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Abstract: A layer-by layer technique was successfully used to obtain collagen/hydroxyapatite-

magnetite-cisplatin (COLL/HA
n
-Fe

3
O

4
-CisPt, n=1–7) composite materials with a variable content 

of hydroxyapatite intended for use in the treatment of bone cancer. The main advantages of this 

system are the possibility of controlling the rate of delivery of cytostatic agents, the presence 

of collagen and hydroxyapatite to ensure more rapid healing of the injured bone tissue, and the 

potential for magnetite to be a passive antitumoral component that can be activated when an 

appropriate external electromagnetic field is applied. In vitro cytotoxicity assays performed on 

the COLL/HA
n
-Fe

3
O

4
-CisPt materials obtained using a layer-by layer method confirmed their 

antitumoral activity. Samples with a higher content of hydroxyapatite had more antitumoral 

activity because of their better absorption of cisplatin and consequently a higher amount of 

cisplatin being present in the matrices.

Keywords: multifunctional materials, antitumoral activity, scaffold, bone grafts

Introduction
Cancer is one of the leading causes of death in the 21st century.1 Osteosarcoma is a 

frequent type of bone cancer that occurs particularly in childhood and adolescence.2 The 

evolution of chemotherapy in osteosarcoma has taken four major turns: surgery only 

(before 1970); surgery + adjuvant chemotherapy (1970–1990, include cisplatin-based 

and Pt-based cytostatic agents); surgery + neoadjuvant chemotherapy (1990–2000);3 

and surgery + neoadjuvant chemotherapy + unconventional methods (2000+, including 

phototherapy,4 hyperthermia,5 nanoparticles used for both imaging or cancer treatment,6 

local radiotherapy,7,8 immunotherapy9).

Researchers are currently focused on identifying new drugs or improving administra-

tion of existing ones, reflecting a general trend in the treatment of cancer. Some important 

improvements were achieved with the development of drug delivery systems. Develop-

ment of new drugs is quite difficult, and involves high costs, so better administration 

seems to be a more reasonable way to improve the quality of the medical care available.10,11 

In general, improvements related to use of drug delivery systems are because of the 

following: localized/targeted delivery, long-term delivery, and control of the curative 

ability of the active component at the site of interest. Drug delivery can be controlled by 

four main strategies, ie, physical, chemical, biological, and mechanical.12 

Cisplatin was discovered in 1844,13 and in clinical trials as far back as 197014 was 

being used to treat a number of different types of cancer, usually as part of combination 

therapy for cervical carcinoma, lymphoma, osteosarcoma, and melanoma, and testicular, 

ovarian, head and neck, bladder, and non-small cell and small cell lung cancers.15 The 

mechanism of action of cisplatin involves an interaction with the N7 guanine from DNA, 

leading to DNA damage/breaks, and depending on the dose of cisplatin and the state of 
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the cell, cisplatin may induce cell death via a defective apop-

totic program or even by necrosis.16–18 Intermediate, cisplatin 

is hydrolyzed, both chlorine atoms being substituted with 

water inside the cell where the chlorine concentration is about  

3–20 mM. This reaction does not occur in the bloodstream 

because of its high chlorine concentration (about 100 mM). 

Comparing with the trans isomer, in the case of cisplatin the steric 

arrangement of the two chlorines allows a coordination reaction 

via formation of a loop.17,19 Cisplatin is also an active component 

in a number of combination formulations such as hyaluronic 

acid-gelatin-cisplatin,20 poly(lactic-co-glycolic acid)-cisplatin,21 

collagen/hydroxyapatite-cisplatin,22 Fe
3
O

4
@K

2
Ti

4
O

9
-cisplatin,23 

SiO
2
-cisplatin,24 and hydroxyapatite-cisplatin.25

Magnetite has certain specific properties that are potentially 

useful in the treatment of cancer. These include an ability to 

accumulate in the target tissue/organ due to its magnetic proper-

ties, an ability to induce hyperthermia due to hysteresis loss and 

an enhanced ability to deliver antitumoral agents when an alter-

nating electromagnetic field is applied. Hyperthermia-enhanced 

antitumoral efficacy of a number of cytostatic agents has been 

studied in vitro and in vivo,26–28 and can be explained on the 

basis of delivery of an increased amount of cytostatic drug when 

an electromagnetic field is applied. The increasing temperature 

produced by hyperthermia leads to increasing Brownian motion 

which means increasing diffusion/delivery rate. 

