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Abstract: The design and development of nanomaterials capable of penetrate cancer cells is 

fundamental when anticancer therapy is involved. The use of collagenase (Col) is useful since this 

enzyme can degrade collagen, mainly present in the tumor extracellular matrix. However, its use is 

often limited since collagenase suffers from inactivation and short half-life. Use of recombinant 

ultrapure collagenase or carrier systems for their delivery are among the strategies adopted to increase 

the enzyme stability. Herein, based on the more stability showed by recombinant enzymes and the 

possibility to use them in anticancer therapy, we propose a novel strategy to further increase their 

stability by using halloysite nanotubes (HNTs) as carrier. ColG and ColH were supramolecularly 

loaded onto HNTs and used as fillers for Veegum gels. The systems could be used for potential local 

administration of collagenases for solid tumor treatment. All techniques adopted for characterization 

showed that halloysite interacts with collagenases in different ways depending with the Col 

considered. Furthermore, the hydrogels showed a very slow release of the collagenases within 24 h. 

Finally, biological assays were performed by studying the digestion of a type-I collagen matrix 

highlighting that once released the Col still possessed some activity. Thus we developed carrier 

systems that could further increase the high recombinant collagenases stability, preventing their 

inactivation in future in vivo applications for potential local tumor treatment. 
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1. Introduction 



Nanomaterials have become a powerful weapon in the fight against cancer because of their passive 

accumulation within solid tumors (the EPR effect). However, despite their small size (1-100 nm), 

nanomaterials cannot efficiently reach tumor sites through the EPR effect,[1] since the presence of 

tumor extracellular matrix (ECM) which is denser than healthy tissues and has higher collagen 

content, hinders the nanomaterial penetration into cancer cells, limiting the therapeutic efficacy. Over 

the years, different strategies have been adopted to overcome these limitations, and some of them 

foresee the possibility of using collagenases (Col), specific enzymes that, once activated by natural 

cofactors such as Ca2+ and Zn2+, can degrade the collagen fibers. In addition, several studies have 

shown that in situ administration of collagenase breaks down ECM collagen barriers, increasing the 

drug penetration in ECM accumulated tissue.[2, 3] However, these enzymes, by extractive 

procedures, suffer from a short half-life and inactivation, due to proteolytic contaminants, which limit 

their in vivo applications. To avoid these, different strategies were adopted. One foresees the 

possibility to obtain more stable collagenases, another the use of carrier systems which protect the 

enzyme, preserving their activity for longer times and, ensuring accumulation in the tumor tissue.[4]  

Few examples deal with the synthesis of collagenases with increased stability. In this context, Ghersi 

et al. have developed a protocol to synthetize ultrapure collagenases by DNA recombination 

techniques,[5] which showed an improved enzyme stability compared to the ones extracted by 

Clostridium hystoliticum.[6] Indeed, both recombinant Class I (ColG) and Class II (ColH) 

collagenases showed improved stability in solution for at least 18 days which depends to their intrinsic 

activity on collagen.[7, 8] 

As far as the delivery of Col is concerned, Schroeder et al. reported the synthesis of a collagozome, 

namely collagenase loaded into liposomes for the treatment of pancreatic tumor. The authors 

demonstrated that the delivery of the enzyme with liposomes enhances the therapeutic efficacy by 

protecting collagenase from deactivation, modulating its release profile inside the tumor, favoring 

drug uptake.[9] Acetalated dextran were used to deliver collagenases through tumor tissue. By means 

of this system, the authors achieved high Col loading efficiency, preservation of the enzymatic activity 

and controlled release in a mildly acidic microenvironment.[10] Pegylated gold nanoparticles were 

decorated with Col allowing their accumulation in tumor tissue 35-fold higher than pristine ones.[11] 

Clay minerals, because of their high biocompatibility, high availability, and low cost, represent 

emerging materials for application in biomedical field.[12, 13] In the last years, there has been an 

increasing interest in the utilization of clay minerals not only as excipients in pharmacological 

formulations but also as active ingredients for the delivery of different drugs.[14-16] In this context, 

halloysite, a clay mineral with a typical hollow tubular structure, holds several advantages for 

biomedical applications.[17] 



Halloysite, with a general formula of Al2Si2O5(OH)4·n(H2O), is an aluminosilicate clay mainly found 

in the form of nanotubes (due to this, it is also known as halloysite nanotubes, HNTs), constituted by 

