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METHODS OF MAKING NANOCRYSTALS WITH ENHANCED BIOLOGICAL
AVAILABILITY AND FORMULATION FOR SUCH NANOCRYSTALS PREPARATION
FOR USE IN ANTICANCER THERAPY

Field of Invention

The invention describes method of preparation of nanocrystals based on ionic complexes

forming self-assembled nanostructures and compositions prepared by this method. The

composition and the obtained nanocrystals can be used for preparation of agents with enhanced

biological availability that can be utilized especially in the field of preparation and application

of cytostatics with reduced side effects.

State of the Art

The analogues of camptothecin and their derivatives are potent therapeutic agents for chemical

treatment of various oncological diseases. These molecules and their active metabolites can

specifically bind to topoisomerase I-DNA complex, thereby preventing reconnection of the

single-stranded fracture and stopping DNA replication. Curcuminoids (curcumin (CAS 458-

37-7), desmethoxycurcumin (CAS 22608-11-3) and bis-demethoxycurcumin (CAS 24939-16-

0)) are natural polyphenols found in the extract of Curcuma longa, one of the widely used

medicinal plants particularly in Asian countries. Curcuminoids show pharmacological effects,

such as anti-inflammatory, antioxidant and antimicrobial properties. Furthermore, they are

described through an anti-cancer effect, too.

However, the usage of camptothecin and its derivatives for chemotherapeutic treatment of

cancer can cause side effects to oncological patients in form of stomach problems, nausea,

diarrhoea. Another undesirable phenomenon reducing the effect of treatment is the gradual

development of tumour cell tolerance to the drug.

Additionally, the hydrophobicity (very low water solubility), which can be also found in

combination with other substances, significantly reduces the possibilities of biological effects

of curcuminoids in the body. Another limitation of the wider biological utilization of

curcuminoid therapeutic potential is their rapid metabolization causing a low rate of plasma

protein binding described in WO 2010013224 (EP 2349237).

Patent CN102885800B (issued August 6, 2014) reveals that by combining irinotecan (a

camptothecin derivative) with curcuminoids some of the above-mentioned side effects can be

suppressed. The combination of camptothecin and curcuminoid in the form of nanocrystals is



also discussed in patent application CN104546728, which describes the stabilization of

nanocrystals by an amphoteric molecule, for example a poloxamer, and the possibility of its

subsequent use in the preparation of injectable solutions. This takes into account the tendency

of curcuminoids to metabolize rapidly. Nevertheless, a specific implementation of a

combination suitable for injection is not described herein.

The aim of the invention is therefore to provide an easy-to-manufacture and stable composition

intended for immediate use in injection applications which is based on curcuminoids and

camptothecin derivatives, is suitable for use as an anticancer agent and gentle to the patient's

gastrointestinal tract, i.e. does not show the above-mentioned side effects.

Ground of Invention

The aforesaid disadvantages and drawbacks of the above-mentioned biologically active

substances used up to now for the treatment of oncological diseases are largely eliminated by

the composition for the preparation of nanocrystals for the substances with enhanced biological

availability according to the invention and the method of its preparation.

The ground of the method of preparation of nanocrystals according to the invention consists in

that the preparation of nanocrystalline particles in powder form contains the following steps:

a) dissolving the protonated nitrogen containing derivatives of camptothecin and curcuminoids

in an organic solvent leading to formation of a self-assembled ionic complex followed by

subsequent addition of nonionogenic injectable surfactant;

b) transferring the obtained mixture into an aqueous medium under continuous homogenization,

including mixing, shaking and / or using ultrasound;

c) removing the solvent to obtain a powder form;

d) lyophilisation of the product with the previously added cryoprotectant.

The organic solvent used in step a) is preferably dimethylsulfoxide (CAS 67-68-5), propylene

carbonate (CAS 108-32-7), acetonitrile (CAS 75-05-8), acetone (CAS 67-64-1) ,

dimethylformamide (CAS 68-12-2), tetrahydrofuran (CAS 109-99-9), methylpyrrolidone (CAS

872-50-4), hexamethylphosphoramide (CAS 680-31-9), methanol (CAS 67-56-1), ethanol

(CAS 64-17-5), acetic acid (CAS 64-19-7) or combinations thereof.



The cryoprotectant used in step d) is preferably lactose (CAS 63-42-3), mannitol (CAS 69-65-

8), sucrose (CAS 57-50-1), trehalose (CAS 99-20-7), fructose (CAS 57-48-7), glucose (CAS

50-99-7), sodium alginate (CAS 9005-38-3), gelatin (CAS 9000-70-8) or combinations thereof.

The ground of the composition prepared by the method according to the invention consists in

that the composition consists of an injectable nonionic surfactant and a self-assembled ionic

complex containing curcuminoids and protonated nitrogen comprising camptothecin

derivatives and analogues thereof in a molar ratio of components ranging from 10: 1 to 1:10.

Camptothecin analogues preferably include camptothecin (CAS 7689-03-4) and

homocamptothecin (CAS 186669-19-2). The protonated nitrogen is contained in camptothecin

derivatives preferably in the form of at least one functional group including a primary amine, a

secondary amine, a tertiary amine, a cyclic amine and / or a combination thereof. The primary

amine-containing camptothecin derivative may be one or more substances from the following

groups: 9-aminocamptothecin (CAS 91421-43-1), exatecan (CAS 171335-80-1), delimotecan

(CAS 187852-63-7), namitecan (CAS 372105-27-6). Preferably, the secondary amine-

containing camptothecin derivative is belotecan (CAS 256411-32-2). The tertiary amine-

containing camptothecin derivative may be topotecan (CAS 123948-87-8) and / or lipotecan

(CAS 1432176-87-8). Camptothecin derivatives containing a cyclic amine in their structure are

represented by one or more substances from the group of: irinotecan (CAS 100286-90-6),

lurtotecan (CAS 149882-10-0), afeletecan (CAS 215604-75-4), simmitecan (CAS 1247847-78-

4), elomotecan (CAS 220998-10-7).

The nitrogen-containing camptothecin analogue derivatives are preferably present in the

composition in the form of salts with organic or inorganic acids selected from the group

comprising hydrochloric acid (CAS 7647-01-0), sulfuric acid (CAS 7664-93-9), phosphoric

acid (CAS 7664 -38-2), hydrobromic acid (CAS 10035-10-6), perchloric acid (CAS 7601-90-

3), methanesulfonic acid (CAS 75-75-2p, acetic acid (CAS 64-19-7), maleic acid (CAS 110-

16-7), tartaric acid (CAS 526-83-0), citric acid (CAS 77-92-9) or combinations thereof.

The ground of the use of the nanocrystals according to the invention for the preparation of an

anticancer agent for injection applications consists in that the nanocrystals in the form of a

powder are dissolved in a liquid medium which is distilled water containing 5% wt. glucose,

wherein the weight ratio of nanocrystals to liquid medium is in the range of 0.01: 99.99 to 3:97.

Based on the ionic complexes according to the the present invention, injectable nanocrystalline

self-assembled systems with therapeutic and anti-inflammatory effects and better tolerability in



the body are produced. Combining them with the nonionic components according to the

invention provides compositions for immediate or sequential use in injection applications,

based on nanocrystals with cytostatic properties and exhibiting increased stability over a wide

pH range.

The advantage of the composition according to the invention is the narrow particle size

distribution and their stability, but also the increased water solubility of the hydrophobic

curcuminoid molecules, which significantly enhances their use in injectable applications and

the so-called biological availability - the possible actions inside the body. Thus, their

therapeutic effect in the treatment of cancer is enhanced.

The nanocrystals based on the composition according to the invention can be prepared either in

powder form without specific requirements for temperature, pressure or stabilizing additives,

which is favorable from the viewpoint of commercial production of chemotherapeutic agents,

or directly as a liquid substance for injectable applications.

Overview of Images in Drawings

The attached drawings show the chemical structures for the composition according to the

invention and the obtained properties of the nanocrystals:

Fig. 1 - Chemical structures of amphiphilic camptothecin analogues and hydrophobic

curcuminoids;

Fig. 2 - Fluorescence characteristics of self-assembled ionic complexes based on irinotecan

hydrochloride and curcumin (Excitation (A), emission (B) and synchronous (C) fluorescence

spectra of irinotecan with different curcumin concentrations in dimethylformamide at 25°C;

(D) Stem-Volmer plot showing fluorescence quenching of irinotecan at 25 ° C; (E) Plot of (Io/

I- 1) versus logarithm of curcuminoid concentration (mol / L);

Note: Io and I represent the fluorescence intensity of irinotecan in the absence (I ) and in the

presence of (I) curcuminoids. ( o) and (x) are the fluorescence lifetimes of irinotecan in the

absence and in the presence of curcumin, respectively; Ci is the concentration of irinotecan; Cc

is the concentration of curcuminoids;

Fig. 3 - Chemical structures of protonated nitrogen containing camptothecin analogue

derivatives;



Fig. 4 - Representation of a typical hydrodynamic diameter (A) and zeta potential (B) of

nanocrystals dispersed in distilled water and their scanning electron microscope images (C)

with measuring scale showing the length of 200 nm; the yield of relevant camptothecin

analogue derivatives from nanocrystals based on topotecan (TCN) / curcumin, belotecan (BCN)

/ curcumin and exatecan / curcumin (ECN);

Fig. 5 - Changes in nanocrystalline properties in suspension in water (A) at different pH values

(after 8 hours at 37.5 ° C) and in phosphate buffer (B) at different times (pH = 7.4 , 37. 5 ° C);

Fig. 6 - XRD spectra on powder samples: A - irinotecan hydrochloride, B - curcumin, C -

mixture of pure components of irinotecan hydrochloride and curcumin, D - nanocrystals based

on self-assembled ionic complexes - final product, E - pure cryoprotectant mannitol after

dissolution in water and subsequent evaporation, F - pure constituents of irinotecan

hydrochloride and curcumin after dissolution in methanol and subsequent evaporation;

Figures 7 to 13 - procedure for verifying the anti-cancer effect of injectable irinotecan-curcumin

hydrochloride (ICN) according to the invention in nano-form of HT-29 on a tumour produced

by a subcutaneous graft applied in mouse (nude mouse) in vivo :

Fig. 7 is a schematic diagram of an experiment for testing anti-tumour efficacy using colorectal

tumour graft applied in nude mice;

Fig. 8 - tumour volume applied in mice injected with PBS, I or ICN (PBS = Phosphate-buffered

saline, Ph 7.4; I = irinotecan hydrochloride alone; ICN = combination I with curcumin

according to the invention);

Figure 9 - Tumour volume change after injection of PBS, I or ICN;

Figure 10 - Tumour mass change after injection of PBS, I or ICN;

Fig. 11 - images of extracted tumours;

Fig. 12 - weight of tested animals after injection of PBS, I or ICN;

Fig. 13 - intensity of side effect in experimental animals (in the form of diarrhea); considerable

difference between the ICN and I group, no difference between ICN and PBS group. The

significance of the differences observed between the groups was analyzed using a two-way

ANOVA analysis (parameters * p <0.05, ** P <0.01, *** P <0.001, * P <0.0001).

Detailed description of the detected dependences:



Camptothecin analogue derivatives have fluorescent properties. It can be seen from Figures 2A,

2B and 2C that irinotecan (a nitrogen containing camptothecin derivative) exhibits an excitation

peak at a wavelength of 385 nm and an emission peak at 428 nm. The addition of curcuminoid

causes the quenching (decreasing intensity) of the excitatory, emission and synchronous spectra

of irinotecan. The data obtained from the measured values within the quenching process

analysed using the Stem-Volmer model (Fig. 2D) show changes in fluorescence intensities, but

without changing its lifetime, indicating the formation of a complex with curcuminoid (static

quenching) at a 1: 1molar ratio (Fig. 2E). The above mentioned properties can also be observed

for other protonated nitrogen-containing derivatives of camptothecin and its analogues, the

structures of which are shown in Fig. 3 . The above stated shows that curcuminoids and

protonated nitrogen-containing derivatives of camptothecin and its analogues form at specific

organic solvent environments ionic surfactants that are self-organized through intermolecular

interactions (e.g. hydrophobic and electrostatic interactions).

The nanoparticles based on curcuminoid (7.4 mg) and another protonated nitrogen containing

camptothecin derivative or salt thereof, e.g. topotecan hydrochloride (4.6 mg), belotecan (4.3

mg) or exatecan (5.3 mg), were - based on this finding - also prepared by the method according

to the invention with similar results.

It has been found out that the parameters of nanocrystals prepared from the above mentioned

ionic complexes are best controlled in the range of hydrodynamic diameter of 50-1000 nm with

apolydispersity less than or equal to 0.2 in suspension. The zeta potential of nanocrystals ranges

from -10 mV to +60 mV depending on the pH and ionic strength of the environment. The molar

ratio of curcuminoid and protonated nitrogen-containing camptothecin derivatives and

analogues thereof is in the range of 10: 1 to 1:10.

However, the sizes of nanocrystals based solely on ionic complexes are strongly dependent on

the pH and ionic strength of the surrounding environment, which may lead to their uncontrolled

changes. Therefore, the addition of nonionic surfactants to the above mentioned compositions

was further tested. The addition of non-ionic surfactants (e.g., cholesterol, poloxamer,

polyoxylic castor oil and polysorbates) results in reaching the stability of nanocrystals over a

wide pH range due to the impact of steric interparticle forces. Despite the fact that the surface

tension of the particles decreases to almost zero value, there are shown only slight changes in

their size. Nanocrystals based on a mixture of the above mentioned ionic and nonionic

complexes exhibit an increase in solubilization resistance of at least 40% compared to

nanocrystals based on only ionic complexes.



The XRD spectra on powder samples (Fig. 6) show the creation of new crystalline structures

formed during the preparation of the composition according to the invention.

The nanosuspension can be prepared by mixing nanocrystals in an injectable liquid containing,

for example, 5 wt. % glucose and 0.96 % wt. sodium chloride.

The values and dependences shown in Figures 7 to 13 will be described and analysed directly

in Example 11.