The aim of this work was to obtain a multifunctional 

collagen/hydroxyapatite-magnetite-cisplatin (COLL/HA-

Fe
3
O

4
-CisPt) composite material with dual antitumoral 

activity ensured by release of cisplatin and hyperthermia.  

A layer-by-layer (LbL) method was used to tune the antitu-

moral activity of these materials by controlling the rate of 

release of the chemotherapeutic agent. These materials, when 

exposed to an appropriate electromagnetic field, can induce 

local hyperthermia; the main advantages of using hyperthermia 

when compared with classical chemotherapy are reduced toxic-

ity, longer activity, and use of less cisplatin without affecting its 

activity. Based on the actual protocol, tumoral tissue resection 

is recommended. In these cases, the multifunctional systems 

can be loaded into the defects. The cytostatics are delivered 

and after the delivery, the remanent COLL/HA
n
(-Fe

3
O

4
) act 

as a support for bone regeneration/healing.

Materials and methods
Collagen (300,000 Da) gel was obtained from the Collagen 

Department at the Leather and Footwear Research Insti-

tute, starting with calf hides and chemical and enzymatic 

extraction.29 Beginning with collagen gel, collagen matri-

ces were obtained by crosslinking with glutaraldehyde and 

freeze-drying to preserve the porous microstructure.30 These 

collagen matrices are widely known for having a porous 

structure (with open porosity of over 95%).31 

The antitumoral and control samples were synthesized as fol-

lows. In first step, magnetite was deposited onto the desired col-

lagen matrices (40 collagen matrices ~1×1 cm in size were used, 

each weighing ~0.0250 g) by coprecipitation of FeCl
3
 and FeCl

2
 

in a molar ratio of 2:1. NaOH 0.1 M was then added dropwise 

until a black precipitate was obtained. In this step, COLL/Fe
3
O

4
 

matrices containing ~8% Fe
3
O

4
 were obtained (reported to the 

initial mass of collagen, ~0.0250 g). Three of these COLL/Fe
3
O

4
  

matrices were used as control samples, while the others were 

used for COLL/HA-Fe
3
O

4
 samples. Next, COLL/Fe

3
O

4
 matri-

ces were mineralized using the LbL method, gently pressed to 

partially eliminate water before absorption of cisplatin. In brief, 

mineralization occurs by successive immersion of the collagen 

matrices into Ca(OH)
2
 suspension 3.4360 g/L and NaH

2
PO

4
 

solution 4.4672 g/L, as described in our previous papers.32,33 

Two samples from COLL/HA
n
-Fe

3
O

4
 were obtained, with one 

sample loaded with 1mL of 10 μM cisplatin solution while 

the second with 2mL 10 μM cisplatin solution. Cisplatin was 

added to each matrix to obtain antitumoral samples that would 

release cisplatin 5 μM or 10 μM for in vitro tests. These two 

concentrations were selected on the basis of our previous 

data obtained in a human G292 osteosarcoma cell line where 

we determined the IC
50

 for pure cisplatin to be ~6.1 μM.34  

A volume and concentration of cisplatin was chosen that would 

ensure complete adsorption of cisplatin onto the matrix and 

homogenous distribution of the drug. Only antitumoral samples 

with one, three, five, and seven layers (LbL1, LbL3, LbL5, and 

LbL7, respectively) were obtained and tested.