10-15 rolled sheets where siloxane groups are located at the external surface, whereas aluminol 

groups are present in the lumen. Due to this peculiar structure and chemical composition, the tubes 

undergo ionization in aqueous media, conferring on the clay a negatively charged external surface 

and a positively charged inner one in a wide pH range.[18] 

The different surface charges and the presence of an empty lumen mean that several molecules can 

be loaded onto HNTs by exploiting supramolecular interactions such as electrostatic attraction 

interactions, hydrophobic effects, or hydrogen bonding interactions.[19-22] By this approach, several 

anticancer drugs, antioxidant molecules, and so on have been loaded, and the biological effects of the 

resulting nanomaterials have been evaluated by in vitro and in vivo assays.[23-27] For example, by 

exploiting the different charged surface of HNTs, proteins or enzymes were selectively immobilized 

at the external surface or loaded into the lumen by working in pH ranges above or below their 

isoelectric points.[28, 29] 

The use of HNTs as filler for hydrogel matrices, led to the synthesis of nanocomposite gels with 

improved rheological properties for the in-situ administration of active species. With this approach, 

it was possible to obtain slow-release systems for therapeutic applications.[30-35] 

Recently, the effects of HNTs as filler in inorganic hydrogels formed by clay minerals, were 

studied.[36, 37] Clay minerals belonging to the smectite groups are indeed, able to form hydrogels in 

aqueous media due to the formation of delaminated dispersions by the self-assembling of their 

nanodisks via face-edge aggregation.[38] The obtained hydrogels are biocompatible, stable, and 

thixotropic, and due to these features, they are widely used in pharmacological applications. HNTs 

can efficiently interact with the smectite nanodisks by electrostatic attraction interactions helping the 

gel formation and improving the rheological properties.[36, 37] Among the different smectite clay 

minerals employed for the above purposes, the magnesium silicate clay known as Veegum HS 

(purified bentonite) is one of the most commercialized clays of pharmacological grade.[39]  

Herein, based on the more stability showed by recombinant enzymes and the possibility to use them 

in cell therapy and tissue engineering applications, we propose a novel strategy to further increase 

their stability by using halloysite as carrier. To do this, ColG and ColH were supramolecularly loaded 

onto HNTs obtaining the nanomaterials HNTs/ColG and HNTs/ColH. To the best of our knowledge 

this is the first example of recombinant collagenases [5] delivered by an inorganic carrier used as 

filler for smectite hydrogel.  

We developed a novel carrier system that could further increase the high recombinant collagenases 

stability, by their loading in HNTs, preventing their inactivation in future in vivo applications for 



potential local tumor treatment. The interaction between halloysite and both collagenases was 

assessed by Resonance Light Scattering (RLS) measurements and the obtained nanomaterials were 

thoroughly characterized by thermogravimetric analysis (TGA), FT-IR spectroscopy, DLS and -

potential measurements and their morphologies were investigated by transmission electron 

microscopy (TEM) coupled with energy-dispersive X-ray (EDX). Then, we explored the possibility 

of obtaining Veegum hydrogels in the presence of HNTs/ColG and HNTs/ColH (Figure 1). The 

mechanical properties of the hydrogels obtained were examined by rheology measurements. 

Furthermore, the kinetic release from both HNTs based nanomaterials and nanocomposite hydrogels 

was investigated in conditions mimicking the physiological ones. 

The non-loss of activity of the collagenases loaded on the halloysite was also evaluated and quantified 

in comparison to the same collagenases in free form.  

 

Figure 1. Schematic representation of the designed system for the potential delivery of collagenase in tumor tissues. 

 

2. Materials and Methods 

The ultrapure recombinant collagenases ColG (145 kDa) and ColH (149 kDa) were provided by Abiel 

s. r. l. (Palermo, Italy); unlike other commercial collagenases, of extractive origin which contain 

various contaminants with proteolytic activity, the collagenases produced by ABIEL srl are 

recombinant enzymes of class I (ColG) and class II (ColH) of Clostridium hystoliticum, which have 

been optimized to be produced in Escherichia coli, in the strain BL21 Ai, with a purity >99% and 

totally free of contaminants with enzymatic activity.[40] 

Halloysite nanotubes used in this study were obtained from Merck and used as received. 

FT-IR spectra (KBr) were acquired with an Agilent Technologies Cary 630 FT-IR spectrometer.  



The size analysis, -potential and polydispersity index of the samples were determined using a 

Malvern Zetasizer Nano ZS instrument, fitted with a 532 nm laser at a fixed scattering angle of 173°.  