Examples

Example 1

Preparation of nanocrystals based on irinotecan and curcumin - structure see Fig. 1 and 3

Irinotecan hydrochloride (6.2 mg) and curcumin (7.4 mg) in a molar ratio of 1: 2 were dissolved

in 0.5 mL of dimethylsulfoxide at room temperature. Subsequently, 15 wt. % of poloxamer 105

as a nonionic surfactant was added. The resulting mixture was transferred to an aqueous

medium - added to 30 mL of distilled water and stirred at 500 rpm for 5 min at room

temperature. (In addition to water, an aqueous medium with a pH of max. 9 may be used for

transfer to an aqueous medium.)

The obtained suspension was subjected to dialysis in order to remove the organic solvent; a

membrane with a MWCO (molecular weight cutoff) of 500 D was used.

Dialysis was performed against distilled water for 3 hours. Before lyophilization, 20 % wt.

mannitol was added, which served as a cryoprotectant.

The size of the resulting nanocrystals was around 100 nm (see Fig. 4A and 4B). The

nanocrystals had a positive surface charge of +43 mV and showed a narrow size distribution

represented by a polydispersity index of 0.107. According to the scanning electron microscope

(SEM) analysis, the above mentioned nanocrystalline particles had an almost globular shape

close to spheres and a smooth surface (Fig. 4C). Changes in the selected characteristics of

nanoparticles (hydrodynamic diameter, polydispersity index and zeta potential) when exposed

to different pH or ionic strength are shown in Fig. 5 . The surface tension of nanoparticles

decreased with the increasing acidity of the environment (pH less than 7). Negative zeta

potential values of nanocrystals were monitored in an alkaline environment (pH greater than 7).

On the other hand, there were slight changes in the size of nanocrystals and the breadth of their

polydispersity as a result of further impact of repulsive steric forces. In addition, nanoparticles



are stable even after 8 hours in phosphate buffer (pH 7.4) at 37.5 ° C, with a slight increase in

particle diameter and their polydispersity. Their surface tension was below +10 mV.

The concentration of both bioactive substances was verified by high performance liquid

chromatography. The detected proportion of bioactive substances in the particles was 70% by

weight. The ratios between camptothecin derivatives and curcuminoids in nanoparticles were

almost the same as the concentration ratio at the beginning of the reaction.

The combination of the ionic complex and the non-ionic surfactant resulted in nanocrystals

having cytostatic properties that showed increased stability over a wide pH range.

Example 2

Preparation of nanocrystals of irinotecan and curcumin (ICN) - structure see Fig. 1 and 3

Irinotecan hydrochloride (6.2 mg) and curcumin (7.4 mg) at a molar ratio of 1: 2 were dissolved

in 0.4 mL of dimethylsulfoxide (DMSO) at room temperature to form a self-assembled ionic

complex, to which 3 mg of cholesterol was subsequently added as nonionic surfactant. The

organic solution thus obtained was then added to 30 mL of distilled water and stirred under the

same conditions as in Example 1. The obtained suspension was dialyzed to remove the organic

solvent; a MWCO 300 D membrane was used. Dialysis was performed against distilled water

for 2 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant was added to

the compound. In this way, nanocrystals were obtained in the form of a powder, from which a

nanosuspension was prepared by dissolving in distilled water containing 5% wt. glucose.

The combination of the ionic complex and the non-ionic surfactant resulted in nanocrystals

having cytostatic properties that showed increased stability over a wide pH range.

Example 3

Preparation of nanocrystals based on topotecan and curcumin (TCN) - structure see Fig. 3

Topotecan hydrochloride (4.6 mg) and curcumin (4.0 mg) in a 1: 1molar ratio were dissolved

in 0.3 mL of dimethylformamide (DMF) at room temperature to form a self-assembled ionic

complex, to which 1.3 mg of polysorbate 80 was subsequently added - serving as a nonionic

surfactant. The organic solution thus obtained was then added to 15 mL of distilled water and

stirred as in Example 1, after which the suspension obtained was subjected to dialysis to remove

the organic solvent - MWCO 500 D membrane. Dialysis was performed against distilled water

for 2 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant was added to



the compound. A nanocrystalline powder was obtained from which the nanosuspension for

application was prepared by dissolving in distilled water containing 5 % wt. glucose.

The parameters of the product obtained, as well as the products of Examples 4 to 10 below, will

be listed and summarized in the final section of this chapter.

Example 4

Preparation of nanocrystals based on belotecan and curcumin (BCN) - structure see Fig. 3.

Belotecan hydrochloride (4.3 mg) and curcumin (3.5 mg) in a 1: 1 molar ratio were dissolved

in 0.3 mL dimethylsulfoxide (DMSO) at room temperature to form a self-assembled ionic

complex, to which 3.4 mg of nonionic surfactant- polyoxylated castor oil - was subsequently

added. The organic solution thus obtained was then added to 15 mL of distilled water and stirred

as in Example 1, and the suspension obtained was again dialyzed with a MWCO 500 D

membrane. Dialysis was performed against distilled water for 1hour. Before lyophilization, 1%

wt. mannitol serving as a cryoprotectant was added to the compound. A powder was obtained

from which the nanosuspension was subsequently prepared by dissolving in distilled water

containing 5% wt. glucose.

Example 5

Preparation of nanocrystals based on exatecan and curcumin (ECN) - structure see Fig. 3

Exatecan mesylate (5.3 mg) and curcumin (7.0 mg) at a molar ratio of 1:2 were dissolved in

0.4 mL DMF at room temperature to form a self-assembled ionic complex, to which 1.8 mg of

a nonionic poloxamer 105 surfactant was subsequently added The organic solution thus

obtained was then added to 20 mL of distilled water and stirred as in Example 1, the suspension

obtained was dialyzed using a MWCO 300 D membrane. Dialysis was performed against

distilled water for 3 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant

was added to the compound. In this way, a nanocrystalline powder was obtained from which

the nanosuspension for use was prepared by dissolving the powder in distilled water containing

5% wt. glucose.

Example 6

Preparation of nanocrystals based on lipotecan and curcumin (LiCN) - structure see Fig. 3

Lipotecan hydrochloride (8.8 mg) and curcumin (3.5 mg) in a 1: 1molar ratio were dissolved in

0.3 mL of DMF at room temperature to form a self-assembled ionic complex, to which 1.8 mg



of nonionic surfactant poloxamer 105 was subsequently added. The organic solution thus

obtained was then added to 30 mL of distilled water and stirred as in Example 1, the suspension

obtained was dialyzed with a membrane of MWCO 500 D. Dialysis was performed against

distilled water for 2 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant

was added to the compound. In this way, a powder was obtained from which the

nanosuspension was prepared before use by dissolving the powder in distilled water containing

5 wt. % glucose and 0.96 wt. % sodium chloride.

Example 7

Preparation of nanocrystals based on afeletecan and curcumin (ACN) - structure see Fig. 3

Afeletecan hydrochloride (9.0 mg) and curcumin (7.5 mg) at amolar ratio of 1: 2 were dissolved

in 0.5 mL DMSO at room temperature to form a self-assembled ionic complex, to which 2.5

mg of a nonionic surfactant poloxamer 105 was subsequently added. The organic solution thus

obtained was then added to 40 mL of distilled water and stirred as in Example 1, and the

suspension obtained was dialyzed with a MWCO 1000 D membrane to remove the organic

solvent. Dialysis was performed against distilled water for 2 hours. Before lyophilization, 1%

wt. mannitol serving as a cryoprotectant was added to the compound. Thus a powder was

obtained from which a nanosuspension was subsequently prepared by dissolving in distilled

water containing 5% wt. glucose in a weight ratio of 0.01:99.99 (lyophilisate: medium).

Example 8

Preparation of nanocrystals based on lurtotecan and curcumin (LuCN) - structure see Fig. 3

Lurtotecan dihydrochloride (6.0 mg) and curcumin (3.5 mg) in a 1:1molar ratio were dissolved

in 0.3 mL DMSO at room temperature to form a self-assembled ionic complex, to which 1.4

mg of a nonionic surfactant poloxamer 105 was subsequently added The organic solution thus

obtained was then added to 15 mL of distilled water and stirred as in the previous examples,

the obtained suspension was dialyzed using a MWCO 300 D membrane, the process was

performed against distilled water for 2 hours. Before lyophilization, 1% wt. mannitol serving

as a cryoprotectant was added to the compound. Within this procedure a powder was obtained

from which the nanosuspension was prepared for purposes of application by dissolving in

distilled water containing 5% wt. glucose in a weight ratio of 2:98 (lyophilisate: medium).

Example 9

Preparation of nanocrystals based on simmitecan and curcumin (SCN) - structure see Fig. 3



Simmitecan hydrochloride (6.2 mg) and curcumin (7.4 mg) at a molar ratio of 1:2 were

dissolved in 0.4 mL of DMF at room temperature to form a self-assembled ionic complex, to

which 2 mg of poloxamer 105 was subsequently added as a nonionic surfactant. The organic

solution thus obtained was then added to 30 mL of distilled water and stirred as in the previous

examples, and the suspension obtained was dialyzed using aMWCO 300 D membrane. Dialysis

was performed against distilled water for 3 hours. Before lyophilization, 1% wt. mannitol

serving as a cryoprotectant was added to the compound. In this way a powder was obtained

from which the nanosuspension was prepared for application by dissolving in distilled water

containing 5% wt. glucose in a weight ratio of 3:97 (lyophilisate: medium).

Example 10

Preparation of nanocrystals based on elomotecan and curcumin (EmCN) - structure see Fig. 3

Elomotecan hydrochloride (5.5 mg) and curcumin (7.4 mg) in a molar ratio of 1:2 were

dissolved in 0.4 mL DMSO at room temperature to form a self-assembled complex, to which 2

mg of poloxamer 105 were subsequently added. The organic solution thus obtained was then

added to 30 mL of distilled water and stirred as in the previous examples, the obtained

suspension was dialyzed using a MWCO 300 D membrane. Dialysis was performed against

distilled water for 3 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant

was added to the compound. In this way a powder was obtained from which the application

nanosuspension was prepared by dissolving in distilled water containing 5% wt. glucose in a

weight ratio of 2:98 (lyophilisate: medium).

The compositions described in Examples 3 to 10 exhibited the following properties:

In the case of nanoparticles based on curcumininoid and other protonated nitrogen-containing

derivatives of camptothecin and its analogues as shown in Examples 3 to 10, e.g. topotecan

hydrochloride (TCN), belotecan hydrochloride (BCN), exatecan mesylate (ECN), lipotecan

hydrochloride (LiCN) ), afeletecan hydrochloride (ACN), lurtotecan dihydrochloride (LuCN),

simmitecan hydrochloride (SCN) or elomotecan hydrochloride (EmCN), they were discovered

to have similar properties to irinotecan based particles in terms of size, size distribution, surface

charge and morphology.

The concentration of bioactive components (ICN, TCN, BCN and ECN) - see Examples 1 to 5

in the prepared nanoparticles was verified by high performance liquid chromatography (HPLC).

As can be seen from Fig. 4D, the detected proportion of bioactive substances in the particles



was 70% wt. In the case of camptothecin and curcuminoid derivatives, their proportional

presence in nanoparticles was almost identical with the initial ratio before the start of the

reaction.

Changes in the selected characteristics of irinotecan-based nanoparticles were also observed

under various environmental conditions. Fig. 5 shows the behaviour of nanoparticles at different

pH or ionic strength. The surface tension of nanoparticles decreased with the increasing acidity

of the environment (pH less than 7). Negative zeta potential values of nanoparticles were

recorded in an alkaline environment (pH greater than 7). On the contrary, only minor changes

occurred in the size of nanoparticles and the width of their polydispersity as a consequence of

further impact of repulsive steric forces induced by the presence of nonionic complexes. In

addition, nanoparticles are stable even after 8 hours in phosphate buffer (pH 7.4) at 37.5 ° C,

with a slight increase in particle diameter and polydispersity.

Example 11

Preparation of the composition and experimental verification of the therapeutic effect - see Fig.

7 - 13.

Irinotecan hydrochloride 6.2 mg and curcumin 3.7 mg were dissolved in 0.4 mL

dimethylsulfoxide (DMSO) at room temperature and 15% wt. d . poloxamer 105 was added.

The obtained organic solution was added to 20 mL of distilled water with stirring (500 rpm) for

4 min at room temperature. The obtained suspension was transferred to a dialysis tube where

MWCO (molecular-weight-cut-off) = 300 D, and dialyzed against distilled water to remove the

organic solvent. Mannitol was added as a cryoprotectant. Irinotecan-curcumin powder was

obtained by lyophilisation. By dissolving it in distilled water containing 5% wt. glucose, an

anticancer emulsion for injection applications was obtained.

The anti-cancer effects of this injectable formulation were investigated in vivo using intestinal

cells of the HT-29 line on a tumour created by subcutaneous graft of these cells applied in

mouse (nude mouse). The experiment strategy is shown in Fig. 7 .

Progress and monitoring:

Once the average tumour volume reached about 100 mm3, mice were randomly separated into

three groups of 4-5 in each group and injected intravenously with 1) PBS, 2) I, 3) ICN

(equivalent to the amount of irinotecan alone - 27.5 mg / kg) every other day for a total of 19

days.



Course of treatment: Body weight and tumour volume were measured every 3 days. Tumour

volume was calculated according to the formula Tv = length x width2/2. 5 days after interruption

of medication, mice were sacrificed, by tumours were subsequently (day 25 from the start of

the experiment) removed, weighed and photographed.

Monitoring of undesirable side effects: Diarrhea was reported according to the following scale:

stool 0 - normal or none, 1 - slightly wet and soft, 2 - moderately soft and unshaped with

moderate peri-anal contamination, 3 - intense, watery with critical contamination in the peri

anal area.

Evaluation of therapeutic effects:

Compared to the PBS group in mice in both treatment groups, the average tumour volumes

were effectively regulated and there were significant differences from the untreated group at

day 9 (about 1 week after the first administration - Fig. 8). Tumour volume decline occurred in

the treatment groups on day 15 (about 2 weeks after the first administration, Fig. 9). The

treatment groups also show significant differences in tumour weight compared to PBS (blind)

- Fig. 10. Photodocumentation of the removed tumours is shown in Fig. 11.

