile of camptothecin in male Wistar rats after a
single oral dose (1 mg/kg) of a drug aqueous suspension, or the equivalent CPT
formulated in con-mPEG2-NP and con-HPCD-NP. Data expressed as mean
(£SD), (n = 6).

bioavailability of most of anticancer drugs one of the most challenging.
Camptothecin, a molecule with powerful anticancer activity, shows poor
water solubility and it is substrate of the P-glycoprotein (Sadekar et al.,
2013). In addition, CPT shows a low metabolic stability directly related
with a rapid hydrolysis of its lactone ring under physiological conditions
(Venditto and Simanek, 2010; Malhotra et al., 2021). These drawbacks
have hindered up to date every attempt of its administration, preventing
it from being approved for use in clinic.

In order to overcome these issues, our strategy was to prepare and
evaluate nanoparticles to carrying the loaded drug to the surface of the
absorptive membrane of enterocytes. For this purpose, the use of
nanoparticles from hydrophilic conjugates (based on the binding of
either HP-B-CD or mPEG to the polymer backbone of Gantrez) may be of
interest. This selection was based on the capability of both excipients
(HP-B-CD or mPEG) to stabilize the camptothecin lactone ring (Swami-
nathan et al., 2010; Ci et al., 2013) and disturb the activity of the in-
testinal P-gp efflux pump (Werle, 2008). In the past, we have
demonstrated that pegylation of Gantrez nanoparticles may be an
adequate approach to confer mucus-permeating properties and improve
the oral bioavailability of lipophilic drugs (Inchaurraga et al., 2015;
Ruiz-Gaton et al., 2018). However, in these works, high PEG-to-Gantrez
nanoparticles ratios were necessary to obtain adequate PEG coating
layers. As a result, the purification step of the nanoparticles involved
important challenges. On the other hand, the encapsulation of
cyclodextrin-drug complexes (instead of the free drug) may increase the
payload of the resulting nanoparticles as well as the bioavailability of
the loaded drug (Calvo et al., 2011; Huarte et al., 2016). However, due
to the use of organic solvents for the preparation of these nanoparticles,

Table 4
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the physico-chemical stability of the complexes may be compromised;
minimizing the expected advantages from the presence of the cyclo-
dextrin. One alternative to solve these inconveniences may be the
preparation of nanoparticles directly from the polymer conjugate, pre-
viously synthetized and characterized, rather than the implementation
of more complex preparative processes organized around several steps.

In the synthetized conjugates, the covalent binding of either mPEG or
HP-B-CD to the Gantrez was evidenced by IR (Fig. 1) and corroborated
by 'HNMR (Supplementary material), elemental analysis and titration
experiments (Tables 1 and 2). For G-mPEG conjugates, the highest de-
gree of substitution of Gantrez was found with a mPEG-to-poly
(anhydride) ratio of 0.2. Under these experimental conditions, the de-
gree of substitution was calculated to be about 95 pg mPEG per mg
conjugate. For G-HPCD conjugates, the degree of substitution was lower
than for G-mPEG (about 8.8%); probably due to the insolubility of the
cyclodextrin under the conditions in which the reaction was carried out.

Nanoparticles from both G-mPEG and G-HPCD were prepared by a
simple desolvation method with an ethanol-water mixture (1:1 by vol)
in the presence of calcium chloride. The presence of calcium enabled us
to increase the yield of the preparative process (data not shown). In
principle, calcium would ionically interact with two neighbouring car-
boxylic acids, inducing a cross-linkage of the conjugate. The mean size of
the camptothecin-loaded nanoparticles when manufactured with G-
HPCD appeared to be slightly higher than that obtained with G-mPEG
(Table 3). In a similar way, nanoparticles from G-mPEG displayed a
higher capability to load camptothecin than nanoparticles from G-HPCD
(11 vs 8.6 pg/mg). Interestingly, for both types of nanoparticles (G-
mPEG-NP and G-HPCD-NP) the drug loading was significantly higher
than for unmodified Gantrez nanoparticles (about 2.2 pg/mg; data not
shown). On the contrary, the CPT loading of G-HPCD-NP was about 6-
times lower than that obtained by the direct encapsulation of
cyclodextrin-drug complexes in Gantrez nanoparticles (Huarte et al.,
2016).

Concerning the in vitro release of camptothecin from these nano-
particles, it is noteworthy that under simulated gastric conditions (SGC),
just a small fraction of the loaded drug was released. Thus, 2-h of in-
cubation in SGC induced a release of about 10% of the loaded drug with
G-mPEG-NP and 20% for G-HPCD-NP. Under these pH conditions, the
conjugates would be in their non-ionized form, favouring a compact
formation of the nanoparticle and, minimizing the release of the drug.
However, when nanoparticles were incubated in simulated intestinal
fluid (neutral pH conditions), practically the total cargo (80% for G-
mPEG-NP and 90% for G-HPCD-NP) was released in the first 60 min.
This observation would be directed related with the swelling of nano-
particles promoted by the ionization of carboxylic acid groups of the
copolymers as well as by the presence of phosphates, which are well
known by their ability to sequestrate calcium ions (Kaliappan and Lucey,
2011), especially under neutral and basic pH conditions (Fredd and
Fogler, 1998).

