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Abstract Novel copolyimides (cPIs) based on 3,30,4,40-benzophenonetetracarboxylic

dianhydride, 4,40-diaminodiphenylmethane (DDM) and 1,6-diaminohexane (DAH) were

synthesized. Their surface wettability was improved by plasma enhancement of polar

component contribution to surface tension from 10 to 50 %. Interfacial energy reduction up

to 2.07–2.95 mN/m was depicted in spreading work values that reveal the manner in which

cPIs interact with blood constituents. The results showed that by increasing of the aliphatic

DAH content in the polymer chain, the rejection of platelets is higher, prohibiting

thrombosis and favoring cohesion with plasma proteins. The different water sorptions of

the samples were evaluated by considering their morphologies and chemical affinities to

water. When DAH prevails to DDM, water sorption capacity is lowered from 6.36 to

4.96 % db, presumably due to a higher chain packing efficiency. Atomic force microscopy

data revealed that surface roughness is \8 nm for all polymers, even after plasma treat-

ment, preventing clot formation.
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Introduction

Polyimides (PIs) are characterized by several outstanding properties, such as excellent

mechanical strength and superior chemical and thermal resistance [1]. As a result, they

have been extensively used in many applications, ranging from aerospace to microelec-

tronics, optoelectronics, composites and membranes [1–3]. More recently, PIs were proven

to be biocompatible [4, 5], and due to their appropriate mechanical properties, their
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applications could be further extended to biomedical fields, as substrate/encapsulation

materials in numerous bio-micro-electromechanical-systems (bio-MEMS) [6–8], or as

microstructured substrates for contact guidance of osteoblast cell growth [9, 10]. However,

in spite of having excellent combination of properties, most of conventional aromatic PIs

have some drawbacks, e.g. insolubility in common organic solvents, intractability, infus-

ibility and strong color that often limit their utility. For instance, in biomedical field, low

dielectric constant, low refractive index, and high optical transparency along with good

mechanical and thermal stability are the important properties required in bio-MEMS,

blood-contact devices and cell culture substrates. In order to meet these demands, struc-

tural modification of these polymers often is essential. On the basis of the knowledge

acquired from the structure–property relationships, a variety of cPIs have been molecularly

designed [3, 11], but for an enhanced performance it is desired to choose biologically inert

and nontoxic compounds, which exhibit stable mechanical, morphological and adhesion

characteristics during exploitation. The combination of these factors assures the biocom-

patibility of the cPIs and implicitly the possibility of their existence in a living organism or

in contact with living systems without negative consequences [12]. Comparatively to other

aromatic tetracarboxylic dianhydrides used as raw materials for PIs, 3,30,4,40-benzophe-

none tetracarboxylic dianhydride (BTDA) is a unique bulky, photosensitive, and semi-

flexible chemical structure, rendering new properties to the resulting compound [8, 13]. In

addition, it was shown that BTDA is a biocompatible product used in preparation of

composites highly adhesive to dentine [14] and in treatment of arthritis [15], making it

applicable to a wider range of biomedical uses.

On the other hand, besides the bulk characteristics, cPIs bio-applications are affected by

their low surface energy due to the absence of functional groups, which results in poor

wettability [16]. Plasma technology, corona discharge and other techniques have been used

to improve the wettability, printability, biocompatibility and other related surface prop-

erties [17–19], which are responsible for the resulting biological reactions. Since in most

cases the biomaterial is in contact with aqueous environments in physiological situations, a

better understanding of cells/tissues/proteins-biomaterial interactions can be achieved

through interfacial water-polymer tension, which provides information on the intermo-

lecular forces and the interfacial structure between two phases. When a polymeric material

contacts blood or plasma, rapid protein adsorption and/or platelet adhesion takes place

depending on the surface characteristics of the material. These unfavorable responses may

cause discomfort to users, and sometimes require unwanted replacement of medical

devices. In addition, these responses can initiate the activation of blood clotting cascade,

which may be potentially fatal in many procedures using medical devices with large blood-

contacting area [20, 21]. Therefore, interpretation of cPIs surface characteristics and

precise control by physical and/or chemical modification should be significantly considered

in designing them as biomaterials. Generally, their biocompatibility is mainly affected by

surface characteristics including surface smoothness, distribution and functionality, and

hydrophilic/hydrophobic balance of surface [22]. Therefore, contact angle measurement is

one simple method to characterize the surface properties.

In a previous publication [23], some partially aliphatic copolyimides derived from

3,30,4,40-benzophenonetetracarboxylic dianhydride (BTDA), 4,40-diaminodiphenylmethane

(DDM) and 1,6-diaminohexane (DAH) were prepared and characterized from the view

point of their chemical structure, thermal and mechanical behavior. The aim of this work is

to improve the surface properties of some novel BTDA-derived cPIs, with different ali-

phatic content, by high frequency and low pressure air plasma. The biocompatibility of

these compounds is investigated in the aspect of their blood compatibility, meaning the
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interfacial tension and balance between adhesion and cohesion of blood cells and sanguine

plasma proteins to the cPIs surface. In this context, the results were discussed in correlation

with the morphology and chemical structure of the synthesized cPIs, comparing them to

their respective homopolyimides (hPIs), in order to identify the optimal molecular aspects,

which make them suitable for blood-contacting devices.