There was no statistical difference between the two treatment groups throughout the

experiment. The results confirm that the efficacy of the combined nanoformulation of the ICN

according to the invention is the same as the anti-cancer effect of irinotecan hydrochloride itself,

and that the tumour regression effect is induced by irinotecan instead of curcumin in the ICN

according to the invention. This can be attributed to a significant difference in half maximal

inhibitory concentration of the both substances. Curcumin can generally be considered as

biologically safe at the therapeutic level / concentration of irinotecan used.

In addition, no significant weight loss was observed in any of the mice throughout the whole

experiment, which would indicate even minor side effects of the ICN nano-formulation

according to the invention at the dosage used in the treatment of the tumour - Fig. 12.

Evaluation of undesirable side effects:

As can be seen from Fig. 13, diarrhea was significantly delayed in mice treated with irinotecan

alone on day 10 after the first administration (p <0.01), with no distinct diarrhea in the PBS

group (blind - no treatment) throughout the whole experiment, but also not in the ICN group

(mice treated with the composition according to the invention). Reduction of diarrhea in mice

in this group shows that the presence of curcumin together with irinotecan in the



nanofonnulation according to the invention can reduce intestinal load and thus protect the

intestines, thus increasing the patients’ comfort. This can be attributed either to the therapeutic

effects of the curcumin molecule or to a change in the drug formulation from irinotecan alone

to its combination with curcumin according to the invention.

Industrial applicability

The composition for the preparation of nanocrystals for medicaments with the enhanced

biological availability, the method of the preparation of nanocrystals and the use of nanocrystals

in injectable applications according to the invention will find use preferably in the field of

production of medicaments with the increased requirement for biological availability and

tolerability. It will be used especially in the field of preparation of cytostatics - anticancer

agents.



CLAIMS

1. A method of preparation of nanocrystals with enhanced biological availability,

c h a r a c t e r i z e d b y that the procedure of preparation in the powder form contains

the following steps:

a) dissolving the protonated nitrogen containing derivatives 15of camptothecin and

curcuminoids in an organic solvent leading to formation of self-assembled ionic

complex followed by subsequent addition of nonionogenic injectable surfactant;

b) transferring the obtained mixture into aqueous medium under continuous

homogenization including mixing, shaking and/or using ultra-sound;

c) removing the solvent in order to obtain powder form;

d) lyophilisation of the product with the previously added cryoprotectant.

2 . The method of preparation of nanocrystals according to claim 1, ch a r a c t e r i z e d

b y that the organic solvent used in the step a) is dimethylsulphoxide, propylen

carbonate, acetonitrile, acetone, dimethylformamide, tetrahydrofurane,

methylpyrrolidone, hexamethylphosphoramide, methanol, ethanol, acetic acid or their

combination.

3. The method of preparation of nanocrystals according to claim 1, ch a r a c t e r i z e d

b y that the cryoprotectant used in step d) is lactose, mannitol, sucrose, trehalose,

fructose, glucose, sodium alginate, gelatine or their combination.

4 . A composition for preparation of nanocrystals with enhanced biological availability and

nanocrystals prepared from this composition by the method according to claim 1,

ch arac terize d b y that the composition comprises of injectable nonionic surfactant

and self-assembled ionic complex based on curcuminoids and protonated nitrogen

containing camptothecin derivatives and its analogues in the molar ratio between 10:1

and 1:10.

5 . A composition for preparation of nanocrystals according to claim 4, ch a r a c t e r i z -

e d b y that the camptothecin analogues contain protonated nitrogen and include

camptothecin and homocamptothecin.



6. A composition for preparation of nanocrystals according to claim 4 and 5, ch a r a c t

e r i z e d b y that the protonated nitrogen containing derivatives of camptothecin

contain in their chemical structure at least one of functional groups including primary

amine, secondary amine, tertiary amine, cyclic amine and/or their combinations.

7 . A composition for preparation of nanocrystals according to claim 4 and 6, ch a r a c t

e r i z e d b y that the derivatives of camptothecin, which contain primary amine

included in their chemical structure, include one or more substances from the group of

9-aminokamptothecin, exatecan, delimotecan, namitecan.

8. A composition for preparation of nanocrystals according to claim 4 and 6, ch a r a c t -

e r i z e d b y that the derivatives of camptothecin, containing secondary amine in their

chemical structure, include belotecan.

9 . A composition for preparation of nanocrystals according to claim 4 and 6, ch a r a c t -

e r i z e d b y that the derivatives of camptothecin, containing tertiary amine in their

chemical structure, include topotecan and/or lipotecan.

10. A composition for preparation of nanocrystals according to claim 4 and 6, ch a r a c t

e r i z e d b that the derivatives of camptothecin containing cyclic amine in their

chemical structure, include one or more compounds from the group of irinotekan,

lurtotecan, afeletecan, simmitecan, elomotecan.

11. A composition for preparation of nanocrystals according to claim 4, ch a r a c t e r i z -

e d b y that the derivatives of nitrogen containing camptothecin analogues are present

in form of salts of organic or inorganic acids selected from the group including

hydrochloric acid, sulphuric acid, phosphoric acid, hydrobromic acid, perchloric acid,

methanesulfonic acid, acetic acid, maleic acid, tartaric acid, citric acid or their

combinations.

12. A composition for preparation of nanocrystals according to claim 4, ch a r a c t e r i z -

e d b y in that the injectable nonionogenic surfactant is based on cholesterol,

poloxamers, polyoxyl castor oil, polysorbates or their combinations.

13. Utilization of nanocrystals prepared according to the claim 1 for the anticancer

injectable drug application, ch a r a c t e r i z e d b y that the nanocrystals in the powder

form are dissolved in the liquid medium comprised of distilled water with 5 wt. % of



glucose where the weight ratio of nanocrystals and liquid medium is in the range

between 0.01:99.99 and 3:97.
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A B S T R A C T

Various design and fabrication strategies of carrier-based drug delivery systems have been quickly established
and applied for cancer therapy in recent years. These systems contribute greatly to current cancer treatments but
further development needs to be made to eliminate obstacles such as low drug loading capacity and severe side
effects. To achieve better drug delivery, we propose an innovative strategy for the construction of easy manu-
factured drug self-delivery systems based on molecular structures, which can be used for the co-delivery of
curcuminoids and all the nitrogen-containing derivatives of camptothecin for better targeted cancer therapy
with minimized side effects. The formation mechanism investigation demonstrates that the rigid planar struc-
tures of camptothecin derivatives and curcuminoids with relevant leaving hydrogens make it possible for them
to be assembled into nanoparticles under suitable conditions. These nanoparticles show stabilized particle sizes
(100 nm) under various conditions and tunable surface charges which increase from around −10 mV in a
normal physiological condition (pH 7.4) to +40 mV under acidic tumor environments. In addition, in vivo mice
experiments have demonstrated that, compared to irinotecan (a derivative of camptothecin) itself, the co-de-
livered irinotecan curcumin nanoparticles exhibited significantly enhanced lung and gallbladder targeting,
improved macrophage-clearance escape and ameliorated colorectal cancer treatment with an eradication of life-
threatening diarrhea, bringing hope for better targeted chemotherapy and clinical translation. Lastly, the
strategy of structure based design of drug self-delivery systems may inspire more research and discoveries of
similar self-delivered nano systems for wider pharmaceutical applications.

1. Introduction

Cancer is the second largest cause of death globally. Chemotherapy
based on small molecules remains one of the most effective ways to
fight against various cancers. For example, topotecan (Fig. 1a), a de-
rivative of camptothecin, has been used for the treatment of ovarian
cancer, cervical cancer and lung cancer, among which lung cancer
causes the largest cancer-related death in 2018 (1.8 million deaths) and
still remains the leading diagnosed malignancy in 2018 (2.1 million
new cases). Irinotecan (Fig. 1a), another camptothecin derivative, has
been used as the first-line treatment for colorectal cancer [1], the third
most commonly diagnosed malignancy (1.8 million new cases in 2018)

causing the second largest number of cancer-related deaths (0.86 mil-
lion deaths in 2018). These small molecular chemotherapeutic agents
are usually intravenously injected into the body yielding systemic ef-
fects. This approach is especially advantageous when dealing with
metastatic cancer but the concomitant challenge involves balancing the
therapeutic effects of the drug with their undesirable side effects [2].
Many approaches have been explored to minimize the adverse ef-

fects of drugs as well as to solve other problems, such as the poor water
solubility of more than 80% of drug candidates [3,4], including altering
their chemical structures by covalently conjugating with hydrophilic
moieties [5,6] and making advantages of various carriers [7]. Never-
theless, these newly introduced moieties or carriers themselves need

https://doi.org/10.1016/j.biomaterials.2019.119701
Received 29 August 2019; Received in revised form 21 November 2019; Accepted 18 December 2019

∗ Corresponding author. School of Pharmacy, Chengdu University of Traditional Chinese Medicine, Chengdu, 611137, China.
∗∗ Corresponding author. Centre of Polymer Systems, Tomas Bata University in Zlin, Zlin, 76001, Czech Republic.
E-mail addresses: guoli@cdutcm.edu.cn (L. Guo), sedlarik@utb.cz (V. Sedlařík).
1 Both authors contributed equally to this project.



Fig. 1. Structures and properties of camptothecin derivatives and curcuminoids. (a) Chemical structures of irinotecan hydrochloride and topotecan hydrochloride.
(b) Protonated nitrogen-containing derivatives of camptothecin by forming salts with medicinal acids (left); the pH-dependent lactone hydrolysis equilibria of
camptothecin derivatives (right). (c) Chemical structures of curcuminoids in enol-keto tautomeric equilibria. (d) Dissociation equilibria between curcuminoids and
their anions. (e) Three-dimensional grid planar structures and sizes of camptothecin and curcumin (color by partial charge; red, negative; blue, positive; Å, ang-
strom).
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vigorous trials before clinical use [8] and they usually display a more
complicated path through the clinic [9]. Furthermore, the involute
design and fabrication procedures of many nanomedicines become real
obstacles in the practical industrial manufacture [10–12].
Camptothecin is a natural hydrophobic alkaloid with multiple

conjugated aromatic rings and rigid planar structure [13,14] (Fig. 1e),
allowing it to sustain the DNA/topoisomerase complex and subse-
quently result in cell death [15]. Due to the lone pairs, the nitrogen-
containing camptothecin derivatives are industrially protonated by
forming salts with relevant medicinal acids to further improve their
water solubility and minimize the toxicity (Fig. 1b). However, one
common problem for all the derivatives of camptothecin is that they
undergo pH-dependent lactone hydrolysis to get pharmacologically
inactive carboxylate forms which show little topoisomerase inhibitory
activity [16,17]. Besides, these camptothecin derivatives also cause
many side effects, such as the vascular discomfort due to the low pH
value (pH 3.5) of their commercial injections and the severely life-
threatening diarrhea [18].
Curcuminoids (Fig. 1c) are linear diarylheptanoids extracted from

Curcuma longa. They exhibit many pharmacological effects and have
been reported to attenuate cell resistance [19,20], ameliorate gastro-
intestinal toxicity [21], protect heart tissue [22] and also possess anti-
tumor activities [23,24]. However, the applications of curcuminoids are
heavily limited due to their extremely poor water solubility.
So far, no nano formulations based on these two molecular species

have been reported. For the first time, we propose a strategy for the
construction of easy manufactured drug self-delivery systems based on
molecular structures, which can be used for the co-delivery of curcu-
minoids and all the nitrogen-containing derivatives of camptothecin for
better targeted cancer therapy via charge conversion. The formation
mechanism investigation demonstrates that the two molecular species
can self-assemble into complex of ion pairs in polar organic solvents
through intermolecular non-covalent interactions, resulting in a uni-
form distribution with certain molar ratios before being penetrated into
anti-solvents to form nanoparticles. As shown in Scheme 1, these na-
noparticles show stabilized particle sizes (100 nm) under various con-
ditions and tunable surface charges which increase from around −10

mV in a normal physiological condition (pH 7.4) to +40 mV under
acidic tumor environments. The water solubility of curcuminoids is
dramatically improved and the lactone hydrolysis of camptothecin de-
rivatives is also restricted to keep their pharmacologically active forms.
Besides, the formulation with a pH value close to that of normal blood
would reduce the side effects caused to blood vessels and improve the
patient compliance compared to commercial injections of camptothecin
derivatives (pH 3.5). More importantly, in vivo mice experiments have
confirmed that, compared to irinotecan itself, the co-delivered ir-
inotecan curcumin nanoparticles exhibited dramatically enhanced lung
and gallbladder targeting, improved macrophage-clearance escape and
better colorectal cancer treatment with an eradication of life-threa-
tening diarrhea, which brings great hope for better targeted che-
motherapy and clinical translation. The strategy of construction of drug
self-delivery systems based on molecular structures may inspire more
discoveries of similar formulations for wider pharmaceutical applica-
tions.

2. Materials and methods

2.1. Materials

Irinotecan hydrochloride, topotecan hydrochloride, curcumin, po-
loxamer 105, mannitol, glucose, paraformaldehyde and dimethyl sulf-
oxide (DMSO) were purchased from Sigma-Aldrich and used as re-
ceived. Wortmannin, cytochalasin D, genistein and methyl-β-
cyclodextrin were purchased from Meilun Biotechnology Co. Ltd
(Dalian, China). Chlorpromazine was obtained from Selleck Chemicals
(China). Phosphate buffered saline (PBS, pH = 7.4) was prepared in
laboratory and ultrapure water was produced using a Milli-Q integral
water purification system.

2.2. Nanoparticle preparation

Surfactant stabilized irinotecan hydrochloride curcumin nano-
particles (SICN) were prepared based on a simple precipitation method.
Briefly, irinotecan hydrochloride (6.2 mg) and curcumin (3.7 mg)

Scheme 1. Construction of charge-conversional drug self-delivery systems for better targeted cancer therapy.
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(Molar ratio 1:1) were dissolved in dimethyl sulfoxide (DMSO, 300 μL),
inside which 0.5 mg of injectable non-ionic surfactant poloxamer 105
was added. The obtained organic solution was added into ultrapure
water (30 mL) with magnetic stirring to get a suspension which was
then dialyzed to remove the organic solvent. Nanoparticle powder was
obtained after lyophilization with mannitol, which was then dispersed
into ultrapure water containing glucose to get an injectable nano-
particle suspension.
Irinotecan hydrochloride curcumin nanoparticles without

surfactants (ICN) and topotecan hydrochloride curcumin nanoparticles
without surfactant (TCN) were also prepared using the same proce-
dures.