RLS measurements were performed at 25 °C on a spectrofluorophotometer (Jasco FP-777 W) 

equipped with a system for temperature control. A synchronous scanning mode was used, and 

monochromators of emission and excitation were preset to identical wavelengths. The RLS spectrum 

was recorded from 200 to 750 nm with both the excitation and emission slit widths set at 1.5 nm.  

Thermogravimetric analysis was carried out on Q5000 apparatus (TA Instruments). 

Transmission electron microscopy (TEM) was performed by means of a FEI Titan G2 60–300 ultra-

high-resolution transmission electron microscope (FEI, Lausanne, Switzerland) coupled with 

analytical electron microscopy (AEM) performed with a SUPER X silicon drift windowless energy 

dispersive X-ray spectroscopy (XEDS) detector. AEM spectra were saved in mode STEM (scanning 

transmission electron microscopy) with a HAADF (high angle annular dark field) detector.  

Rheological measurements were performed by a controlled rate viscometer (Thermo Scientific 

HAAKE, RotoVisco 1) equipped with a plate/plate combination (Ø 20mm serrated PP20S sensor 

system). Temperature was maintained constant during the whole experiment at 25 °C (± 0.5 °C) by 

means of a temperature controller. Rheological properties of hydrogel samples were measured within 

the shear rate range of 70-600 s-1. The measurement interval was chosen to simulate typical stresses 

that may suffer these systems when used: 70-200 s-1(skin spreading), 100-200 s-1 (manual mixing) 

and 400-2000 s-1 (container removal). Rheological characterization was performed after 48 h 

(swelling time). Data were collected and processed by the HAAKE RheoWin software. Six replicates 

were obtained for each sample. Rheological characterization included flow curves and apparent 

viscosity taken at 270 s-1. 

2.1 Loading of Collagenases onto HNTs 

To a dispersion of pristine HNTs in ethanol (100 mg, 5 mL), a solution of Collagenase G or 

Collagenase H in H2O (10 mg mL-1, 1 mL) was added. The obtained dispersion was sonicated (5 min, 

ultrasound power of 200 W, 25 °C), evacuated for 3 cycles and finally it was left under stirring for 18 

h at room temperature. After this time, the dispersion was centrifuged and the obtained powder was 

washed with ethanol, until the unreacted collagenases were removed and then lyophilized. 

2.2 Gel preparation 

Nanocomposite hydrogels were prepared by weighing into a screw-capped sample vial (diameter 2.5 

cm) the Veegum® (0.5 g), HNTs based nanomaterials (0.025 g) and solvent (ca. 5 g). The mixture was 

first dispersed for 5 minutes with ultrasound irradiation and left at room temperature until a gel was 

obtained.  



2.3 Thixotropic and Sonotropic Behaviour 

The gel phases obtained were subjected to two different external stimuli. The mechanical stimulus 

was involved by stirring the gel phase with a stirring bar of 8 mm of length and 3 mm of height at 

1000 rpm for 5 min. The sonotropic behaviour of the gel phases was tested by irradiating in an 

ultrasound water bath for 5 min with a power of 200 W and a frequency of 45 kHz. Thereafter, the 

materials were stored at room temperature overnight. When the samples were stable to the tube-

inversion test, the gels were defined as thixotropic or sonotropic.  

2.4 Kinetic release from HNTs based nanomaterials and Veegum® hydrogels 

30 mg of HNTs/ColG or HNTs/ColH were dispersed in 2 mL of deionized water. The dispersion was 

putted into a polypropylene one-way syringe equipped with a polytetrafluoroethylene (PTFE) frit. 

After predetermined time the aqueous phase was removed under vacuum and analysed by UV–vis 

measurements at  of 275 nm, to determine the collagenases concentration by the Lambert-Beer law. 

To ensure sink conditions, 2 mL of fresh deionized water were added to remaining powder to replace 

the collected ones.  

As far as is regarding collagenase release from hydrogels it was done as follows: nanocomposite 

hydrogels obtained in water at 10 wt % of Veegum® and 5 wt% of HNTs/Col were prepared, as 

discussed above, in a total volume of 5 mL. 5 mL of the gelation solvent were casted on gel matrix. 

The release kinetic was carried out at 37 °C. At fixed intervals of time, 250 L of supernatant solution 

were taken out to be analyzed by zymography (see infra), and simultaneously refilled with other 250 

L of the same solvent pre-warmed at 37 °C.  