The obtained materials were investigated by X-ray dif-

fraction and scanning electron microscopy (SEM) as well as 

by determining the release profile of cisplatin and its influ-

ence on HCT8 tumoral cells. X-ray diffraction analysis was 

performed using an XRD 6000 diffractometer (Shimadzu, 

Tokyo, Japan) at room temperature. In all cases, Cu Kα 

radiation from a Cu X-ray tube was used. The samples were 

scanned in the Bragg angle (2θ range 10°–70°). SEM was 

performed using an S2600N electron microscope (Hitachi, 

Tokyo, Japan) on samples covered with a layer of silver.

A study of cisplatin delivery was performed using a high-

performance liquid chromatography system (Agilent 1100, 

Agilent Technologies, Santa Barbara, CA, USA) under online 

conditions (ie, direct injection in the ultraviolet detector, with 

no chromatographic column inserted into the system) at 280 nm  

in 0.9% saline solution. For this reason, each COLL/HA-

Fe
3
O

4
-CisPt sample was immersed in 50 mL of 0.9% saline 

solution and absorbance was recorded over 7 hours of release. 

The data were plotted against time to obtain the curve for 
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release of cisplatin from the multifunctional COLL/HA-Fe
3
O

4
-

CisPt composite materials obtained by the LbL technique 

(LbL
n
-Fe

3
O

4
-CisPt, where n is the number of layers).

cell viability
The eukaryotic cell culture used in our assays was represented 

by HeLa (ATCC® CCL-2™, American Tissue Culture Collec-

tion, Manassas, VA, USA) that was maintained as an adherent 

culture in Dulbecco’s Modified Eagle’s Medium (Sigma-

Aldrich, St Louis, MO, USA) supplemented with 10% heat-

inactivated fetal bovine serum (Sigma-Aldrich) at 37°C and 5% 

CO
2
 in a humid atmosphere. Each sample obtained by the LbL 

technique (~0.5 cm2 LbL
n
-Fe

3
O

4
-CisPt, ~7 mm thickness) was 

injected with 2×105 cells/mL. After 24 hours, the effects of the 

labeled cisplatin were evaluated using a fluorescein diacetate 

and propidium iodide double-staining protocol. 

cell cycle analysis
First, 2×105 cells were seeded into each well of a 24-well plate. 

After cell recovery, LbL
1
-Fe

3
O

4
-CisPt, LbL

3
-Fe

3
O

4
-CisPt, LbL

5
-

Fe
3
O

4
-CisPt, and LbL

7
-Fe

3
O

4
-CisPt were added to the medium. 

The cells were harvested after 24 hours and washed in a cold 

solution of phosphate-buffered saline (pH 7.5), then fixed in 

cold ethanol (70%) and stored at -20°C overnight. The samples 

were then centrifuged, washed with phosphate-buffered saline, 

and resuspended in 100 μL of phosphate-buffered saline, treated 

with RNase A (1 mg/mL) for 15 minutes at 37°C, labeled with 

propidium iodide (100 μg/mL) at 37°C, and incubated at 4°C 

for 30 minutes prior to measurement. The DNA content of the 

cells was quantified on an EPICS XL flow cytometer (Beckman 

Coulter, Brea, CA, USA) and analyzed using FlowJo version 

8.8.6 software (Ashland, OR, USA). 

In our experiments, we used HeLa cells, a tumor cell 

line derived from cervical cancer, because cisplatin is the 

drug of choice for treatment of cervical cancer and in cer-

tain other malignancies such as breast and bone cancers. 

Most of the studies regarding the mechanisms by which 

cisplatin induces its cytotoxic effects have been done 

using this cell line.35–37 Thus, the experimental model we 

used was appropriate to study the dynamics of cisplatin 

release from a substratum in culture medium and could 

be successfully used to select appropriate drug release 

systems. Both the in vitro study and the release study were 

performed in triplicate, and the results presented are the 

average of these data.