2.3. Nanoparticle characterization

The hydrodynamic sizes and surface charges of nanoparticles in
different conditions were characterized by dynamic light scattering
(DLS). To investigate the morphologies of nanoparticles, a drop of

Fig. 2. Sizes, surface charges, redispersity, morphologies, appearance and stability of nanoparticles. (a) Particle sizes of ICN increase from about 70 nm in water to
1000 nm in PBS while (b) its surface charges decrease from 50 mV to -10 mV; (c) Stabilized particle sizes of SICN under various conditions; (d) Tunable surface
charges of SICN increase from -7 mV in PBS (pH 7.4) to +41 mV in water; SICN powder shows easy redispersity with narrow size distribution (e) and strong surface
charges (f); (g) Spherical SICN with smooth surfaces; (h) Morphology of lyophilized SICN with mannitol; (i) Apparent appearance of SICN and curcumin in water
exhibits the dramatically improved water solubility of curcumin by forming nanoparticles with irinotecan hydrochloride. (j) Anti-dilution ability of SICN in water
after serial dilution; (k) Storage stability of SICN in PBS at 37.5°C; (l) SICN shows stabilized sizes and distribution although its surface charges decrease with an
increase of acidity in an acidic environment and the addition of alkaline buffer makes the surface charges become negative.<br> Tag as simple
para:< br>Abbreviation: ICN: Irinotecan hydrochloride Curcumin Nanoparticles; SICN: Surfactant stabilized Irinotecan hydrochloride Curcumin Nanoparticles;
PBS: Phosphate Buffer Saline, pH = 7.4.
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nanoparticle water suspension was evaporated on an aluminum foil. All
nanoparticles were coated with a thin layer of gold (conductive coating)
before investigation under a scanning electron microscope (SEM). The
diffraction and thermal behavior of nanoparticles were characterized by
powder x-ray diffraction (PXRD) and differential scanning calorimetry
(DSC), respectively.

2.4. Fluorescence quenching

The stock solution was prepared by dissolving 10 mg of irinotecan
hydrochloride or curcumin into 10 mL of DMSO. The working solution
was obtained by mixing 10 μL of irinotecan hydrochloride stock solu-
tion with different volumes (from 1 μL to 10 μL) of curcumin stock
solution and the final volume was adjusted to 1 mL with DMSO. The
fluorescence spectra and lifetime were recorded on a spectro-
photometer (FL980, Edinburgh, England). The excitation and emission
wavelengths were set at 385 nm and 428 nm, respectively. For fluor-
escence synchronous spectra, the emission off wavelength was 43 nm.
The working solution containing topotecan was prepared using the

same method. The excitation and emission wavelengths were set at
395 nm and 433 nm, respectively. For fluorescence synchronous
spectra, the emission off wavelength was 38 nm.

2.5. Cells and mice

HT-29 colorectal adenocarcinoma cells were obtained from Boster
Biological Technology Co. Ltd (Wuhan, China). Male BALB/c nude
mice, aged 5 weeks (18–22 g, SPF grade), were purchased from Dashuo
experimental animals Co., Ltd. (Chengdu, China). All animal experi-
ments were conducted under the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of Chengdu
University of Traditional Chinese Medicine.

2.6. In vivo therapeutic efficacy and biosafety

HT-29 cell suspension (2 × 106 cells per 200 μL) were sub-
cutaneously injected into the flank of male BALB/c mice. When tumor
volume reached around 100 mm3, the HT-29 tumor bearing nude mice
were randomly divided into three groups (four or five mice for each
group) and were intravenously injected with PBS, irinotecan hydro-
chloride (27.5 mg/kg/mouse) or SICN (equivalent irinotecan 27.5 mg/
kg/mouse) every other day for consecutive 20 days. Tumor volume was
measured every third day and calculated according to the formula:
Tumor volume = length x width2/2. Mice were weighted every three
days and the severity of diarrhea was scored according to the following
standards [25]: 0 (normal, normal stool or absent); 1 (slightly wet and
soft stool); 2 (moderate, wet and unformed stool with moderate peri-
anal staining of the coat); and 3 (severe, watery stool with severe
perianal staining of the coat). Mice were sacrificed after 5 days of
medication discontinuation. Tumors were excised, weighted and pho-
tographed. The excised tissues (heart, liver, spleen, lung, kidney, brain
and tumor) were fixed in 4% paraformaldehyde to prepare paraffin
sections. Hematoxylin/eosin (H&E) staining was used for histological
analysis.

2.7. Ex vivo biodistribution

Mice with subcutaneous tumors of around 100 mm3 were in-
travenously injected with irinotecan hydrochloride or SICN (equivalent
irinotecan 27.5 mg/kg/mouse). Fluorescence based visual distribution
of drugs and their average signal on excised tissues were obtained on a
FUSION FX7 live animal imaging system.

3. Results and discussion

3.1. Stabilized particle sizes and tunable surface charges

The hydrodynamic sizes and surface charges of ICN nanoparticles
under various conditions are displayed in Fig. 2. As can be seen, by
changing the solvent from water to PBS (pH 7.4), the particle sizes of
ICN increase from about 70 nm to more than 1000 nm (Fig. 2a) while
their surface charges decrease from around 50 mV to about −10 mV
(Fig. 2b). Compared to ICN in water, the addition of injectable non-
ionic surfactant poloxamer 105 slightly increases the hydrodynamic
sizes of SICN nanoparticles to around 100 nm (Fig. 2c) while slightly
decreases their surface charges to about 40 mV in water (Fig. 2d). In
addition, altering the solvent to PBS further decreases the surface
charges of SICN to around −10 mV, while their hydrodynamic sizes
keep almost the same due to the additional steric repulsion provided by
the non-ionic surfactants [26], making SICN become independent of
environmental pH values and ionic strength.
The stabilized particle sizes and tunable surface charges can benefit

the drug self-delivery system by ameliorating their biodistribution and
enhancing their passively targeted cellular internalization.
Nanoparticles with negative surface charges can be repulsed by the
negatively charged cell membrane under normal physiological condi-
tions, resulting in prolonged circulation times [27,28] and facilitating
tumor accumulation via enhanced permeability and retention (EPR)
effect [29]. While the positively charged nanoparticles under neutral or
acidic environments become efficient at cell penetration, leading to an
improved accumulation in acidic tumor tissues [28]. Besides, compared
to the commercial irinotecan hydrochloride injection (pH 3.5), the in-
jectable SICN suspension with a pH value close to that of normal blood
would reduce the side effects caused to blood vessels during injection
and improve the compliance of patients.

3.2. Morphology and appearance

The morphologies of evaporated SICN nanoparticles and their lyo-
philized powder with mannitol were characterized by SEM. For the
evaporated SICN, spherical particles with smooth surfaces are displayed
in Fig. 2g and their sizes are similar to those in suspension (around
100 nm). The morphologies and sizes of evaporated SICN nanoparticles
under environments with different pH values keep almost the same
(Figs. S1 and S2), demonstrating the good stability of nanoparticle.
After lyophilization with mannitol, from Fig. 2h, we have observed only
rod-like crystalline mannitol. The apparent appearance of SICN and
curcumin in water is shown in Fig. 2i. Compared to pure curcumin in
water, the water solubility of curcumin is markedly improved by
forming nanoparticles with irinotecan hydrochloride.

3.3. Stability

The stability of SICN nanoparticles under various conditions was
characterized by DLS. As shown in Fig. 2j, the particle sizes, surface
charges and size distribution of SICN change little even though the
concentration is low to about 10 μg/mL in suspension, implying their
strong anti-dilution ability. Besides, SICN can keep stable in PBS (pH
7.4) at 37.5 °C for 8 h (Fig. 2k) though their absolute surface charges
are less than 10 mV. Besides, although the surface charges of SICN
decrease with an increase of acidity in an acidic environment and the
addition of alkaline buffer makes the surface charges become negative
(Fig. 2l), the hydrodynamic sizes and size distribution of SICN stay the
same with few changes. In addition, the size and surface charges of
redispersed SICN powder in water (Fig. 2e and f) keep almost the same
compared to those before lyophilization. All these results demonstrate
the good stability and easy redispersity of SICN nanoparticles.
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Fig. 3. Crystalline profiles of SICN nanoparticles and fluorescence quenching of irinotecan chloride in DMSO caused by curcumin. Physical mixture of irinotecan
hydrochloride and curcumin (c, molar ratio 1:1) shows superimposed PXRD patterns of both irinotecan hydrochloride (a) and curcumin (b); vacuum dried powder of
methanol solution containing irinotecan hydrochloride and curcumin (d, molar ratio 1:1) shows evident novel diffraction peaks; SICN (e) shows new peaks at 11.22°,
23.68°, 25.66°, 28.66° and 29.42° compared to its components including irinotecan hydrochloride (a), curcumin (b) and P105 (f). DSC profile of P105 (g) implies its
amorphous state; DSC profile of irinotecan hydrochloride and curcumin mixture (h, ratio 1:1) indicates their amorphous state after cooling from high temperature;
Melting point of SICN at 155.6°C (i). The fluorescence excitation (j, emission at 428 nm), emission (k, excitation at 385 nm), synchronous (l, emission off 43 nm)
spectra and fluorescent lifetime (m, excitation at 385 nm, emission at 428 nm) of irinotecan hydrochloride (Iri) in presence of various amounts of curcumin (Cur) in
DMSO at room temperature; (n) The Stern-Volmer plots for the fluorescence quenching of irinotecan hydrochloride at room temperature; (o) The plots of log
(I< span data-format="subscript"> 0< /span> /I - 1) versus log(concentration of quencher (mol/L)).< br> Tag simple para as:< br>Abbreviation: PXRD,
powder x-ray diffraction; DSC, differential scanning calorimetry; SICN, Surfactant stabilized Irinotecan hydrochloride Curcumin Nanoparticles; IR, instrumental
response; DMSO, dimethyl sulfoxide; < br> Notes: I< span data-format="subscript" > 0</span> and I represent the fluorescent intensity of irinotecan hy-
drochloride in the absence and presence of curcumin, respectively. τ<span data-format="subscript" > 0< /span> and τ represent the fluorescent lifetime of
irinotecan hydrochloride in the absence and presence of curcumin, respectively.
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3.4. PXRD analysis

The PXRD analysis of SICN and its components is displayed in Fig. 3.
As can be seen, the physical mixture of irinotecan hydrochloride and
curcumin with molar ratio 1:1 (Fig. 3c) shows superimposed diffraction
patterns of both irinotecan hydrochloride (Fig. 3a) and curcumin
(Fig. 3b). While the vacuum dried powder of methanol solution con-
taining both irinotecan and curcumin (Fig. 3d) shows several evident
novel diffraction peaks, indicating these two molecules are ordered in a
new crystalline state with the help of methanol. SICN powder (Fig. 3e)
shows new diffraction peaks at 11.22°, 23.68°, 25.66°, 28.66° and
29.42° compared to its components (Fig. 3a, b, and 3f), implying the
formation of a novel crystal. By forming cocrystals, not only could the
water solubility be improved (Fig. 2i), but the lactone hydrolysis in
irinotecan is also restricted by the strong order effect of crystalline
lattices.

3.5. Melting behavior

The melting and crystallization behavior of SICN and its compo-
nents were analyzed by DSC. In the DSC curves of surfactant poloxamer
105 (Fig. 3g), no evident endothermic or exothermic peaks appears in
both the heating and cooling runs, indicating its amorphous state. In the
second heating run of physical mixture of curcumin and irinotecan
hydrochloride (molar ratio 1:1, Fig. 3h), a glass transition occurs at
about 140 °C, which implies that the mixture stays in an amorphous
state after the first cooling from high temperature. However, there is a
sharp endothermic peak at 155.6 °C in the heating run and an exo-
thermic peak at 119 °C in the cooling run of SICN (Fig. 3i), which
should be attributable to the melting and crystallization processes, re-
spectively. The unique melting point of SICN at 155.6 °C also

demonstrates they are in a crystalline form because an amorphous solid
does not have a definite melting point.

3.6. Static quenching

The fluorescence excitation (Fig. 3j), emission (Fig. 3k), synchro-
nous (Fig. 3l) spectra and fluorescent lifetime (Fig. 3m) of irinotecan
hydrochloride in DMSO in the presence of various amounts of curcumin
were measured by a fluorospectrometer at room temperature. Ir-
inotecan hydrochloride shows an excitation maximum at 385 nm and
an emission maximum at 428 nm. The addition of curcumin causes the
fluorescence quenching in excitation, emission and synchronous
spectra. However, the fluorescence lifetime of irinotecan hydrochloride
keeps the same.
The fluorescence quenching data are analyzed by the Stern-Volmer

equation [30]:= + ∗ = + ∗ ∗I I K Q k τ Q/ 1 [ ] 1 [ ]sv q0 0

The binding number is calculated according to the following equa-
tion [30]:− = + ∗I I K n QLog ( / 1) Log log [ ]a0

where I0 and I represent the fluorescent intensity of irinotecan hydro-
chloride in the absence and presence of curcumin, respectively. Ksv is
the Stern–Volmer quenching constant and Kq is the bimolecular
quenching constant; τ0 is the fluorescence lifetime of fluorophore in the
absence of quencher. Ka is the association constant, n is the binding
number and [Q] represents the concentration of quencher.
As shown in Fig. 3n, a linear Stern-Volmer plot and the unchanged

fluorescence lifetime in the absence and presence of curcumin (Fig. 3m)
reveals that the quenching of irinotecan hydrochloride in DMSO is

Fig. 4. Iillustration of the formation of surfactant stabilized irinotecan hydrochloride and curcumin nanoparticles. Irinotecan hydrochloride and curcumin initially
self-assemble into homogeneous complexes of ion pairs in polar organic solvents. Nanoparticles are obtained by precipitation in presence of large volume of their
unfavorable solvents regarding to the solubility. Surfactant stabilized nanoparticles become independent of environmental pH values and ionic strength because of
the additional steric force provided by surfactants.< br>Tag as simple para: Abbreviation: [O], oil phase; [W], aqueous phase.
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caused by assembling into ground state complexes with curcumin
(static quenching) [30] with a molar ratio of 1:1 (Fig. 3o) through in-
termolecular interactions, such as hydrophobic interactions, hydrogen
bonding, π-π stacking [31] and electrostatic adsorption [32].