Total amounts of collagenases released (Ft) in both cases were calculated as follows: 

Ft = VmCt + ∑ VaCi
t−1
i=0    (Eq. 1) 

where Vm and Ct are the volume and the concentration of the collagenase at time t. Va is the volume 

of the sample withdrawn and Ci is the collagenase concentration at time i (i < t). 

2.5 Zymography 

The ColG and ColH samples, obtained by the HNTs/ColG/Veegum and HNTs/ColH/Veegum 

release assay, were loaded into an electrophoretic zymography gel containing 7.5% Acrylamide and 

0.6 mg/mL gelatin. Briefly, after the electrophoretic run, the gel was washed two times with a buffer 

containing 2.5% Triton X-100 and NaN3 0.02%, then incubated for 24 h at 37 °C in a development 

buffer Tris-HCl buffer (50 mmol/L; pH 7.4), containing 1.5% Triton X-100 and 0.02% Na Azide plus 

2 mmol/L CaCl2. The gel was stained with Coomassie Blue R 250 0.8% in Met-OH - CH3COOH - 



H2O in a proportion 5:1:5; after 1 h staining the zymography gel was destained in the same solution 

of staining deprived of the colorant.[41] The zymographic approach permits to obtain of clear and 

sharp bands of the digested substrate against a dark background of the undegraded substrate. The 

bands in the gel are quantified by ImageJ 64 program in comparison to know amount in weight of 

pure ColG or ColH.  

2.6 Collagen gel digestion assay  

3D rat collagen type-I gels (BD Biosciences, San Jose, CA, USA) were prepared in Hank’s buffer (4 

mg/mL) adding of Trypan Blue (0% v/v) and neutralized with NH4HCO3 to allow collagen 

polymerization. Gels of 1 mL of collagen were prepared in each well of a 24-well plate and incubated 

at 37 °C to facilitate the polymerization. Following, 10 µL of HNTs/ColG or HNTs/ColH were spotted 

in each gel and incubated at 37 °C for 6 hours. Gels incubated with 10 µL of Phosphate Buffered 

Saline (PBS) were used as a negative control; while gels treated with 0.45 mg/mL of collagenases G 

or H (free/ColG or Free/ColH) were used as positive control.  

2.7 Quantitative collagen enzymatic activity 

Enzymatic activity of ColG or ColH released from HNTs samples was quantitatively evaluated by 

the ninhydrin-based assay Collagenase Substrate Kit (Sigma-Aldrich, Milan) according to 

manufacturer‘s instructions and in the presence of carbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala-OH 

synthetic peptide, with some modification [42, 43]. The assay was performed in two steps: in the first 

step, 100 µL of each sample were incubated with 500 µL of the substrate (2.4 mg/mL in TES Buffer, 

pH 7.0 at 37 °C for 5 min. During the second step, 150 µL of each sample were incubated with the 

Ninhydrin solution and Tin(II) chloride at 100 °C for 15 min.  

Collagenase activities were evaluated by spectrophotometric analysis at 565 nm: under these 

conditions, Ninhydrin interacts with the free amino groups of the synthetic substrate hydrolyzed by 

collagenase developing the colorimetric reaction directly proportional to the enzymatic activity. The 

enzymatic activity, expressed as U/mg, was calculated by using a calibration curve. 

3. Results and Discussion 

The synthesis of the nanocomposite hydrogels for the potential delivery of collagenases into tumor 

tissue preventing their inactivation was accomplished in two different steps. Firstly, both ColG and 

ColH were loaded onto HNTs, developing nanomaterials that were subsequently used as fillers for 

Veegum hydrogels. 

3.1 Loading of ColG and ColH into HNTs 



To obtain information about the interaction of collagenase G and collagenase H with halloysite we 

performed preliminary studies by means of resonance light scattering (RLS) measurements. This is a 

kind of elastic scattering technique which is due to the fluctuations of solution refraction index. From 

a chemical point of view it is important since this technique allows the detection of the presence of 

aggregates in solution and thus it can be efficiently used to study aggregation processes between 

organic molecules and HNTs surfaces.[31, 44] The experiment was performed by titrating a HNTs 

dispersion (0.1 mg mL-1) with an increasing concentration of collagenase G or collagenase H in a 

concentration range of 0–0.04 mg mL-1 at 25 °C. Figure 2a shows the trend of RLS intensity at 500 

nm as a function of collagenase concentration. As is it possible to observe the RLS intensity of HNTs 

increases with increasing of collagenase concentration in both cases investigated. These findings 

indicate the occurrence of interactions between HNTs and collagenases and therefore the presence of 

nanoparticles with greater dimensions. The larger intensity of RLS scattering in the presence of ColH 

in comparison to that of ColG could indicate a stronger interaction between HNTs with ColH rather 

than with ColG.  