Results and discussion 
X-ray diffraction
The X-ray diffraction patterns of the samples obtained by the 

LbL method were recorded, and the main peaks identified for 

magnetite and hydroxyapatite are shown in Figure 1. Even 

if cisplatin gives diffraction peaks, its concentration and 

low crystallinity make it impossible to clearly visualize the 

diffraction peaks of cisplatin, regardless its content (even in 

the case of COLL/Fe
3
O

4
-CisPt, which contained the highest 

amount of cisplatin Fe
3
O

4
:CisPt =1:1 [wt/wt]).

The relative intensity of the main peaks of hydroxyapatite 

(HA [121]) and magnetite (Fe
3
O

4 
[311]) versus the number 

of layers shows a quasilinear region between one and seven 

layers, the intensity of HA [121] increasing with the increase 

in number of layers (Figure 2). This evolution can be attrib-

uted to the very good linearity of the deposition determined 

by gravimetry and/or thermogravimetry, which we proved 

in past research.32,33

Figure 1 X-ray diffraction pattern of cOll/ha-Fe3O4-cisPt composite material obtained for a sample with seven layers.
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, cisplatin.
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scanning electron microscopy
Morphological evaluation of COLL/Fe

3
O

4
-CisPt and 

COLL/HA-Fe
3
O

4
-CisPt was done because this parameter is 

essential for both drug delivery (especial for controlling the 

delivery rate and degree of recovery) and osseointegration. 

Regardless of the degree of mineralization of the samples, 

the presence of fibrillar collagen can be highlighted. The 

morphological variation in the samples appears to be due 

to the varying amounts of hydroxyapatite deposited during 

the LbL process. Due to the strong tendency of magnetite 

to agglomerate, SEM images were recorded for the COLL/

Fe
3
O

4
-CisPt control sample (LbL0). The porosity of these 

materials decreased from ~98% for the pure collagen matrix 

down to ~75% for the most mineralized COLL/HA matrix 

(LbL7) obtained based on the Arthur method, ie, absorp-

tion of xylene.38 In backscattering mode (Figure 3A–C), a 

homogenous distribution of the magnetite particles is indi-

cated by the uniform distribution of the Fe atoms through-

out the matrix, with the same results being observed in the 

SEM images recorded in energy-dispersive X-ray mode 

(Figure 4). Due to the low content of cisplatin, the Pt could 

not be identified, so the contrast is attributed solely to the 

presence of magnetite (Fe). 

Figure 2 relative intensity of the main peaks of ha and Fe3O4.
Abbreviations: ha, hydroxyapatite; Fe3O4, magnetite.

× ×

×

Figure 3 representative scanning electron microscopy images of cOll/Fe3O4-cisPt (non-layered controls). 
Notes: (A, B) images taken in se mode at 500× and 2,500× respectively. (C) image taken in Bse mode at 50×.
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, cisplatin; se, secondary electrons; Bse, backscattered electrons; WD, working distance.
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The COLL/HA-Fe
3
O

4
-CisPt samples obtained by LbL 

showed an increasing level of mineral phase as the number 

of layers increased. This can be seen easily in the SEM 

images recorded at 2,500×. Representative SEM images of 

the samples obtained by LbL are shown in Figure 5, and are 

in good agreement with our previous studies.32,33

The distribution and content of the main elements 

(Ca, P, Fe, and Ag) was also analyzed by energy-dispersive 

X-ray spectroscopy (Figure 6). The constituent elements of 

magnetite (Fe) and hydroxyapatite (Ca, P) can be identified 

(as well as the Ag that was used for preparation of the sample) 

while Pt (from cisplatin) cannot be identified because of the 

low level of cisplatin. 