3.7. Formation mechanism

Based on all the evidence obtained, a possible formation process of
the SICN nanoparticles is illustrated in Fig. 4. Curcumin and irinotecan
hydrochloride self-assemble into complexes of ion pairs in polar organic
solvents through intermolecular interactions. The extremely poor
water-solubility of curcumin and camptothecin (the parent compound
of irinotecan), the relatively exposed hydrogen atoms and the rigid
planar structures (Fig. 1e) of both molecules with multiple conjugated
aromatic rings [33–35] provide the possibility of hydrophobic inter-
actions, hydrogen bonding and π-π stacking between these two mole-
cules [36], respectively. In addition, due to the active methylene hy-
drogen of β-diketones and two other phenolic hydrogen in curcumin,
there are three pKa values for the dissociation of acidic protons in
curcumin, namely 7.8, 8.5 and 9.0 (Fig. 1d) [36–38]. The partial io-
nization of weak acids in polar organic solvents [39] grants curcumin
the opportunity to interact with cationic irinotecan which is protonated
by forming salts with hydrochloride. In return, the electrostatic ad-
sorption between cationic irinotecan and anionic curcumin promotes
the dissociation of curcumin in polar organic solvents.
The organic solution of ionic complexes is then drop-wisely added

into large volume of their unfavorable solvents regarding to the solu-
bility to form nanoparticles by precipitation [40], during which the
presence of water with pH values lower than the pKa of curcumin re-
sults in the shifts of curcumin dissociation equilibria towards the mo-
lecular form [38] and therefore leads to the positively charged surface
of SICN nanoparticles. The high magnitudes of surface charges play a
pivotal role during the formation of nanoparticles, which allows them
to be repulsed from each other electrostatically and prevented from
aggregation in suspension.
However, the positive surface charges attributed from the proto-

nated irinotecan also result in the environmental pH sensitivity of the
ICN nanoparticles (Fig. 2a). The relatively alkaline nano-environment
deprotonates not only cationic irinotecan but also the weakly acidic
curcumin molecules, therefore leading to the neutral irinotecan mole-
cules and partially negatively charged curcumin (depending on the
specific pH values of the environment) on the surface of nanoparticles
(Fig. 2b). In addition, the high ionic strength in suspension compresses
the electric double layer of the nanoparticles [41], further leading to
the decrease of their surface charges. The relatively lower magnitudes
of the surface charges decrease the electrostatic repulsion between
nanoparticles, resulting in the failure in preventing their aggregation
and subsequently obtaining microscale particles.
The introduction of non-ionic surfactant, which is partially hy-

bridized inside SICN nanoparticles through hydrophobic interactions,
not only will not interrupt the electrostatic interactions between ir-
inotecan hydrochloride and curcumin during the formation of nano-
particles, but also provides an additional repulsive steric force to pre-
vent their aggregation [41], making the particle size and distribution of
SICN nanoparticles become independent of environmental pH values
and ionic strength (Fig. 2c).

3.8. Mechanism verification

The strategy for design of drug self-delivery systems based on the
molecular structures of curcuminoids and camptothecin derivatives was
verified by preparing topotecan hydrochloride curcumin nanoparticles
(TCN) using the same method. As can be seen in Fig. 5a, TCN shows a
hydrodynamic size of around 126 nm with a narrow size distribution
(PDI 0.18) in water and they also have positive surface charges with
large magnitudes (Fig. 5b). TCN also shows smoothly spherical

structure (Fig. 5d). In addition, similar fluorescence quenching beha-
vior (Fig. 5j, k and 5l) and lifetime decay (Fig. 5m) between topotecan
hydrochloride and curcumin in DMSO were observed, revealing the
static quenching between the two molecules.
The physical mixture of topotecan hydrochloride and curcumin

(molar ratio 1:1, Fig. 5g) shows superimposed diffraction patterns of
both topotecan hydrochloride (Fig. 5e) and curcumin (Fig. 5f). How-
ever, TCN shows novel diffraction peaks at 11.20°, 23.67°, 24.57,
25.66°, 28.66° and 29.44° (Fig. 5h), demonstrating the different crystal
state of TCN. More interestingly, these patterns have the same diffrac-
tion angles with those of ICN nanoparticles (Fig. 5i), further verifying
that molecules with the same chemical skeletons of camptothecin and
curcumin can form nanoparticles via the similar formation mechanism
by utilizing this strategy. However, their dissimilar relative diffraction
intensity (e.g., 24.57° and 29.44°) and different melting points (Fig. 5c)
evince the divergent subtle structures in both nanoparticles and also
indicate their different molecular composition and arrangements.

3.9. In vitro cytotoxicity, uptake efficiency and internalization pathways

The in vitro cytotoxicity and fluorescence-based cellular uptake ef-
ficiency of SICN nanoparticles under various environmental pH values
were explored on HT-29 cells.
As shown in Fig. S3, the half maximal inhibitory concentration

(IC50) of irinotecan hydrochloride on cells under normal environment
(pH 7.4) is 15.25 μM. The IC50 of SICN nanoparticles on cells with
environmental pH of 7.8, 7.4 and 6.5 are 0.278 mg/mL, 0.112 mg/mL
and 0.019 mg/Ml, equaling to 7.720 μM, 3.112 μM and 0.537 μM of
irinotecan hydrochloride, respectively. Significant difference between
groups at every dosage level is obtained (p < 0.001). Compared to the
free irinotecan hydrochloride, the in vitro cytotoxicity of SICN is sig-
nificantly improved by forming nanoparticles. Besides, the acidic en-
vironments could result in greater in vitro cytotoxicity of SICN on HT-
29 cells than the alkaline condition because of the conversional positive
surface charges of nanoparticles under tumor environments and the
negative surface charges under normal physiological conditions.
The fluorescence-based cellular uptake of SICN nanoparticles under

different environmental pH values are shown in Fig. S4. The blank
group, namely cells under normal conditions without SICN nano-
particles, shows no fluorescence. For SICN groups, cells under acidic
environments exhibit significantly stronger fluorescence than those in
alkaline conditions (p < 0.001), demonstrating the higher uptake ef-
ficiency of SICN under tumor environments.
The cellular internalization pathways of SICN nanoparticles on HT-

29 cells were also tested by confocal laser scanning microscopy (Fig.
S5). From the statistical results, the cellular uptake of SICN nano-
particles is significantly blocked at 4 °C, suggesting an energy-depen-
dent internalization. Moreover, the cellular uptake is not affected by the
macropinocytosis inhibitors (cytochalasin D and wortmannin), but
significantly inhibited by the clathrin-mediated endocytosis inhibitor
(chlorpromazine) and the caveolin inhibitors (genistein and methyl-β-
cyclodextrin), indicating the SICN particles are at nano scale during
internalization because nano-sized particles (smaller than 500 nm) are
mainly endocytosed though clathrin- and caveolin-mediated endocytic
pathways while micro-sized particles are internalized via macro-
pinocytosis [42,43]. Besides, as shown in Figs. S4 and S5, SICN nano-
particles are evenly distributed in the cytosol around the nucleus due to
the caveolin-mediated endocytosis which can bypass lysosomes [43].

3.10. Nanoparticle disposition

The plasma concentration-time profiles of free irinotecan hydro-
chloride and SICN nanoparticles are shown in Fig. S6. The plasma
concentration for irinotecan hydrochloride group decreases by around
80% after 2 h while the concentration for SICN group still keeps at
about 50% in plasma. Mice receiving a single injection of SICN
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Fig. 5. Sizes, surface charges, morphologies and crystalline profiles of TCN nanoparticles and fluorescence quenching of topotecan hydrochloride in the presence of
curcumin in DMSO. Typical hydrodynamic distribution (a) and surface charges (b) of TCN in water; (c) DSC profile of TCN shows its melting point at 161.5°C; (d)
Smoothly spherical structure of evaporated TCN. Physical mixture of topotecan hydrochloride and curcumin (g, molar ratio 1:1) shows superimposed PXRD patterns
of both topotecan hydrochloride (e) and curcumin (f); TCN (h, molar ratio 1:1) shows new peaks at 11.22°, 23.68°, 25.66°, 28.66° and 29.42° compared to its
components including topotecan hydrochloride (e) and curcumin (f); TCN (h) and ICN (i) show similar diffraction patterns. The fluorescence excitation (j, emission at
433 nm), emission (k, excitation at 395 nm), synchronous (l, emission off 38 nm) spectra and fluorescent lifetime (m, excitation at 395 nm, emission at 433 nm) of
topotecan hydrochloride (Top) in presence of various amounts of curcumin (Cur) in DMSO at room temperature.< br> Tag as simple para: < br> Abbreviation:
PXRD, powder x-ray diffraction; DSC, differential scanning calorimetry; TCN, Topotecan hydrochloride Curcumin Nanoparticles; SICN: Surfactant stabilized
Irinotecan hydrochloride Curcumin Nanoparticles. DMSO, dimethyl sulfoxide.
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nanoparticles achieve an obvious improvement in plasma concentration
and exposure compared to free irinotecan, which is consistent with the
previous report in literature [44].

3.11. In vivo therapeutic efficacy and biosafety

The anti-tumor effect of SICN nanoparticles was invested on HT-29
subcutaneous xenograft nude mice. The experimental strategy is illu-
strated in Fig. 6a. Compared to the PBS group, the average tumor vo-
lumes of mice in medication groups are effectively controlled and sig-
nificant difference occurs on day 9 (around one week post first
administration, Fig. 6b). The regression of tumor volume in the medi-
cation groups occurs on day 15 (around two week post first adminis-
tration, Fig. 6c). The medication groups also show significant differ-
ences in tumor weight (Fig. 6d) and the photography of excised tumor is
shown in Fig. 6e. No statistical difference between the two medication
groups occurs during the whole experiment. These results confirm that
the SICN nanoparticles is as equally effective in colorectal cancer
treatment as free irinotecan hydrochloride and the tumor regression
effect of SICN is caused by irinotecan instead of curcumin. This should
be attributed to the significant difference in half maximal inhibitory
concentration of the two molecules. Curcumin can be generally re-
garded as a biosafe molecule at the dose level.
No significant loss of body weight was observed in all the mice

during the whole experiment, indicating the negligible side effects of
the SICN nanoparticles for tumor therapy at the employed dose
(Fig. 6f). Besides, the H&E staining images of tumors and major organs
(heart, liver, spleen, lung, kidney and brain) from HT-29 tumor-bearing
mice treated with PBS, free irinotecan or SICN are shown in Fig. 6g.
Except for the glandular cavities, the H&E staining of colon cancer
sections from the PBS group shows intact tumor cell structure. Cells
exhibit distinct nuclei with a nearly spherical thin cytoplasmic region.
H&E-stained sections of colon cancer from medication groups have
distinct damage of tumor cell nuclei and distorted membranes sur-
rounding necrotic tissues. However, compared to the PBS treated group,
neither noticeable organ damage nor inflammation lesion can be ob-
served in the medication groups, indicating the negligible organ dys-
function after being treated with SICN nanoparticles or irinotecan. All
these results demonstrate that the SICN nanoparticles exhibit high
biosafety for cancer treatment presenting no significant side effects to
the treated mice.
As shown in Fig. 6h, significant delayed diarrhea in the mice treated

with free irinotecan occurs on day 10 (10 days post first administration,
p < 0.01) while no obvious diarrhea is observed in PBS or SICN
treated group during the whole experiment, demonstrating the pre-
sence of curcumin in the nano formulation could protect the intestine
and ameliorate the gut toxicity by alleviating diarrhea in mice. This can
be due to whether the protective effects of curcumin molecule [21] or
the formulation changes of irinotecan with the help of curcumin.

3.12. Ex vivo biodistribution

The ex vivo biodistribution investigation was carried out according
to Fig. 7a. The normalized fluorescence spectra of irinotecan hydro-
chloride in water containing 50% of DMSO (Fig. 7b) and SICN in PBS
(Fig. 7c) show that irinotecan in both forms display similar fluorescence
behavior with an excitation maximum at around 370 nm and an

emission maximum at about 430 nm.
The fluorescence based biodistribution of irinotecan hydrochloride

and SICN on excised tissues are shown in Fig. 7d and e, respectively.
Except for the high accumulation of irinotecan hydrochloride in tumor
(Fig. 7d), a relatively higher biodistribution in liver can also be ob-
served. Their relatively average signals are 27% and 37%, respectively
(Fig. 7f). Compared to irinotecan hydrochloride, a visually higher ac-
cumulation of SICN in tumor is observed (Fig. 7e) and its relatively
average signal figures prominently (36% in Fig. 7g, around 33% larger
than that of free irinotecan, 27% in Fig. 7f), showing an improved
tumor targeting of SICN. Besides, the relative accumulation of SICN in
liver is lower (18% in Fig. 7g) than that of free irinotecan (37% in
Fig. 7f), which might also be one of the reasons that relieve the side
effects. Clinically, the severe diarrhea caused by irinotecan hydro-
chloride is due to the biliary elimination and the subsequent micro-
biome reactivation in intestines [45,46]. Therefore, except for the
protective effect of curcumin on intestines [21], the diarrhea alleviation
effect of SICN could also be attributable to the improved tumor tar-
geting, which relatively reduces their quick accumulation in liver and
lessens the chances of being rapidly metabolized and excreted into in-
testines.
To further verify this, the relative accumulation of irinotecan and

SICN in tissues including heart, liver, gallbladder, spleen, lung, kidney,
brain, tumor and stomach & intestine at different time post intravenous
injection were explored in Fig. 7h. The relatively average signals of
irinotecan are mainly distributed in liver, tumor and stomach & intes-
tine. The relative accumulation in liver decreases from around 15% at
10 min to about 8% at 2 h post injection. The relative biodistribution in
tumor increases from around 3%–12% while the relative accumulation
in stomach & intestine keep at about 70%. However, except for the high
accumulation in liver, tumor and stomach & intestine, high distribution
of SICN in gallbladder and lung can also be observed. Compared to free
irinotecan, the relative accumulation of SICN in liver and spleen de-
crease by around 50% during 30 min post injection (Fig. 7i), which
could benefit the nanoparticles via escaping the rapid clearance by
mononuclear phagocytic cells and prolonging their residence time in
the body. Besides, their relative biodistribution in tumor increase by
more than 50%, further evidencing their improved tumor targeting due
to the uniform nano sizes (EPR effect) and convertible surface charges.
In addition, their relative accumulation in stomach & intestine decrease
by about 50%, which directly explains the diarrhea eradication effect of
SICN. More interestingly, the relative accumulation of SICN in gall-
bladder and lung increase by two or more times. It shows significantly
improved accumulation in lung and prolonged residence time in gall-
bladder, which not only explains the reduced accumulation in stomach
& intestine but also brings hope for the treatment of lung and gall-
bladder cancer.