The loading of ColG and ColH into pristine HNTs was carried out by a consolidate procedure adopted 

for this kind of interaction. To maximize the enzyme loading onto HNTs, an ethanolic HNTs 

suspension was evacuated in the presence of concentrated enzyme aqueous solution (10 mg mL-1). 

Ethanol was chosen because of in this solvent Col is not soluble and thus, the interaction with HNTs 

is favored. After loading, the HNTs/ColG and HNTs/ColH nanomaterials were washed several times 

with ethanol to remove free enzyme molecules. Enzyme loading of both nanomaterials was estimated 

by TGA analysis by using the rule of mixtures, which is commonly employed for the determination 

of the composition of halloysite based systems.[45] Being HNTs negatively charged on the external 

surface and positively charged in the lumen, the occurrence of electrostatic attraction interaction 

between the HNTs surfaces and the carboxylate or ammonium portion of Col were envisaged. The 

loading efficiencies, expressed as the percent amount of enzyme in the final nanomaterial, were ca. 

2.1 wt% and ca. 4.5 wt% for HNTs/ColG and HNTs/ColH, respectively. The greater loading obtained 

in the case of ColH in comparison to that of ColG led us to hypothesize that ColH could interact with 

both HNTs surfaces.  

TGA allowed us also to investigate the thermal behavior of the obtained HNTs based nanomaterials. 

Compared to the pristine HNTs, both nanomaterials are stable up to ca. 350 °C, when a first 

degradation occurs, indicating the presence of organic matter in the nanomaterials (Figure 2b). 

Afterwards, the typical degradation of HNTs at ca. 550 °C, due to the expulsion of interlayer water 

molecules, is observed after which stable values up to 800 °C were observed.  



The obtained nanomaterials were also characterized by FT-IR spectroscopy. The FT-IR spectra of 

both nanomaterials (Figure 2c) show the typical vibration stretching bands of HNTs[46] with some 

additional vibration bands. In particular, in the range 1650 – 1550 cm-1 are clear observable the bands 

related to the amide I (1648 cm−1), amide II (1563 cm−1) and C–N (1470 cm−1) stretching[47] (Figure 

S.1) beside the typical bending band of –OH groups of interstitial water of pristine HNTs (1630 cm-

1) overlapped by the Col signals, which further confirm the presence of collagenases in the 

HNTs/ColG and HNTs/ColH nanomaterials. 

(a) (b)  

(c)  

Figure 2. (a) Trend of RLS intensity as a function of collagenase concentration (ranging from 0 to 0.04 mg mL -1). 

Reported are the mean ± standard deviation values; (b) thermogravimetric curves of pristine HNTs, HNTs/ColG and 

HNTs/ColH nanomaterials; (c) FT-IR spectra of HNTs/ColG and HNTs/ColH nanomaterials. 

The diffusion dynamics of HNTs/ColG and HNTs/ColH nanomaterials in aqueous dispersion were 

characterized by dynamic light scattering (DLS) experiments. DLS measurements, as already 

reported for other systems,[48] allow the determination of the structural characteristics of the 

nanomaterials by monitoring their mobility in water and by measuring the average translational 



diffusion coefficient. This coefficient considers the shape, dimension, and hydration of the diffusing 

particles and also the existence of aggregation phenomena.  

A single translational diffusion mode was observed in the case of HNTs/ColG dispersion with Z-

average sizes (i.e., the intensity weighted mean diameters), calculated by applying the Stokes–

Einstein equation, of ca. 530  30 nm (similar to that of pristine HNTs, 570  40 nm) and a 

polydispersity index (PDI) of 0.653. These findings indicated that the ColG interacts preferentially 

with the HNTs lumen. On the contrary, the HNTs/ColH nanomaterial showed an increase in the 

dimensions in comparison to pristine HNTs; it was indeed observed a Z-average size value of ca. 

1200  100 nm with a PDI of 0.874. In this case it was hypothesized that ColH interacts with both 

HNTs surfaces in agreement with the highest enzyme loading obtained for HNTs/ColH nanomaterial 

in comparison to the HNTs/ColG one.  

