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Abstract

A low pressure ICP plasma setup was utilised to deposit thin organic barrier coatings on various
substrates to fabricate DDS with encapsulated Carboplatin as a drug and Methylene Blue as a
drug model. Choice of the substrates and optimal plasma parameters were discussed for the
fabrication of DDS with required characteristics. Prepared thin films were analysed by FTIR,
SEM, and the barrier properties were studied by measuring drug concentration released into
the medium by UV-VIS and ICP-MS techniques.
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Introduction

Carboplatin is an anticancer platinum drug widely administered in clinical practice to treat
different types of cancer [1, 2, 3, 4]. By covalently binding to DNA strain which results in the
formation of various defects in DNA molecule it forces the cell to undergo apoptotic death path
[5]. Usually platinum drugs are systematically administered intravenously and because of
nonselective treatment of normal and cancer cells it leads to many side effects and forces to
dose limitation and decrease in efficiency [6]. In order to improve selective drug delivery for the
cancer treatment it is necessary to develop new strategies and methods of extended and
controlled drug delivery systems. A wide range of technologies are developed and applied [7, 8,
9, 10], and one of the trending directions is the implantation of biodegradable systems that
undergoes degradation through hydrolysis and enzymatic digestion of polymer matrix loaded
with drug. Such drug delivery systems does not require surgical removal after depletion of
loaded drug [9, 10]. The choice of materials is limited to biocompatible ones. In order to
achieve required physico-chemical properties, the material surface could be tailored by the
procedures such as grafting [13, 14], or copolymerization [15, 16, 17].

Biocompatible and resorbable collagen membranes are already widely used in post-surgery
treatment to prevent postoperative digestive adhesion processes and intended to promote
tissue regeneration. Such membranes represent an excellent base for drug delivery systems as
already proven to be efficient in post-surgery treatment [18, 19]. In our previous study we
reported on successful application such membranes and preparation on their bases DDS [20]
and in this study we are reporting on optimization of preparation parameters, tuning the
kinetics of drug release, and investigating pros and cons of such membranes for DDS.

Plasma polymerization is a universal technique that allows to deposit films with variety of
properties ranging from dense barrier films to soft cell repellent coatings, where film properties
can be controlled and changed in situ [21, 22, 23]. By depositing plasma polymers on top of
existing materials it is possible to add additional functions to the surface and control biological
activity on it [24, 25]. By encapsulating drugs in ultra-thin barrier films it is possible to modify
biocompatible collagen membranes to be used as drug delivery systems [26]. In comparison to
conventional wet chemical deposition processes, plasma enhanced CVD is a catalyst free, dry
and solvent free process. Recent works show that plasma copolymerization of different organic
precursors can be used to tailor specific physico-chemical properties on the surface of the films
to control cell interactions on the interface [27, 28, 29, 30]. Polyethylene glycol (PEG) is FDA
approved material and an excellent candidate for drug delivery systems in the class of
biodegradable polymers and was a choice of material in our previous research works with low
pressure [31, 32] and atmospheric pressure plasma systems [33].

In our research we used a low pressure inductively coupled plasma assisted chemical vapour
deposition system to evaluate the effectiveness of manufactured drug delivery system to
deliver carboplatin drugs in vitro and in vivo.

Experimental equipment
Materials

Diethylene glycol dimethyl ether (diglyme, 134.17 g/Mol, C¢H1403, Sigma-Aldrich) was used as
the precursor material and delivered into the reactor through bubbling in argon gas.



Carboplatin (CBDCA, 150 mg/15mL, Hospira Inc) was used as antineoplastic (anticancer) drug
and Methylene blue (MB) was used as model drug to measure the kinetics of drug release in
this study. FDA approved Steralloy™ E-series hybrid elastomer (HAPCO) and collagen
membranes (Biom’UP COVA+) of biological origin were used as substrates. Collagen comes as
100 pm thick dried films, after placement in aqueous medium for 20 minutes it swells in
volume, making it easy to handle and position on surfaces of different shapes. Steralloy™
elastomer biocompatible material [34] comes as liquid moulding compound consisting of two
components. In comparison to collagen Steralloy has superior mechanical properties and non-
swelling behaviour in agueous mediums. Components of Steralloy prepolymers were mixed and
casted onto smooth glass surface to form 100 um thick membranes. Components were kept
under vacuum for several hours to degas before mixing and heated up to 50 °C for 1 hour after
casting and subsequently peeled from the glass substrate.