4. Conclusions

For the first time, we propose a strategy for the construction of drug
self-delivery systems based on molecular structures, which can be used
for the co-delivery of curcuminoids and all the nitrogen-containing
derivatives of camptothecin for better targeted cancer therapy. The
formation mechanism investigation demonstrates that these two mo-
lecular species can self-assemble into complex of ion pairs in polar or-
ganic solvents through intermolecular non-covalent interactions,

Fig. 6. <span data-format="italic" > In vivo< /span> anticancer efficacy of SICN on HT-29 subcutaneous xenograft nude mice. (a) A schematic diagram of the
experimental design of anticancer efficacy; (b) Tumor volume (b), tumor growth rate (c), tumor weight (d) and tumor images (e) from mice treated with PBS, I or
SICN; (f) Negligible changes of Body weight; (g) H&amp;E staining images of excised tumors and major organs (magnification of 400x). (h) Delayed diarrhea degree
of mice (significant difference between SICN and I treated groups, no statistical difference between SICN and PBS treated groups). <br>Tag as simple
para:< br>Abbreviation: IV, intravenous therapy; PBS, Phosphate buffered saline, pH 7.4; I, Irinotecan hydrochloride; SICN, Surfactant stabilized Irinotecan
hydrochloride and Curcumin Nanoparticles. Significance of differences between groups are analyzed using 2way ANOVA. * p &lt; 0.05, ** P &lt; 0.01, *** P &lt;
0.001, **** P &lt; 0.0001.
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resulting in a uniform distribution of them before being penetrated into
anti-solvents to form nanoparticles. These nanoparticles show stabilized
particle sizes (100 nm) with mono distribution (PDI ≤ 0.2) under
various conditions and conversional surface charges which increase
from around −10 mV in a normal physiological condition (pH 7.4) to
+40 mV under acidic tumor environments. The water solubility of
curcuminoids is dramatically improved and the lactone hydrolysis of
camptothecin derivatives is also restricted to keep their pharmacolo-
gically active forms. Besides, the formulation with a pH value close to
that of normal blood would reduce the side effects caused to blood
vessels and improve the patient compliance compared to commercial
injections of camptothecin derivatives (pH 3.5). More importantly, in

vivo mice experiments have demonstrated that, compared to irinotecan
itself, the co-delivered irinotecan curcumin nanoparticles exhibited
dramatically enhanced lung and gallbladder targeting, improved mac-
rophage-clearance escape and ameliorated colorectal cancer treatment
with an eradication of life-threatening diarrhea, exhibiting great pro-
mise for better targeted chemotherapy and clinical translation. Lastly,
the strategy of structure based design of drug self-delivery systems may
inspire more research and discoveries of similar self-delivered nano
systems for wider pharmaceutical applications.

Fig. 7. <span data-format="italic" > Ex</span> <span data-format="italic" >vivo< /span>distribution of SICN nanoparticles on HT-29 subcutaneous
xenograft nude mice. (a) A schematic diagram of the experimental design of ex vivo biodistribution by using HT-29 tumor-bearing nude mice; Irinotecan hydro-
chloride in water containing 50% of DMSO (b) and SICN in PBS (c) exhibit similar behavior in their normalized fluorescence spectra; Fluorescence based relative
biodistribution of irinotecan hydrochloride (d) and SICN nanoparticles (e) on tissues from mice sacrificed at 10 min post intravenous injection; The relatively average
signal of irinotecan hydrochloride (f) and SICN nanoparticles (g) on excised tissues; (h) Heat map of relatively average signal of irinotecan and SCIN on tissues within
120 min post intravenous injection; (i) Heat map of relatively average signal increase rate of SICN compared to irinotecan within 120 min post intravenous
injection. < br> Tag as simple para:< br>Abbreviation: PBS, Phosphate buffered saline, pH 7.4; SICN, Surfactant stabilised Irinotecan hydrochloride Curcumin
Nanoparticles.
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Abstract

In recent years, a great deal of attention has been paid to the combined use of multiple antitumor
drugs for better cancer treatment. The aims of the study are to construct a nanoparticle drug
delivery system for the co-delivery of irinotecan hydrochloride and curcumin and to develop an
analytical method for simultaneously quantifying these molecules, which is essential for further
studies of the co-delivered nano system. The irinotecan hydrochloride and curcumin co-delivered
nanoparticle (ICN) were prepared by combinatorially entrapping them into polyethylene glycol–
poly lactic acid-co-glycolic acid (PEG–PLGA) polymeric nanoparticles. A simple, sensitive and rapid
high-performance liquid chromatography method was developed and validated to simultaneously
quantify the compounds in the co-delivered nanoparticle system. Acetonitrile and ultrapure water
containing sodium dodecyl sulfate (0.08 mol/L), disodium phosphate (Na2HPO4, 0.002 mol/L) and
acetic acid (4%, v/v) wereused as the mobile phase and their ratio was set at 50:50. The flowrate was
set to 1.0 mL/min, and the temperature in the column oven was maintained at 40◦C. The analysis
was carried out at 256 and 424 nm to assess irinotecan hydrochloride and curcumin, respectively.
Detectors with only one channel can also visualize both analytes in one chromatogram at 379 nm
and still demonstrate acceptable sensitivity. The retention times for irinotecan hydrochloride and
curium were 3.317 and 5.560 min, respectively. The method developed was confirmed to be
sensitive, accurate (recovery, 100 ± 2%), precise (relative standard deviation, RSD ≤ 1%), robust
and linear (R2 ≥ 0.9996) in the range from 2.05 to 1050 µg/mL. The presented method has been used
to quantify irinotecan hydrochloride and curcumin in the co-delivered ICN nano system to assess
the drug delivery quality of the nanoparticles and can also be used for routine analysis because of
its simplicity and accuracy.

Introduction

Combining multiple antitumor drugs in the treatment of cancer has
been demonstrated as one of the most effective ways to reduce the
side effects of drugs, overcome multiple drug resistance (MDR) and
improve the therapeutic efficacy of the same (1, 2). Many novel

pharmaceutical systems have been designed to simultaneously deliver
a number of active ingredients to achieve synergistic effects in cancer
therapy (3–5).

Irinotecan hydrochloride is a potent inhibitor of topoisomerase I,
which has been utilized to treat various cancers, especially colorec-
tal and lung conditions (6). Irinotecan is prone to interconversion
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Figure 1. Chemical structures of irinotecan and curcuminoids. (A) Irinotecan undergoes pH-dependent hydrolysis to form the pharmacologically inactive
carboxylate form; (B) Three representative components of curcuminoids.

between its carboxylate and lactone forms (Figure 1A), exhibited
through changes in the pH of the molecular environment; notably,
only the closed lactone form is pharmacologically active (7).

Curcuminoids are naturally hydrophobic polyphenols found in
the extract of Curcuma longa, a medicinal plant widely used in Asian
countries (8). As shown in Figure 1B, they contain three main compo-
nents, namely curcumin, demethoxycurcumin and bisdemethoxycur-
cumin. These molecules evince an intrinsic anticancer effect and other
pharmacological properties, such as anti-inflammatory, antioxidant
and antimicrobial qualities (9). But their clinical use has been very
limited due to the extremely low water solubility (10).

When combined with curcuminoids, the anticancer effect of
irinotecan hydrochloride can be heightened by regulating relevant
pathways inside cancer cells (11, 12), or by furthering the apoptosis
of cancer cells (13). Co-delivering irinotecan hydrochloride and
curcuminoids via nanotechnologies could represent a good strategy
to overcome the drawbacks of the two molecular species as well
as to achieve an enhanced cancer treatment. The authors, however,
are unaware of any studies in the literature on the co-delivery and
simultaneous determination of these compounds despite that many
separate nano systems (14, 15) and analytical methods for both
molecular species (16–18) have been reported.

The present study prepares a nanoparticle drug delivery system
for the co-delivery of irinotecan hydrochloride and curcuminoids
and provides a high-performance liquid chromatography (HPLC)
method for simultaneously separating and analyzing these molecules.
Chromatographic conditions are optimized to separate and quantify
the compounds by adjusting the composition of the mobile phase and
selecting UV-Vis wavelengths suitable for detection. The analysis was
carried out at 256 and 424 nm to assess irinotecan hydrochloride
and curcumin, respectively. Detectors with only one channel can also
visualize both analytes in one chromatogram at 379 nm and still
demonstrate acceptable sensitivity. The method has proven to be
sensitive, accurate (recovery, 100 ± 2%), precise (relative standard
deviation, RSD ≤ 1%), robust and linear (R2 ≥ 0.9996) in the range
from 2.0 to 1050 µg/mL. The presented method has been used to
quantify irinotecan hydrochloride and curcumin in the co-delivered
irinotecan hydrochloride and curcumin co-delivered nanoparticle
(ICN) nano system to assess the drug delivery quality of the nanopar-
ticles and can also be used for routine analysis with related analytes.

Materials and Methods

Materials and instrumentation
Curcumin (curcuminoid content ≥94%, curcumin ≥80%), irinote-
can hydrochloride (≥ 98% HPLC, powder), acetonitrile (ACN,
HPLC grade), methanol (MeOH, HPLC grade), dimethyl sulfoxide
(DMSO, HPLC grade), acetic acid (HPLC grade), hydrochlo-
ride, sodium dodecyl sulfate (SDS, ≥ 98% GC, powder) and
polyethylene glycol–poly lactic acid-co-glycolic acid (PEGMn 2000–
PLGAMn 4500,) were purchased from Sigma-Aldrich (Czech Repub-
lic) and utilized as received. Disodium phosphate (DSP, Na2HPO4)
was provided by PENTA s.r.o. (Czech Republic). Ultrapure water was
prepared in laboratory using a Milli-Q integral water purification
system. Spectroscopic analyses were performed on a DIONEX
UltiMate 3000 HPLC system, equipped with an LPG-3400SD
Standard Quaternary Pump and a DAD-3000 Diode Array Detector
(DAD).

Nanoparticle preparation
The ICN were prepared via an antisolvent method using PEG–PLGA
as drug carriers. Briefly, curcumin (1.0 mg), irinotecan hydrochloride
(1.0 mg) and PLGA-PEG (10 mg) were dissolved in DMSO (1.0 mL),
which was then added dropwise into ultrapure water (10 mL) under
stirring (400 RPM, 10 min). Nanoparticle water suspension was
obtained after removing organic solvent by dialysis against ultrapure
water (Molecular Weight Cut-Off of dialysis membrane, 3000).
The hydrodynamic sizes and surface charges of nanoparticles were
recorded by dynamic light scattering (DLS).

Assessment of drug delivery quality
To assess the drug delivery quality of this nanoparticle co-delivery
system, ICN nanoparticle suspensions with or without centrifugation
(10,000 RPM, 10 min) were diluted with ACN before being injected
into HPLC to determine any difference in drug content prior to
and following centrifugation. The drug-loading capacity (DL %),
drug entrapment efficiency (EE %) and drug molar ratio (DR) were
calculated according to the following equations:

DL (%, irinotecan hydrochloride) = (I1 or 2)/(I0 + P0) ×100%
(1).
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Figure 2. The optimization of chromatographic conditions. (A) Curcuminoids were eluted with acetonitrile and water (containing 4% acetic acid). Three
curcuminoids can be well separated by decreasing the amount of acetonitrile from 70 to 50%; (B) Adding salts (sodium phosphate and sodium dodecyl sulfate)
overcomes the peak tailing of irinotecan and does not affect the elution of curcuminoids; (C) 3D UV-Vis absorption of irinotecan and curcuminoids; (D) Overlap
of UV-Vis absorption of irinotecan and curcumin.

DL (%, curcumin) = (C1 or 2)/(C0 + P0) × 100% (2).
EE (%, irinotecan hydrochloride) = I1 or 2/I0 × 100% (3).
EE (%, curcumin) = C1 or 2/C0 × 100% (4).
DR = molar amount of C2/molar amount of I2 (5).
Above, DL represents the drug-loading capacity, EE represents

the drug entrapment efficiency and DR means drug molar ratio.
C stands for the weight of curcumin, I represents the weight of
irinotecan hydrochloride and P represents the weight of polymer
PEG–PLGA. The right subscript 0 represents the amount of relevant
drug molecule initially added; the right subscripts 1 and 2 represent
the amount of relevant drug molecule before and after centrifugation,
respectively.

Preparation of stock solution
Curcumin stock solution (1.05 mg/mL) was prepared by accurately
weighing 10.5 mg of curcumin and dissolving it into 10 mL of ACN.
Irinotecan hydrochloride stock solution (1.05 mg/mL) was prepared
by weighing 10.5 mg of irinotecan hydrochloride and dissolving it
into 10 mL of ACN. Additionally, to prepare a combined stock solu-
tion containing both curcumin and irinotecan hydrochloride,10.5 mg
of curcumin and 10.5 mg of irinotecan hydrochloride were accurately
weighed and dissolved into 10 mL of ACN. All the prepared stock
solutions were stored at 4◦C in darkness for further use.