-potential measurements highlighted a slight decrease in the -potential values of both nanomaterials 

in comparison to that of pristine HNTs (-16 mV), being them -18.5 and -19.2 mV, for HNTs/ColG 

and HNTs/ColH, respectively, because of the interaction with the enzymes, these indeed, being rich 

of carboxylate moieties render the -potential values of the final nanomaterials slightly more negative 

than that of pristine HNTs. 

TEM and HAADF/STEM images of both nanomaterials show that after the loading of collagenases 

the tubular morphology of HNTs was preserved. However, while the HNTs/ColG nanomaterial 

appears as well dispersed tubes, the morphology of HNTs/ColH nanomaterial is different. Indeed, in 

this case the tubes seem to be agglomerated because of ColH interaction with the external surface. 

The latter finding agrees to TGA and DLS measurements. Energy-dispersive X-ray spectroscopy 

(EDS) elemental mapping showed that in the HNTs/ColG nanomaterial, the ColG molecules were 

present mainly in the HNTs lumen; whereas, the HNTs/ColH nanomaterial showed the presence of 

the enzyme on the overall surface of the tubes, as highlighted by the distribution of N atoms (Figure 

3B and 4B) in both nanomaterials. Moreover, close observation of the tubes (Figure 3C and 4C) 

showed the presence of N atoms colocalized in the lumen as far as is regarding the HNTs/ColG 

nanomaterial (Figure 3C) as proven by EDS elemental mapping performed along the HNTs section 

(selected area in green); whereas them are localized both on the external surface and in the lumen in 

the case of HNTs/ColH nanomaterials (Figure 4C). All these findings confirm the presence of Col 

onto HNTs surfaces beings that pristine HNTs does not show trace of N atoms (Figure S.2a). 



 

Figure 3. (A) TEM images of HNTs/ColG nanomaterial. (B) EDX elemental mapping image from the HAADF/STEM 

image. (C) EDS elemental mapping of N atoms along the selected area of the HAADF-STEM image of the HNTs/ColG 

nanomaterial. 

 

Figure 4. (A) TEM images of HNTs/ColH nanomaterial. (B) EDX elemental mapping image from the HAADF/STEM 

image. (C) EDS elemental mapping of N atoms along the selected area of the HAADF-STEM image of the HNTs/ColH 

nanomaterial. 



3.2 Kinetic release of ColG and ColH from HNTs/ColG and HNTs/ColH 

As proof of concept of the feasibility of the obtained nanomaterials for the delivery of collagenases 

into tumor site, we investigated the kinetic release of both ColG and ColH from the HNTs/ColG and 

HNTs/ColH in water (pH 7.0). The release profile of both collagenases is shown in Figure 5. As it is 

possible to observe both systems show a faster release of collagenases in the first 5 min where about 

50 wt% of the total amount of both ColG and ColH loaded is released, followed by a plateau after 24 

h. To better understand the release mode of the molecules from the HNTs carrier, the kinetic data 

were analyzed by the first-order and double-exponential (DEM) models. The mathematical analysis 

showed that the kinetic release of ColG from HNTs/ColG nanomaterial follow a first order model (k 

= 0.015  0.002 min-1, R2 = 0.9953) indicating a diffusion of ColG from the HNTs lumen over the 

time, whereas the ColH release from the HNTs/ColH nanomaterial is better described by a DEM 

model (R2 = 0.9999). Since DEM model discriminate between two distinguishable species, in the 

latter case, we observed a fast desorption from the HNTs surface (k1 = 0.392  0.006 min-1) followed 

by a slower release from the HNTs lumen (k2 = 0.021  0.001min-1) in agreement with that described 

above. 

 

Figure 5. Kinetic release of ColG and ColH from HNTs/ColG and HNTs/ColH, respectively, in water. Reported are the 

mean ± standard deviation values. 

3.3 Studies of gel properties 

As known Veegum is a natural clay mineral belonging to the smectite group which possesses a 

pharmacological grade. As other smectite clays it can form stable hydrogels in aqueous media due to 

the formation of delaminated dispersions by the self-assembling of its nanodisk via face-edge 



aggregation [38]. It is well documented that the addition of HNTs filler to clay hydrogels lead to an 

improvement of the mechanical properties of the resulting gel [36]. In addition, the use of hydrogels 

for pharmacological applications, is commonly employed to slow down the release of active species 

in biological fluids.[37] Therefore, herein we studied first the influence of HNTs, HNTs/Col H and G 

fillers on the mechanical properties of the Veegum hydrogel and then we evaluated the kinetic 

release of collagenases from the hydrogel matrix.  