Inductively coupled plasma (ICP) setup

Low pressure inductively coupled plasma (ICP) reactor is schematically illustrated in fig. 1.
Operating pressure was set at 375 mTorr and controlled through adjusting argon gas flow rate
and gate valve of turbomolecular pump. A 13.56 MHz RF power supply was programmed to
carry out deposition of a sequence of layers with varying density and thicknesses. This allowed
us to automate multi-step deposition procedures to deposit composite films with different
deposition parameters and fabricate films with alternating or gradually changing density,
chemical composition and mechanical properties.
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Figure 1. a) Low pressure inductively coupled plasma enhanced chemical vapour deposition
(ICP PECVD) reactor; DDS structure based on b) collagen and c) Steralloy substrates.

FTIR spectroscopy




FTIR spectra were taken using VERTEX 70 (Bruker) in Attenuated Total Reflection (ATR) mode
with germanium crystal as internal reflection element. Infrared absorption spectra were
recorded in the range 700-4000 cm™, with a resolution of 8 cm™ and 100 repetitions. ATR
correction of the baseline, CO2/H;0 lines and the effect of the depth of penetration in ATR
mode was performed in OPUS 6.5 software.

FE-SEM

Deposited films were studied by Field Emission Scanning Electron Microscopy (FE-SEM). FE-SEM
images were taken using Zeiss Ultra 55 FEG SEM with GEMINI Column on gold coated surfaces
by sputter coating (Cressinton sputter coater-108).

Ellipsometry

The refractive index and the thickness of the films deposited on Si substrates were measured by
spectroscopic ellipsometry performed on a UV-IR (193-1690 nm) variable angle spectroscopic
ellipsometer (VASE) M2000DI from Woollam at an incidence angle of 70°, and the data analysis
was performed with the CompleteEASE software.

ICP-MS

The kinetics of carboplatin release into Dulbecco’s Modified Eagle Medium (DMEM) culture cell
medium (Thermo Fischer scientific, France) was measured by detecting Pt concentration using
ICP-MS (Inductively Coupled Plasma Mass Spectrometry, Elan DRCe, Perkin Elmer®). The mass
bias was corrected with a certified reference material (Common Lead Isotopic Standard, SRM
981, NIST) using the standard bracketing technique [35].

Optical spectroscopy

The release of MB into DMEM medium was measured by UV-VIS spectrometer Ocean Optics
Maya2000 Pro series, by following MB absorption peak at 665 nm.

DDS fabrication protocol

The fabrication of DDS based on collagen takes several steps (fig.1, b): first covered with 1 um
plasma polymerized barrier layer (this is done to prevent leaching of drug through the
collagen), after placement of the drug on the barrier layer, it is encapsulated with the second
plasma polymerized barrier layer. In the case of Steralloy films no need for the first step, as 100
pum of Steralloy film represents excellent barrier layer itself, with no swelling and no drug
leaching through the patch.

Results and discussion

The placement of drugs on the surface of barrier coatings was carried out in a particular way,
the solutions of carboplatin and MB were placed on the surface and subsequently let to be
dried in a closed dust free area at room temperature. The measured Water Contact Angle (GBX
Instruments) of drug solution on the smooth non-treated barrier coating surface is 65°, and 10
pl of drug solution forms a droplet with the base diameter of 3.5+0.3 mm (fig 2, a).
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Figure 2. SEM images of carboplatin crystals formed on the surface of Steralloy membranes: a)
and c) on non-treated; b) and d) after air plasma treatment for 5 min.

During the evaporation process, crystals of drug start to form on the edges and most of the
drug remains as blocks on the circumference (fig.2 c). For flat 2D DDS models, where drug is
sandwiched as a thin layer between barrier coatings, such localized concentration of the drug is
not desirable. Treatment of barrier coatings were carried out to disperse the drug along the
whole area of the membrane surface. An ICP air plasma treatment at 1 Torr for 5 min with an
input power of 25W would decrease the WCA down to 10°, and allow the spreading of the drug
aqueous solution homogeneously across the surface of 1.5 cm? membranes (fig. 2, b) increasing
the drug loaded area more than two orders of magnitude. The surface irregularities created by
air plasma treatment induce crystal formation over the whole surface of the barrier coatings
(fig.2, d).