In the biodistribution studies, G-mPEG-NP and G-HPCD-NP dis-
played a different fate within the ileum mucosa than Gantrez nano-
particles. Thus, conventional nanoparticles appear to remain trapped in
the mucus layer, whereas nanoparticles from conjugates were capable to

Pharmacokinetic parameters estimated after a single dose (1 mg/kg) of an oral CPT suspension and the equivalent CPT dose of con-mPEG2-NP or con-HPCD-NP orally.

Data expressed as mean (+SD), (n = 6).

Dose AUC Cmax Tmax t1/22 Cl v

(mg/kg) (pg h/mL) (ng/mL) H) 1) (mL/h) (mL) Fr
CPT suspension 1 0.38 £0.21 0.08 + 0.02 0.5 1.6 £0.8 619 + 357 1545 + 414 1
G-mPEG-NP 1 2.9 £+ 0.5%t 0.08 + 0.03 0.5 28 + 9.6%* 54 + 9% 2181 + 857 7.6
G-HPCD-NP 1 1.1 £ 0.4* 0.08 + 0.05 0.5 12.7 £ 7.4% 180 + 45* 1813 £ 518 2.9

AUC: area under the concentration-time curve from time 0 to t h; Cp.x: peak plasma concentration; Tp.x: time to peak plasma concentration; t;,5,: half-life of the
terminal phase; Cl: clearance; V: volumen of distribution; Fr: relative oral bioavailability. *p < 0.05, ** p < 0.01 oral CPT suspension vs. nanoparticle formulations (G-

mPEG-NP and G-HPCD-NP). (1) p < 0.05 G-HPCD-NP vs. G-mPEG-NP.
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reach the surface of the intestinal epithelium (Fig. 4). These observa-
tions would confirm that the surface of nanoparticles from conjugates is
different to that of the original poly(anhydride). It is possible to hy-
pothesize that the hydrophilic areas of conjugates would be oriented
through the external aqueous phase forming a hydrophilic corona on the
surface of nanoparticles and, thus, conferring the capability to diffuse
through the mucus layer and reach the enterocytes. In the recent past,
pegylation of nanoparticles have been described as an adequate strategy
to minimise their interaction with the lumen contents (Suk et al., 2016),
and to improve their capability to diffuse within the protective mucus
layers (Inchaurraga et al., 2015; Bourganis et al., 2015). In a similar
way, nanoparticles encapsulating cyclodextrins would show a higher
ability to penetrate in the mucus layer than conventional poly(anhy-
dride) nanoparticles (Calleja et al., 2014).

The oral administration of camptothecin after its encapsulation in
the Gantrez-based nanoparticles displayed prolonged and sustained
plasma levels of the anticancer drug for at least 48 h (Fig. 5). Therefore,
these nanoparticles offered a higher AUC than the traditional aqueous
drug suspension. In fact, G-HPCD-NP and G-mPEG-NP improved 2.9-
and 7.6-times the oral relative bioavailability, compared with the drug
suspension, respectively (Table 4). The improvement of the relative oral
bioavailability provided for G-HPCD-NP was 2-times lower than that
provided by nanoparticles prepared by the encapsulation of
cyclodextrin-drug complexes (Huarte et al., 2016). In any case, the CPT
oral bioavailability obtained for G-mPEG-NP was between 2- and 3-
times higher than previous data reported in the literature employing
solid lipid nanoparticles (Du et al., 2018), poly(amido amine) den-
drimers (Sadekar et al., 2013) or deoxycholic acid-CPT conjugate (Xiao
et al., 2019).

Another important aspect related with these nanoparticles would be
their effect on the drug's primary parameters. Thus, when camptothecin
was orally administered in the form of nanoparticles, its half-life in
plasma (t;/2;) and volume of distribution increased as compared with
the suspension. In addition, the anticancer drug clearance was signifi-
cantly lower when formulated in the form of nanoparticles (G-mPEG-NP
and G-HPCD-NP) than when prepared as a traditional aqueous suspen-
sion (Table 4). These findings would be explained by the protective ef-
fect of these nanoparticles against both the drug's elimination in the gut
and its conversion into the inactive carboxylate form. In the former,
these nanoparticles (as observed in the biodistribution studies) would be
capable to carry their cargo to the surface of the enterocyte, in which
they would release their content, increasing the residence time of
nanoparticles within the gut. In parallel, the presence of either PEG or
HP-B-CD residues would disturb the activity of the intestinal P-gp,
improving the absorbed fraction of the given dose. In the latter, the
reported ability of PEGs and HP-B-CD to stabilize the lactone form of
camptothecin would maintain the anticancer drug in its active form
until its absorption. All together would result in nanoparticles capable to
lengthen the camptothecin half-life and prolong the bioavailability of
the active lactone form. This approach would be in line with an
improved efficacy of this anticancer drug. In fact, it has been described
that a prolonged and sustained Topo 1 inhibition (including with daily
low-dose dosing regimens) can mediate a hypoxia-inducible factor 1
alpha (HIF-1) inhibition mechanism, augmenting the efficacy of the
anticancer drug (Rapisarda et al., 2004; Leonard et al., 2017).

In summary, the modification of Gantrez™ AN with hydrophilic
excipients such as mPEG and HPCD may be a suitable strategy to
simplify the preparative process of nanoparticles, providing mucope-
netrating properties and the ability to increase the oral bioavailability of
certain drugs, particularly those that are substrates of intestinal P-gp. In
the particular case of camptothecin, the G-mPEG-based nanoparticles
demonstrated a superior ability to promote its oral absorption than the
G-HPCD-based nanoparticles.
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