3.3.1 Rheological properties 

Veegum based hydrogel demonstrated self-repair after disruption, confirming their thixotropic 

nature, and they resulted stable to ultrasound irradiation, these properties were also confirmed by 

rheological measurements. Flow curves (shear rate vs. shear stress) of hydrogels are plotted in Figure 

6a. All the hydrogels behave as non-Newtonian, pseudoplastic materials, in which is characteristic 

the progressive decline in shear stress slope as shear rate increased. Also, all samples showed a 

hysteresis area, correlated to thixotropy, i.e., application of shear rate determined a reversible rupture 

of the internal network, the recovery of which gradually went on once the applied stress was removed 

or reduced. From the flow curves, it was possible to obtain the apparent viscosities (at 270 s−1) (Figure 

6a), being HNTs/ColG gel the one with the highest viscosity value and the highest profile of the curve. 

Therefore, the formulation with HNTs/ColG leads to improved rheological properties. Similar results 

were obtained in the case of pristine HNTs. These findings further confirm the selective interaction 

of ColG with HNTs lumen. The highest viscosity obtained in this case, is in agreement with literature 

findings about the introduction of HNTs filler in smectite based hydrogels.[37] On the other hand, 

and in agreement with the agglomeration of tubes observed in TEM and HAADF/STEM images, flow 

curve of gels prepared with HNTs/ColH nanomaterial greatly decrease the profile, corresponding to 

a reduction in apparent viscosity associated to the interaction of ColH with the external surface of the 

nanotubes. 

3.3.2 Kinetic release 

The kinetic release of both ColG and ColH from the HNTs/ColG/Veegum and HNTs/ColH/Veegum 

nanocomposite hydrogels, was investigated in water (pH 7.0) at 37 °C to verify if incorporation of 

HNTs into the gel matrix ensures a time-controlled Col release process. The amount of collagenases 

release was evaluated by measuring the enzymatic activity by a gelatin zymography as report in 

M&M (Figure 6b).  

The trends of cumulative Col release from the hybrid gels as a function of time are shown in Figure 

6c. As it is possible to observe, in both cases, the hydrogels retain almost the totality of collagenase 

loaded for at least 24 h indicating that can act as reservoir for the sustained release of collagenases 



within the time. Although the release rate is low in both cases, ColH is released in slightly greater 

amount in comparison to ColG in agreement with its loading at both HNTs surfaces. The 

mathematical fitting of the experimental kinetic data indicates that the release of both ColG and ColH 

from HNTs/ColG/Veegum and HNTs/ColH/Veegum is ruled by a simple diffusion through gel 

matrix being the data better described by a first order model (M∞= 0.043±0.001 wt%, k= 0.04±0.003 

min-1 and M∞= 0.072±0.003 wt%, k= 0.013±0.001 min-1 for ColG and ColH, respectively).  

The slower release observed in the case of hybrid hydrogels in comparison to the Col release from 

HNTs could be explained taking into account the existence of some favorable electrostatic attraction 

interactions between the Col released from the filler and the Veegum nanoparticles which further 

slow down the enzyme release. 

(a)  

(b)   



(c)  

Figure 6. (a) Flow curves of hydrogels (mean values; n = 6); (b) Gelatin zymography of enzymatic activity of 

collagenases released from (i) HNTs/ColG/Veegum and (ii) HNTs/ColH/Veegum nanocomposite hydrogels at 

different times; (c) Kinetic release of ColG and ColH from HNTs/ColG/Veegum® and HNTs/ColH/ Veegum® hydrogels, 

respectively, in water, at 37 °C. Reported are the mean ± standard deviation values. 

3.4 Biological Properties 

Finally, we performed preliminary investigation to verify if the collagenases retain their enzymatic 

activity once loaded on HNTs. In particular, the biological activity was evaluated by an in vitro assay 

studying the digestion of a type-I collagen matrix. The effect of the free formulation collagenases 

(Free/ColG and Free/ColH) was compared with a control sample treated with an equivalent volume 

of phosphate-buffered saline (PBS) and with the collagenases loaded on HNTs (HNTs/ColG and 

HNTs/ColH) after a 6 h treatment, in comparison with alcian blue stained collagen gel at time 0 

(Figure 7a). 