In this work for the development of the DDS we used pulsed and continuous plasma
polymerization of diglyme precursor to obtain either cell repellent coatings with the retention
of the ether functions of the precursor or highly crosslinked polymers respectively.

OES spectra were used to identify the excited species in the plasma. In figure 2 OES spectrum is
presented where the emission lines of different components in plasma are indicated. The
emission lines were identified according to Pears and Gaydon [36] and Fabio Palumbo et al.
[37].
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Figure 3. a) OES spectra of diglyme precursor in argon plasma; b) argon line at 921 nm
and CO line at 329 nm (normalized by Ar 801 nm).

To determine the optimal power density to be delivered into the reactor, the intensities of the
CO lines were analysed in comparison to Ar emission lines with the input power density varying
in the range between 5 to 180 mW/cm?3. All peaks were normalized with respect to the Ar
emission intensity at 801 nm. Normalized Ar lines show no change with different input power
densities. For CO lines it is a different case, with increasing input power more fragmentation of
the diglyme precursor occurs leading to an increase of the emission of CO lines. Above 75
mW/cm? of input power density the intensities of CO lines reach a plateau (fig. 3, a), which
indicates that most of the present diglyme precursor in the reactor are in a fragmented state.
To deposit highly crosslinked dense films the effective input power in the reactor was 25 W
(with discharge volume 400 cm? power density equal to 62.5 mW/cm?3) at 100 % of duty cycle in



5% mixture of diglyme precursor in working argon gas at 375 mTorr on 10 cm? substrates
placed downstream of plasma. The refractive index of these coatings was equal to 1.83+0.02
(at 600 nm) similar to diamond like carbon films [38] and indicates that these films represent an
excellent candidates for DDS barrier films. W/FM or also known as Yasuda parameter [39] was
calculated for our system and the energy input per monomer flow was 64 MJ/kg, that points
the deposition process takes place in the monomer deficient zone [40]. FTIR spectra of such
films (fig. 4, black line) show no retention of C-O-C bonds (1100 cm™) present in the precursor
molecule. To shift the deposition process into the energy deficient zone, the effective input
power was decreased by pulsing at 25 Hz with a duty cycle varying from 10 % to 100 %. The
retention of C-O-C groups was highest for pulsing at 10 % (power density and the Yasuda
parameter was equal to 6.25 mW/cm?3 and 6.4 MJ/kg respectively). In these conditions the films
were much more porous with a refractive index equal to 1.55£0.02. A high retention level of
ether groups on the coatings surface determines its antifouling properties [37, 41, 42, 43], thus
pulsing of the input power is one of the ways to control the deposition process to have at the
output coatings ranging from dense barrier to cell repellent soft antifouling coatings on
demand.
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Fig. 4. FTIR spectra of films deposited from diglyme precursor at 25 W of input power but with
different pulsing duty cycle: 10 %, 15 %, 20 %, 25 % and continuous at 100 %.

The collagen membrane (used as DDS support substrate) originates from porcine collagen that
swells when introduced into the aqueous medium. The collagen membranes increase 5 times of
its original thickness during the swelling process. The increase of the surface area is more
crucial as it induces additional stress on the barrier layer and strongly affects its integrity and
ability to control kinetics of release. The increase in the surface area of collagen membrane was
recorded by optical microscope and subsequently images were analysed with Image) software
to calculate the surface area variation (fig. 5). This experiment was carried out only once to
gualitatively examine changes of the surface area in respect to the exposure time to aqueous
mediums. The swelling of the collagen leads to the formation of cracks of the barrier coating
deposited on top of the membrane and induces a burst release of the encapsulated drug. The
burst release of the drug at the beginning of the exposure of the DDS to the medium is
considered as a desirable feature from the therapeutic point of view. However it is difficult to




control the kinetics of the burst and for different samples the amount of drugs released in a
burst mode was different.
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Figure 5. Comparison of the surface swelling of Steralloy™ and collagen membranes in the
aqueous mediums.