In mapping mode, selecting Ca, P, Fe, and Ag it can be 

seen as a very homogenous material, with no agglomeration 

of magnetite (Figure 4). 

infrared spectroscopy
Infrared spectroscopy was used to characterize the antitumoral 

samples obtained by the LbL technique as well as the most 

important intermediary products. As previously established, 

LbL is a powerful technique for mineralization of collagen, the 

amount of hydroxyapatite being proportional to the number of 

deposited layers. Cisplatin is also identifiable at ~1,300 cm-1, 

this absorption band being not superimposed on other bands 

assignable to hydroxyapatite, collagen, or magnetite. At ~2,922 

cm-1, 2,850 cm-1, and ~3,285 cm-1 the intense absorption bands 

of cisplatin are overlapped over the collagen bands and cannot 

be clearly identified.32,34 

support-cisplatin interaction
The physical and chemical interactions of cisplatin, especially 

with hydrogen bonds can appear between amino groups of 

cisplatin and any OH, NH, NH
2
, or COOH groups from col-

lagen, hydroxyapatite, or magnetite. The hydrogen bonds are 

usually analyzed by infrared spectroscopy, the characteristic 

region being 3,000 cm-1 to 3,600 cm-1. It can be observed that 

this region is strongly dependent on composition. To highlight 

this dependence, the Fourier transform infrared spectra of the 

samples containing collagen and cisplatin (LbL0 + cisplatin); 
collagen, magnetite, and cisplatin (LbL0 + Fe

3
O

4 
+ cisplatin); 

collagen, hydroxyapatite, magnetite, and cisplatin (LbL1 + 

Fe
3
O

4 
+ cisplatin); and pure collagen (LbL0) were overlapped 

(Figure 7). Based on this analysis, it can be observed that the 

number of peaks (or shoulders), their intensity and position 

are modified, the overall shape and intensity of this large band 

being assigned to the formation of hydrogen bonds. It can 

be concluded that the hydrogen bond region is continuously 

changing with the addition of different components, with the 

changes between the pure collagen matrix and collagen + 

cisplatin being very important. Analyzing the Fourier trans-

form infrared spectra of the antitumoral samples (Figure 8), it 

can be concluded that the increasing amount of hydroxyapatite 

leads to a stronger change in this region, practically the band  

from ~3,285 cm-1 being totally included in the broad band from 

3,000 cm-1 to 3,600 cm-1, most probably due to the increasing 

content of hydroxyapatite as well as the stronger interactions 

between cisplatin and hydroxyapatite. These hydrogen bonds 

are also responsible for the low level of recovery of the cispla-

tin, and can explain why the antitumoral activity is not altered 

when cisplatin is adsorbed on the support, the mechanism 

of antitumoral activity involving the substitution of the two 

chlorides from cisplatin with guanine (from DNA).39

cisplatin release study
Cisplatin release is dependent on processing as well as on the 

external electromagnetic field applied.28 Previously we dem-

onstrated that the LbL technique can be used to obtain com-

posite collagen/hydroxyapatite materials with an increasing 

content of hydroxyapatite, the content of hydroxyapatite being 

directly proportional to the number of successive layers.32,33 

The release curves for cisplatin from the multifunctional 

materials are presented in Figure 9, cisplatin release being 

inversely proportional to the number of deposited layers. It 

can be seen that the delivery profiles are strongly dependent 

on the number of layers, especially for the samples with a 

low content of hydroxyapatite (ie, a low number of layers), 

while the samples obtained by LbL5 and LBL7 show almost 

the same release. This can be explained as follows: as the 

number of deposited layers increases, the porosity of the 

materials decreases slightly and consequently the delivery 

rate decreases slightly; the increase in  hydroxyapatite content 

Figure 4 energy-dispersive X-ray spectroscopy elemental mapping of the main 
elements (cOll/ha-Fe3O4-cisPt obtained for a sample with seven layers).
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, cisplatin.
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×

×

×

×

×

×

×

×

×

× ×

×

×

×

Figure 5 scanning electron microscopy images of cOll/ha-Fe3O4-CisPt obtained using a layer-by-layer technique (one, three, five, and seven layers).
Notes: (A, C, E, G) images taken in se mode at 500× for the cOll/han-Fe3O4-cisPt samples with n=1, 3, 5 and 7; (B, D, F, H) images taken in se mode at 2.500× for the 
cOll/han-Fe3O4-cisPt samples with n=1, 3, 5 and 7.
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, cisplatin; lbl, layer-by-layer; se, secondary electrons; WD, working distance.
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×

Figure 6 elemental assignment of the energy-dispersive X-ray spectroscopy peaks (cOll/ha-Fe3O4-cisPt obtained for a sample with seven layers).
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, cisplatin; cPs, counts per second.