As shown in Figure 7a, after 4 h of treatment the free formulation collagenases have a digestive effect 

massive on the type-I collagen gel, in particular, Free/ColH has digested the matrix 100% while for 

Free/ColG about 82%; this different digestion efficiency is attributable to the fact that ColG, as 

reported in the literature [7, 8] works exclusively on three-dimensional structures of the substrate, 

while ColH recognizes linear sequences of collagen. As regards the enzymes loaded on HNTs, only 

a partial digestion by HNTs/ColG and HNTs/ColH was observed, attributable to a protective action 

by the nanomaterials that contain them and to the release kinetics of these. As shown in Figure 7b-c, 

the release of collagenases from the nanotubes is delayed over time by the analysis of the enzyme 

activity (Pz) found in the solution. This latter result is encouraging since it shown that by delivering 

Col by means of HNTs, it is possible to obtain a nanosystem for the controlled and sustained release 

of the enzyme, preventing its inactivation but at the same time retaining the enzymatic activity. 



(a)  

(b)  (c)  

Figure 7. (a) Type-I collagen digestion by ColG and ColH in free formulation (Free/ColG and Free/ColH) respect 

enzymes loaded into HNTs (HNTs/ColG and HNTs/ColH) compared to non-treated gel; (b) evaluation in collagenases 

activity as Pz (U/mL) of released ColG (a) and ColH (b) from HNTs in time (reported in hours). Reported are the mean 

± standard deviation values. 

5. Conclusions 

In summary, we report the use of halloysite nanotubes as carriers for two kind of collagenase, 

collagenase G (ColH) and collagenase H (ColH).  

The synthesis of the HNTs/Col nanomaterials was verified by several techniques that shown that the 

collagenases interact in different way with halloysite. Firstly, the affinity of Col for HNTs surfaces 

was investigated by RLS measurements. Afterwards, it was demonstrated that ColG interacts mainly 

with HNT lumen, as proved by DLS measurements and morphological investigations. In the latter 

case indeed, by acquiring the elemental mapping of N atoms by EDX along an HNT section, it was 

possible to verify the presence of the organic molecules in the lumen proximity. Conversely, ColH 

was found at both surfaces as testified by the DLS value greater than that of pristine HNTs and by the 

morphological investigations. Kinetic release showed that both Col are sustained released from the 

carrier reaching ca. 50 wt% of the total collagenase release after 24 h. 



To obtain systems for in situ administration of the nanomaterials, as example for treatment of solid 

tumors, HNTs/Col were used as Veegum® fillers. The experimental data showed that the presence of 

the inorganic filler makes the formation of stable hydrogels with the better rheological performances 

showed by HNTs/ColG, further confirming the presence of the enzyme into HNTs lumen. Kinetic 

release from the nanocomposite hydrogels showed a very slow release over the time. Finally 

biological assays on the digestion capacity of the nanomaterials towards collagen I showed that the 

Col released from the tubes still possessed some enzymatic activity.  

Thus, by delivering enzymes by means of HNTs, offers the possibility to combine the clay properties 

with the ones of enzyme and to obtain nanosystems for the delivery of the enzyme into cancer tumor 

matrix by degrading the ECM, preventing its early inactivation, modulating the release and retaining 

the enzymatic activity. Therefore, the advantages provide by the obtained systems can be resumed as: 

• the HNTs carriers are able to convey the collagenases in an inactive form, which in any case 

retains their enzymatic properties when released at the level of the site of action (high Ca++ 

concentration), the tumor extracellular matrix; 

• the enzymes release is modulated over time by the presence both HNTs and Veegum® gels; 

• the used enzymes are ultrapure ones, and this could suggest their specific effect on the 

collagenous component of the tumor extracellular matrix, allowing for solid tumors the decompaction 

and thus favoring the penetration with high efficiency of regulatory drugs or biomolecules into the 

cells tumors; 

• the combination of all properties conferred by the systems could finally led to the elimination 

of the tumor mass, increasing the EPR effect, inducing the reduction of the hydrostatic pressure at the 

level of the tumor vascular network. 

• Finally, being ultrapure enzymes, the presence of unwanted side effects is eliminated, because 

of these are generally attributed to lytic activities induced by proteolytic components contaminating 

the collagenases used.  

Future works will be devoted to study the co-delivery of chemotherapeutic agents and the enzymes 

for the treatment of different diseases. Since HNTs is not biodegradable, it is possible to hypothesize 

a future use of the developed systems for local administration for the treatment of primary tumors. 
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