Development of analytical method
Chromatographic separation was carried out on a C18 column
(Kinetex 2.6 µ C18 100A, 150 mm × 4.6 mm) fitted with a pre-
column (WATREX 50 mm × 4 mm, ReproSil 100 C18, 5 µm). ACN
and ultrapure water containing DSP (0.002 mol/L), SDS (0.08 mol/L)
or acetic acid (4%, v/v) were used as the mobile phase. The flow
rate was set to 1.0 mL/min, and the temperature in the column
oven was maintained at 40◦C. The volume injected for all injections
equaled 0.5 µL. The UV-Vis absorption of curcumin or irinotecan
hydrochloride was determined by HPLC, on the aforementioned
system equipped with a DAD detector.

Validation of analytical method
Validation of the method was carried out according to current
guidelines issued by the International Conference on Harmonization
(ICH), ref. Q2 (R1) (ICH, 2017) (19).

Specificity. Blank ACN, standard curcumin solution, standard
irinotecan hydrochloride solution, mixed irinotecan hydrochloride
curcumin solution and ICN nanoparticles diluted with ACN were
injected into HPLC so as to determine the specificity of the analytical
method.
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Figure 3. Specificity for detecting irinotecan and/or curcuminoids in different forms under various wavelengths. (A) Specificity for detecting irinotecan at 256 nm;
(B) Specificity for detecting curcuminoids at 424 nm; (C) Specificity for detecting both irinotecan and curcuminoids at 379 nm.

Linearity and range. Serial dilutions were prepared of a mixture of
curcumin and irinotecan hydrochloride in ACN at concentrations
ranging from 2.05 µg/mL to 1.05 mg/mL. The calibration curve was
plotted in triplicate, displaying peak area versus concentration. Anal-
ysis of least square regression was conducted on the data obtained
and analysis of variance (ANOVA) test (α = 0.05) was used to assess
the regression significance.

Sensitivity. The sensitivity of the analysis method was observed with
respect to the limit of detection (LOD) and limit of quantitation
(LOQ). The LOQ was determined as the first concentration of
calibration curves. The LOD was estimated based on the standard
deviation (σ ) of y-intercepts and the slopes (s) of the regression lines.
The equations are represented below:

LOD = 3.3 σ /s (6).

Accuracy. To evaluate the accuracy of the method, a recovery experi-
ment was performed. Three different levels (30, 200 and 500 µg/mL)
of curcumin and irinotecan hydrochloride were added to the matrix
samples: ACN and nanoparticle ACN solution. Their responses
were estimated from the relevant calibration curve. Accuracy was
determined by recovery with a relative error based upon actual and
estimated concentrations.

Precision. Repeatability was analyzed by injecting three different lev-
els (30, 200 and 500 µg/mL) of curcumin and irinotecan hydrochlo-
ride solution into the HPLC system in three replicates within a single
day. Intermediate precision was also determined by analyzing the
same three concentrations of curcumin and irinotecan hydrochloride
solutions on 2 days in five replicates. RSD (%) with a confidence
interval pertaining to the estimated concentrations was calculated for
each set of data according to the calibration curve.

Robustness. The robustness of the proposed method was determined
by changing a chromatographic condition, such as the mobile phase
ratio (±0.5%), flow rate (±0.1 mL/min) and column temperature
(±3◦C). Figures for mean recovery (±% confidence interval) as well
as relative error were reported.

Results

Development of analytical method
Selection of solvents
Curcuminoids eluted with ACN and water containing 4% acetic acid
are shown in Figure 2A. The detective wavelength of curcuminoids

used during solvent selection was set at 420 nm according to the
literature report (20). When the ratio of ACN in the mobile phase
decreases from 70 to 50%, three curcuminoids can be well separated
and the retention time for bisdemethoxycurcumin, demethoxycur-
cumin and curcumin were 4.790, 5.100 and 5.560 min, respectively.
Besides, the resolutions of two adjacent peaks stand at 2.30 and
2.41, respectively. In addition, the asymmetry factor of 1.00 ± 0.10
demonstrates good symmetry of the chromatographic peaks.

Irinotecan hydrochloride was also eluted with the same mobile
phase and detected at 250 nm (21). However, as shown in Figure 2B,
a tailing peak with an asymmetric factor of 2.01 is observed. Adding
DSP (0.002 mol/L) and SDS (0.08 mol/L) into water increases the
retention time of irinotecan hydrochloride from 2.187 to 3.317 min,
and the asymmetric factor decreases to an acceptable value of 1.16
(22). The addition of DSP and SDS in the mobile phase keeps
irinotecan hydrochloride in its neutral form and gets rid of the peak
tailing. Besides, adding salts does not affect the elution of curcum-
inoids, hence the mobile phase comprising 50% ACN and 50%
water containing DSP (0.002 mol/L), SDS (0.08 mol/L) and acetic
acid (4%, v/v) was chosen as the mobile phase for the simultaneous
separation and quantification of irinotecan hydrochloride and three
curcuminoids.

Selection of wavelength. Figure 2C shows 3D UV-Vis absorbance
profile of irinotecan hydrochloride and curcuminoids, within which
the representative chromatographic peaks are well separated from
each other. In order to obtain far more sensitivity and a high degree
of precision, the maximum UV-Vis absorption at 256 and 424 nm
(Figure 2D) were chosen to detect irinotecan hydrochloride and
curcumin, respectively. Since overlap exists in the UV-Vis absorption
spectra of irinotecan hydrochloride and curcumin, 379 nm was
selected for detecting both irinotecan hydrochloride and curcumin
in one chromatogram concurrently.

Validation of analytical method
System suitability test. An assay was performed in duplicate six times,
the detection wavelength having been set to 379 nm. The statistical
results of the suitability study for the given system are displayed in
Table I.

Specificity. The chromatograms of the blank solution, irinotecan
hydrochloride, curcumin and the mixture at 256, 424 and 379 nm
are given in Figures 3A, B and C, respectively. Within these, each
compound is verified as not interfering with one another.
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Table I. System Suitability Results (379 nm, n = 6)

Parameters Acceptable criterion Irinotecan Bisdemethoxycucumin Demethoxycucumin Curcumin

Retention time (min) N.A. 3.317 ± 0.001 4.795 ± 0.002 5.100 ± 0.001 5.560 ± 0.001
Precision of retention time RSD (%) ≤ 1% 0.03 0.00 0.02 0.02
Precision of peak area RSD (%) ≤ 2% 0.63 0.62 0.96 0.68
Asymmetry factor (European
pharmacopoeia)

0.95–1.05 1.02 ± 0.01 1.03 ± 0.01 1.03 ± 0.01 1.01 ± 0.01

Plate number (N) N ≥ 2000 9785 ± 67 11943 ± 102 11673 ± 83 12197 ± 67
Resolution (European
pharmacopoeia)

≥ 2.0 9.12 2.33 2.35 N.A.

Linearity and range. The assay for each standard was performed
in duplicate three times and the representative chromatograms of
irinotecan hydrochloride and curcuminoids detected at different
wavelengths are shown in Figure 4. The linearity of the detector
response for the standards was analyzed by least-square regression
method and the regression equations for the calibration curves are
displayed below:

For irinotecan hydrochloride detected at 256 nm:
Y = 0.02061 ∗ X + 0.1129, R2 = 0.9997 and F = 24238.
For curcumin detected at 424 nm:
Y = 0.03954 ∗ X + 0.007464, R2 = 0.9996 and F = 18881
For irinotecan detected at 379 nm:
Y = 0.01275 ∗ X + 0.08087, R2 = 0.9997 and F = 21810
For curcumin detected at 379 nm:
Y = 0.01619 ∗ X + 0.01796, R2 = 0.9996 and F = 19268
The results showed that the squares of the linear correlation coef-

ficients (R2) were above 0.999, indicating the good linearity of the cal-
ibration curves. ANOVA of regression showed that obtained F values
(Fobtained) are far superior to the critical value (Fcritical = 5.5914)
(Fcritical < < Fobtained), which demonstrates that the linear regres-
sion is significant and the method is linear over the whole tested
concentration range (23). The validity of the assay was verified by
means of ANOVA, which showed that there is linear regression with
no deviation from linearity (P < 0.001) and can be used for the
quantification of irinotecan hydrochloride and curcumin in the tested
range.

In addition, the regression coefficients of equations at 256 and
424 nm, representing the rate of change of one variable (Y) as a
function of change in the other (X), are larger than those at 379 nm,
demonstrating the greater sensitivity of signal response when altering
the concentration of the analytes.

Sensitivity. The calculated method LODs for irinotecan hydrochlo-
ride at 256 nm and curcumin at 424 nm equal 2.12 and 4.94 ng/mL,
respectively, hence are lower than those at 379 nm (6.26 ng/mL for
irinotecan hydrochloride and 8.71 ng/mL for curcumin), indicating
higher sensitivity. The LOQ value was taken as the lowest concen-
tration of calibration curves that could be quantitatively measured,
namely 2.05 µg/mL.

Accuracy. Table II details results on the accuracy of the analytical
method. The overall recovery (%) determined by multiple analysis
is within 101.07 ± 0.54, and the RSD values for the experimental
data are less than 1%.

Precision. The precision of this analytical method describes the
degree of accord between a series of data from an identical sample

(24). Such precision has been evaluated at three different levels, and
the results of inter- and intra-day precision are expressed as RSD
(in percent) of a statistically monumental number of experimental
samples, as shown in Tables III and IV, respectively.

The values of RSD for validation of precision were found to be less
than 1%, which demonstrates good agreement between the experi-
mental data obtained from multiple analysis of the same sample.

Robustness. Table V details results for robustness under differing
chromatographic conditions. The variations in column temperature,
flow rate and mobile phase ratio within given limits that were
exhibited engendered mean recoveries (%) ranging between 98.0 and
102.0, while the maximum RSD (%) equaled 1.50, indicating it to be
a sufficiently robust method.

Application of analytical method
As shown in Figure 5, the average hydrodynamic size of ICN
nanoparticles in water is 210.7 ± 0.9074 nm, with a polydispersity
index (PDI) of 0.206 ± 0.013; hence sufficient to instigate enhanced
permeability and retention (EPR) for the treatment of solid cancers.
The surface Zeta Potential of ICN nanoparticles in water suspension
stood at −24.19 ± 0.954 mV, indicating good stability under normal
conditions.

Regarding HPLC analysis, as shown in Figure 3, no unexpected
peaks or variations in the chromatograms were found, this being
an analytical method considered specific to and practicable for
simultaneously quantifying both curcumin and irinotecan hydrochlo-
ride in the given ICN nanoparticle water suspensions. Variations
in drug content in the nanoparticles preceding and subsequent to
centrifugation are presented as DL (%) and EE (%), as displayed
in Figure 5. DL reflects the amount of drug delivered per amount
encapsulated and EE is the percentage of drug that is successfully
entrapped into the nanoparticles. No significant differences were
discerned between either group, indicating that the prepared ICN
nanoparticles were uniformly distributed and suspended in water and
that the irinotecan hydrochloride and curcumin molecules are not
adsorbed on the nanoparticle surface. The loss of drugs should be
because of the operation during preparation and harvest.

Discussion

In the present study, a drug co-delivery polymeric nanoparticle sys-
tem based on irinotecan hydrochloride and curcumin was con-
structed. Their drug loading and entrapment quality was assessed
based on the established HPLC method. Optimization of HPLC
conditions was performed by adjusting the mobile phase and selecting



6 Xiao and Sedlařík
Ta

b
le

II.
A

cc
u

ra
cy

o
f

th
e

A
n

al
yt

ic
al

M
et

h
o

d

Sp
ik

e
le

ve
l

(µ
g/

m
L

)
M

ea
su

re
d

co
nc

en
tr

at
io

n
(µ

g/
m

L
)

fr
om

A
C

N
so

lu
ti

on
M

ea
su

re
d

co
nc

en
tr

at
io

n
(µ

g/
m

L
)

fr
om

N
an

op
ar

ti
cl

e
A

C
N

so
lu

ti
on

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

30
.0

0
30

.1
8

30
.9

7
30

.1
6

30
.2

2
30

.4
8

30
.4

7
30

.2
6

30
.2

2
30

.1
1

30
.7

5
30

.5
1

30
.7

1
30

.4
1

30
.3

5
30

.4
1

30
.3

1
30

.1
9

30
.7

2
30

.3
9

30
.4

4
30

.5
9

30
.5

2
30

.6
9

30
.5

4
R

SD
(%

)
0.

14
0.

64
0.

59
0.

81
0.

30
0.

29
0.

72
0.

54
R

ec
ov

er
y

(%
)

10
0.

53
±

0.
15

10
1.

82
±

0.
62

10
1.

18
±

0.
59

10
1.

52
±

0.
82

10
1.

64
±

0.
30

10
1.

49
±

0.
29

10
1.

51
±

0.
73

10
1.

19
±

0.
55

20
0.

00
20

0.
35

20
2.

79
20

3.
52

20
4.

19
20

1.
37

20
3.

31
20

5.
52

20
4.

19
20

1.
53

20
2.

54
20

3.
98

20
3.

53
20

2.
4

20
4.

35
20

3.
98

20
3.

53
19

9.
86

20
0.

42
20

1.
52

20
1.

23
20

3.
66

20
1.

72
20

2.
52

20
1.

23
R

SD
(%

)
0.

43
0.

64
0.

64
0.

77
0.

57
0.

65
0.

74
0.

77
R

ec
ov

er
y

(%
)

10
0.

29
±

0.
43

10
0.

96
±

0.
65

10
1.

50
±

0.
65

10
1.

49
±

0.
78

10
1.

24
±

0.
57

10
1.

56
±

0.
66

10
2.

00
±

0.
75

10
1.

49
±

0.
78

50
0.

00
50

1.
52

50
2.

18
50

3.
33

50
0.

14
50

2.
42

50
1.

34
50

3.
26

50
1.

74
50

1.
76

50
3.

26
50

5.
88

50
1.

37
50

4.
13

50
3.

42
50

5.
71

50
2.

94
50

2.
49

50
1.