Figure 8 Fourier transform infrared spectra of the different samples containing collagen, hydroxyapatite, magnetite, and cisplatin.
Abbreviations: lbl, layer-by-layer; Fe3O4, magnetite.

Figure 7 Fourier transform infrared spectra of the samples.
Abbreviations: lbl, layer-by-layer; Fe3O4, magnetite.
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Figure 9 Cisplatin release profile from the four COLL/HA-Fe3O4-cisPt materials 
obtained by the lbl technique.
Note: aindicates that the samples contain Fe3O4 and were obtained by lbl1,3,5 or 7.
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, 
cisplatin; lbl, layer-by-layer.

Figure 10 Fluorescence microscopy images of hela cells injected into cOll/han-Fe3O4-cisPt (100×).
Notes: Fluorescence microscopy images of hela cells injected into cOll/han-Fe3O4-cisPt (100×) where n=1 (A), n=3 (B), n=4 (C) and n=7 (D).
Abbreviations: cOll, collagen; ha, hydroxyapatite; Fe3O4, magnetite; cisPt, cisplatin.

involves modification of the support-cisplatin interactions so, 

based on the release profile, the interaction between hydroxy-

apatite and cisplatin is much stronger than that between col-

lagen and cisplatin. 

The recovery of cisplatin following 8 hours of release 

is about 86.5% for the material obtained by LbL1, 70% for 

that obtained by LbL3, and ~65% for that obtained by LbL5 

and LbL7. Cisplatin release would be expected to be slower 

when implanted in bony tissue than in saline solution due to 

the lower humidity, different ionic strength, higher viscosity, 

and especially slower diffusion. 

cytotoxic effects of the composite 
materials on tumor cells
The cisplatin delivered from the four analyzed samples 

(COLL/HA
n
-Fe

3
O

4
-CisPt obtained by LbL1, LbL3, LbL5, 

and LbL7) over 24 hours induced high mortality of HeLa 

cells injected into sponges, as quantified by the fluorescein 
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Figure 11 Flow cytometry histograms of hela cell cycle analysis grown in the presence of cisplatin loaded on sponges. (A) cOll/ha7-Fe3O4-cisPt; (B) cOll/ha5-
Fe3O4-cisPt; (C) cOll/ha3-Fe3O4-cisPt and (D) cOll/ha1-Fe3O4-cisPt.
Abbreviations: lbl, layer-by-layer; rMs, root mean square; freq, frequency.

diacetate and propidium iodide double-staining procedure 

(see Figure 10). In addition to the previous analysis, cell 

cycle analysis (Figure 11) showed a dramatic decrease in G2 

phase as well as the appearance of a subG0 peak associated 

with apoptotic cell death. DNA replication (S phase) was also 

altered, this effect being easily explained by the mechanism 

of action of cisplatin. 

Conclusion 
The LbL technique was used to obtain composite COLL/

HA
n
-Fe

3
O

4
-CisPt materials with a regenerative and antitu-

moral role that could be effective for controlling the rate of 

delivery of cisplatin. Cisplatin release was controlled by the 

material/fabrication of the support as well as by the external 

electromagnetic field applied, with the temperature increase 

being favorable for more rapid delivery. As a direct result of 

this control, the COLL/HA-Fe
3
O

4
-CisPt materials obtained by 

the LbL technique showed different degrees of cytotoxicity in a 

tumor cell line. The cytotoxicity was dependent on the cisplatin 

content; the lowest antitumoral activity was obtained at 5 μM 

cisplatin and increased for samples releasing 10 μM cisplatin. 

Further, cytotoxicity depended on the number of layers of the 

composite materials. Further work will be done in vitro in 

primary bone cancers and on metastasized cancers in vivo.
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