In fig. 6, a) SEM images of the formed microcracks on the barrier coating after swelling of
collagen are illustrated. Further mechanical stress during handling and positioning of the
membrane can lead to the growth of microcracks and delamination of the barrier coating (fig.
6, b).
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Fig. 6. Microcracks formed on the surface of barrier coating on swelled collagen membrane a)
and leading to delamination b).

Plasma polymers unlike polymers prepared by conventional methods accumulate high internal
stress due to the mechanism of growth [44, 45]. The internal stresses of thin coatings is easy to
observe on flexible substrates, as later tend to curl during and after the deposition process. By




the diameter of bended membrane it is possible to evaluate how much stress is accumulated in
films. In order to reduce internal stresses of the barrier films and therefore the formation and
progression of microcracks, we used the approach of depositing multi-layer coatings with
alternating “soft” and “hard” layers, by varying the duty cycle of the pulsing during the
deposition process [46]. A layer of a “soft” film acts as cushion and prevents “hard” barrier
layer to accumulate more internal stress. Also decreasing the thickness of each hard coating
reduces the sheer stress induced by bending of the films. Such films show good results and this
approach was used for samples prepared in the following experiments. SEM image of multi-
layer barrier coating is illustrated in fig 7. Deposition rate of plasma polymerized “hard” coating
(at continuous input power) was 15 nm/min and for “soft” coating 4 nm/min respectively. To
deposit composite barrier film illustrated in fig 7 it took 7.5 h in total with 60 layers of
alternating 40 nm “soft” and 60 nm “hard” coatings layers.
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Figure 7. SEM cross-section image of multilayer barrier film with alternating “soft” and “hard”
films

To measure the effectiveness of the plasma polymerized dense coatings as barrier layer, the
kinetics of drug release was measured for MB and Carboplatin. 100 pg of MB was sandwiched
within the barrier coatings on the surface of collagen membrane and placed in 2 ml of medium,
and the concentration of MB in the medium was measured by following the absorption peak of
MB in the visible range (665 nm). In fig. 8, a) MB leaching kinetics over the exposure time is
presented in log scale for different thicknesses of the barrier layer. For all samples two stages
with different kinetics were observed. During the first 4 hours an intense leaching out followed
by a lower release of MB. This burst in the beginning could be explained by the swelling of
collagen substrate which tends to swell. In comparison samples prepared on Steralloy
membranes (fig. 8, c) show no such behaviour, and better barrier properties could be achieved
with thinner coatings due to non swelling nature of the substrates. In fig. 8, b) the carboplatin
(300 pg) release through 1 um thick barrier film and its accumulation in DMEM medium (2 ml)
was measured by ICP-MS. Similar to the case of MB release kinetics, a two stage release was
observed i.e. a burst stage followed by a more steady release. For a 1 um thick barrier film




encapsulated MB, the total release (100% of the initial value) was observed in 50 days, whereas
for carboplatin in 10 days. In this DDS model the degradation of the barrier coating wasn’t
observed during the experiments, and thus it was assumed that the release of the drug occurs
in diffusion mode. Furthermore, we can assume that carboplatin as a denser and smaller in size
molecule compared to MB have faster diffusion through the barrier layer and have higher
release kinetics which we observe in our experiments [47]. Authors want to remark here that
each of these experiments were carried out once to qualitatively compare different substrates
to identify the best candidate for DDS supporting material.
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Fig. 8. a) MB release kinetics from DDS prepared on collagen coated with different thickness
barrier films; b) carboplatin release kinetics measured by ICP-MS in comparison to MB; c) MB
released from DDS prepared on Steralloy membrane.

4. Conclusion

Low pressure PECVD approach to deposit functional coatings for biomedical devices was used
to deposit both barrier layers and coatings with retention of functional groups of the used
precursor. The deposition parameters of ICP plasma were optimized for fabrication of DDS with
dense (monomer-deficient) coatings at 64 MJ/kg and soft (energy-deficient) coatings at 6.4




MJ/kg from diglyme precursor. Two commercially available biocompatible patches were
considered as supporting membranes for DDS, and based on the stability of drug release
kinetics it was shown that Steralloy membranes were the preferred choice. In this work bases
for further research and development of plasma polymerized DDS for biomedical application
was made to follow up with in vitro and in vivo experiments.
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