68
50

0.
12

50
3.

34
50

4.
71

50
1.

59
49

9.
95

50
5.

43
R

SD
(%

)
0.

10
0.

16
0.

57
0.

32
0.

24
0.

23
0.

57
0.

37
R

ec
ov

er
y

(%
)

10
0.

38
±

0.
10

10
0.

47
±

0.
16

10
0.

62
±

0.
58

10
0.

32
±

0.
32

10
0.

75
±

0.
24

10
0.

42
±

0.
23

10
0.

59
±

0.
58

10
0.

67
±

0.
38

A
cc

ur
ac

y
ac

ce
pt

an
ce

cr
it

er
ia

,r
ec

ov
er

y
(%

),
10

0
±

2

Ta
b

le
III

.
In

tr
a-

da
y

Pr
ec

is
io

n
o

f
th

e
A

na
ly

ti
ca

lM
et

h
o

d
in

M
at

ri
ce

s
(A

C
N

so
lu

ti
on

an
d

N
an

o
pa

rt
ic

le
so

lu
ti

o
n

)

Sp
ik

e
le

ve
l(

µg
/m

L)
M

ea
su

re
d

co
nc

en
tr

at
io

n
(µ

g/
m

L
)

fr
om

A
C

N
so

lu
ti

on
M

ea
su

re
d

co
nc

en
tr

at
io

n
(µ

g/
m

L
)

fr
om

N
an

op
ar

ti
cl

e
A

C
N

so
lu

ti
on

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

30
.0

0
30

.1
6
±

0.
04

30
.8

1
±

0.
14

30
.3

5
±

0.
18

30
.4

6
±

0.
25

30
.4

9
±

0.
09

30
.4

5
±

0.
09

30
.4

5
±

0.
22

30
.3

6
±

0.
17

R
SD

(%
)

a
0.

14
0.

61
0.

59
0.

81
0.

30
0.

29
0.

72
0.

54
R

ec
ov

er
y

(%
)

10
0.

53
±

0.
15

10
1.

82
±

0.
62

10
1.

18
±

0.
59

10
1.

52
±

0.
82

10
1.

64
±

0.
30

10
1.

49
±

0.
29

10
1.

51
±

0.
73

10
1.

19
±

0.
55

20
0.

00
20

0.
58
±

0.
86

20
1.

92
±

1.
30

20
3.

01
±

1.
31

20
2.

98
±

1.
55

20
2.

48
±

1.
15

20
3.

13
±

1.
32

20
4.

01
±

1.
50

20
2.

98
±

1.
55

R
SD

(%
)

a
0.

43
0.

64
0.

64
0.

77
0.

57
0.

65
0.

74
0.

77
R

ec
ov

er
y

(%
)

10
0.

29
±

0.
43

10
0.

96
±

0.
65

10
1.

50
±

0.
65

10
1.

49
±

0.
78

10
1.

24
±

0.
57

10
1.

56
±

0.
66

10
2.

00
±

0.
75

10
1.

49
±

0.
78

50
0.

00
50

1.
92
±

0.
51

50
2.

37
±

0.
81

50
3.

11
±

2.
89

50
1.

62
±

1.
61

50
3.

75
±

1.
19

50
2.

12
±

1.
14

50
2.

97
±

2.
89

50
3.

37
±

1.
88

R
SD

(%
)

a
0.

10
0.

16
0.

57
0.

32
0.

24
0.

23
0.

57
0.

37
R

ec
ov

er
y

(%
)

10
0.

38
±

0.
10

10
0.

47
±

0.
16

10
0.

62
±

0.
58

10
0.

32
±

0.
32

10
0.

75
±

0.
24

10
0.

42
±

0.
23

10
0.

59
±

0.
58

10
0.

67
±

0.
38

a
T

ri
pl

ic
at

e
fo

r
ea

ch
in

je
ct

io
n;

pr
ec

is
io

n
ac

ce
pt

an
ce

cr
it

er
ia

,R
SD

le
ss

th
an

1%
w

it
hi

n
ea

ch
le

ve
l.



HPLC Method 7

Ta
b

le
IV

.
In

te
r-

d
ay

Pr
ec

is
io

n
o

f
th

e
A

n
al

yt
ic

al
M

et
h

o
d

in
M

at
ri

ce
s

(A
C

N
so

lu
ti

o
n

an
d

N
an

o
p

ar
ti

cl
e

so
lu

ti
on

)

Sp
ik

e
le

ve
l

(µ
g/

m
L

)
M

ea
su

re
d

co
nc

en
tr

at
io

n
(µ

g/
m

L
)

fr
om

A
C

N
so

lu
ti

on
M

ea
su

re
d

co
nc

en
tr

at
io

n
(µ

g/
m

L
)f

ro
m

N
an

op
ar

ti
cl

e
A

C
N

so
lu

ti
on

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

30
.0

0
30

.2
6
±

0.
04

30
.2

1
±

0.
14

30
.3

5
±

0.
18

30
.2

5
±

0.
25

30
.1

9
±

0.
09

30
.2

5
±

0.
09

30
.0

5
±

0.
22

30
.2

6
±

0.
17

R
SD

(%
)

a
0.

15
0.

45
0.

58
0.

62
0.

30
0.

29
0.

72
0.

54
R

ec
ov

er
y

(%
)

10
0.

87
±

0.
15

10
0.

70
±

0.
46

10
1.

17
±

0.
57

10
0.

83
±

0.
60

10
0.

63
±

0.
31

10
0.

83
±

0.
30

10
0.

17
±

0.
72

10
0.

87
±

0.
55

P
b

va
lu

e
0.

54
71

0.
39

26
0.

29
37

0.
25

78
0.

25
98

0.
36

58
0.

54
78

0.
58

91
20

0.
00

20
0.

28
±

0.
85

20
1.

72
±

1.
35

20
2.

84
±

2.
42

20
3.

98
±

1.
54

20
3.

45
±

1.
15

20
2.

76
±

1.
19

20
2.

34
±

2.
45

20
3.

47
±

3.
27

R
SD

(%
)

a
0.

42
0.

63
1.

20
0.

79
0.

57
0.

58
0.

72
0.

58
R

ec
ov

er
y

(%
)

10
0.

14
±

0.
43

10
0.

86
±

0.
65

10
1.

42
±

1.
23

10
1.

99
±

0.
78

10
1.

73
±

0.
57

10
1.

38
±

0.
61

10
1.

17
±

1.
24

10
1.

74
±

1.
62

P
b

va
lu

e
0.

36
51

0.
35

45
0.

56
42

0.
42

01
0.

35
64

0.
64

12
0.

35
74

0.
25

65
50

0.
00

50
4.

72
±

0.
50

50
3.

57
±

0.
80

50
5.

51
±

2.
90

50
3.

52
±

1.
63

50
4.

35
±

1.
19

50
4.

27
±

1.
19

50
1.

57
±

2.
80

50
5.

57
±

1.
89

R
SD

(%
)

a
0.

12
0.

15
0.

54
0.

36
0.

24
0.

23
0.

57
0.

38
R

ec
ov

er
y

(%
)

10
0.

94
±

0.
12

10
0.

71
±

0.
15

10
1.

10
±

0.
58

10
0.

70
±

0.
36

10
0.

87
±

0.
25

10
0.

85
±

0.
24

10
0.

31
±

0.
59

10
1.

11
±

0.
38

P
b

va
lu

e
0.

14
71

0.
21

45
0.

23
45

0.
26

34
0.

25
47

0.
19

50
0.

23
14

0.
24

56

Pr
ec

is
io

n
ac

ce
pt

an
ce

cr
ite

ri
a,

R
SD

le
ss

th
an

1%
w

it
hi

n
ea

ch
le

ve
l.

a
T

ri
pl

ic
at

e
in

tw
o

di
ff

er
en

t
da

ys
.b

St
ud

en
t’

s
t-

te
st

w
it

h
si

gn
if

ic
an

ce
le

ve
lo

f
95

%
fo

r
2

da
ys

.

Ta
b

le
V.

R
o

b
u

st
n

es
s

R
es

u
lt

s
u

n
d

er
D

iff
er

en
t

C
h

ro
m

at
o

g
ra

p
h

ic
C

o
n

d
it

io
n

s

Pa
ra

m
et

er
M

od
if

ic
at

io
n

M
ea

n
re

co
ve

ry
(T

ri
pl

ic
at

e
fo

r
ea

ch
in

je
ct

io
n)

Ir
in

ot
ec

an
(2

56
nm

)
C

ur
cu

m
in

(4
24

nm
)

Ir
in

ot
ec

an
(3

79
nm

)
C

ur
cu

m
in

(3
79

nm
)

C
ol

um
n

te
m

pe
ra

tu
re

37
◦ C

99
.5

5
±

1.
33

98
.5

4
±

1.
12

99
.3

2
±

1.
45

98
.3

1
±

1.
71

40
◦ C

99
.7

6
±

0.
73

10
1.

01
±

0.
53

10
1.

54
±

0.
73

10
0.

43
±

0.
63

43
◦ C

99
.2

6
±

0.
33

99
.0

1
±

0.
53

99
.5

4
±

0.
73

10
1.

20
±

0.
63

R
SD

(%
)

0.
25

1.
32

1.
22

1.
50

Fl
ow

ra
te

0.
9

m
L

/m
in

99
.4

7
±

0.
43

99
.9

1
±

0.
67

99
.8

4
±

0.
79

10
1.

20
±

0.
13

1.
0

m
L

/m
in

99
.7

6
±

0.
73

10
1.

01
±

0.
53

10
1.

54
±

0.
73

10
0.

43
±

0.
63

1.
1

m
L

/m
in

99
.8

6
±

0.
95

99
.5

1
±

0.
43

99
.5

8
±

0.
53

99
.2

0
±

0.
93

R
SD

(%
)

0.
20

0.
78

1.
06

1.
01

M
ob

ile
ph

as
e

ra
ti

o
50

.5
:4

9.
5

98
.8

6
±

0.
75

10
0.

51
±

0.
63

10
1.

58
±

0.
93

99
.8

1
±

0.
43

50
:5

0
99

.7
6
±

0.
73

10
1.

01
±

0.
53

10
1.

54
±

0.
73

10
0.

43
±

0.
63

49
.5

:5
0.

5
99

.3
6
±

0.
95

98
.5

1
±

0.
43

99
.7

8
±

0.
83

99
.2

0
±

0.
74

R
SD

(%
)

0.
45

1.
32

1.
02

0.
62



8 Xiao and Sedlařík

Figure 4. Chromatogram at 256 nm for detection of irinotecan (A) with different concentrations (B); Chromatogram at 424 nm for detection of curcuminoids (C)
with different concentrations (D); Chromatogram at 379 nm for detection of both irinotecan and curcuminoids (E) with different concentrations (F); Regressed
calibration curve at 256 nm (G), 424 nm (H) and 379 nm (I).

the detective wavelengths. Acetonitrile and ultrapure water con-
taining sodium dodecyl sulfate (0.08 mol/L), disodium phosphate
(Na2HPO4, 0.002 mol/L) and acetic acid (4%, v/v) were used as
the mobile phase and their ratio was set at 50:50. DSP and SDS
were used in the mobile phase to keep irinotecan hydrochloride in
its neutral form and get rid of the peak tailing. The analysis can
be carried out to simultaneously quantify irinotecan hydrochloride
and curcumin at two different detective wavelengths, namely 256
and 424 nm. Detectors with only one channel can also visualize
both analytes in one chromatogram at 379 nm and still demonstrate
acceptable sensitivity. The method developed was validated to be
sensitive, accurate (recovery, 100± 2%), precise (RSD ≤ 1%), robust
and linear (R2 ≥ 0.9996) in the tested range.

The molar ratio of curcumin to irinotecan hydrochloride in the
co-delivered nanoparticles was approximately 2:1, indicating more
hydrophobic curcumin molecules entrapped inside the nanoparticles
than amphiphilic irinotecan hydrochloride. The authors surmise that
during formation of the nanoparticles the extremely hydrophobic
curcumin molecules aggregate together with the hydrophobic part of
PLGA–PEG polymer, forming hard inner cores, and the hydrophobic
portion of the irinotecan molecules are embedded inside the inner
cores; this is due to hydrophobic interactions between the molecules
themselves. The water-soluble part of PLGA–PEG and hydrophilic
piperidine rings of irinotecan (25) stretch out and decrease the contact

area between the nanoparticles, thereby boosting the stability of the
nanoparticles owing to steric repulsion. During the formation of
nanoparticles, the functions of curcumin and irinotecan hydrochlo-
ride differ. The hydrophobic curcumin molecules form an inner core
with the hydrophobic part of PLGA–PEG. Meanwhile, the entire
amphiphilic irinotecan hydrochloride molecule serves as a surfactant
and heightens particle stability (26, 27).

Based on the current assessment of the drug loading and entrap-
ment quality of this co-delivered nanoparticle system, further work
such as the in vitro and in vivo therapeutic efficacy of both molecules
will be carried out on relevant cancer models.

Conclusions

In this research,development has focused on innovative pharmaceuti-
cal systems for co-delivering irinotecan hydrochloride and curcumin,
giving rise to the simple, sensitive and rapid analytical method
described herein with itsbasis on HPLC. The analyticalmethod devel-
oped was confirmed to be sensitive, accurate (recovery, 100 ± 2%),
precise (RSD ≤ 1%), robust and linear (R2 ≥ 0.9996) in the range
from 2.0 to 1050 µg/mL, which has been used for the simultaneous
quantification of irinotecan hydrochloride and curcumin in the co-
delivered pharmaceutical systems to assess their drug delivery quality
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Figure 5. Typical hydrodynamic size (A) and zeta potential (B) of irinotecan and curcuminoids co-delivered nanoparticles. The drug-loading capacity and drug
entrapment efficiency prior to and following centrifugation process (C).
Abbreviation: DL (I, %), drug-loading capacity of irinotecan; DL (C, %), drug- loading capacity of curcumin; EE (I, %), drug Entrapment Efficiency of irinotecan;
EE (C, %), drug Entrapment Efficiency of curcumin.

and can also be used for routine analysis with related analytes because
of its simplicity and accuracy.
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