Experimental

Materials

Benzophenone-3,3‘,4,40-tetracarboxylic dianhydride (BTDA, Aldrich) was recrystallized

from acetic anhydride and vacuum dried before use. 4,40 diaminodiphenylmethane (DDM,

Sigma) was recrystallized from ethanol solution. 1,6 diaminohexane (DAH, Fluka) was

used without further purification. N-methyl-2-pyrrolidone (NMP, Aldrich) was purified by

distillation under reduced pressure and stored over 4Å molecular sieves. Scheme 1 shows

the chemical structure of those monomers.

Polymer Synthesis

Polyimides (PIs) were synthesized by reacting BTDA with DDM and/or DAH. An equi-

molar ratio of diamine and dianhydride has been applied for preparation of the polymers.

PIs (PI1 and PI5) and copolyimides (cPIs) (PI2–PI4) were synthesized via a two-step

process by thermal imidization method in solution. The poly (amic acid)s (PAAs) were

prepared in N-methylpyrrolidinone (NMP) (*15 %wt) and were not isolated.

A general polymerization procedure could be illustrated by the following example:

0.2974 g (1.5 mmol) of DDM and 0.1744 g (1.5 mmol) of DAH were dissolved in 8 mL

anhydrous NMP in a 150 mL three-necked round bottom flask, fitted with a nitrogen inlet

tube, a mechanical stirrer and a reflux condenser. 0.9667 g (3 mmol) of BTDA was rapidly

added with stirring. Considerable gelation occurred during the addition of the dianhydride,

which gradually disappeared on stirring at 35 �C for 2 h. The reaction mixture was stirred

for a further 20 h at room temperature to yield viscous PAA solution. The PAA was

subsequently converted into PI and cPI, by a thermal imidization process at 180–190 �C

O

O

O

O

O O

O

H2N
NH2

NH2H2N

BTDA

DAH

DDM

Scheme 1 Polyimide monomer
structures
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for at least 5 h. A slow nitrogen flow through the flask was continuously employed

throughout the reaction. The reaction mixture was precipitated into methanol. The resulting

powder was finally dried in an oven at 80 �C under reduced pressure for 4 h. All other

polymers were synthesized by analogous procedure as described.

PI and cPI films were prepared through imidization of PAA films cast on a glass

substrate, which were placed overnight in an 80 �C oven to remove most of the solvent.

The semidried PAA films were further dried in an oven and transformed into PIs and cPIs,

by the following heating program: 120, 160, 180, 210 and 270 �C for 1 h at each tem-

perature. After stripping the films in hot water, the resulting samples were dried at 65 �C in

a vacuum oven for 24 h. Completed imidization of all polymers was confirmed by IR

spectroscopy. Solvent content was determined by thermogravimetric analysis to be \1 %

(w/w).

Measurements

Infrared spectra were recorded with a Bruker Vertex 70 spectrometer in transmission

mode, at 24 cm-1 resolution, by using precipitated polymers ground in potassium bromide

pellets. Polymer solubility was determined at room temperature at a concentration of 1 %

(w/v).

Thermogravimetric analyses (TGA) were performed on a MOM derivatograph (Hun-

gary) in air, at a heating rate of 10 �C/min. The initial decomposition temperature (IDT) is

characterized as the temperature at which the sample achieves a 5 % weight loss. The

temperature of 10 % weight loss (T10), was also recorded.

The static contact angles were measured by the sessile-drop method, with a CAM-101

(KSV Instruments, Helsinki, Finland) contact angle measurement system equipped with a

liquid dispenser, video camera, and drop-shape analysis software, at room temperature.

Double distilled water, ethylene glycol and methylene iodide were used as test liquids for

these studies. For each kind of liquid, three different regions of the surface were selected to

obtain a statistical result, taking into consideration the contact angle values of three

measurements with an error of ±1�. The relative error on the calculated parameters was is

in the range of 0.02–0.06 %.

The same types of samples were plasma-treated, by exposing the polymer films to a low

temperature and low pressure glow discharge. Cold air plasma treatment was performed

using an installation, done in our laboratories [24]. The installation used for producing

plasma consists of a reactor, a liquid nitrogen trap, a vacuum pump, the whole set being

connected to a command and control block. The pressure in the reaction vessel is adjusted

by means of a needle valve and is measured with the pressure gauge. The reactor used for

treatment of the materials is made of a Pyrex-glass vessel endowed with plane parallel

aluminum electrodes. The piece that supports the samples subjected to treatment is set on a

stainless steel grid placed between the electrodes. The high frequency (HF) discharge in the

reaction vessel is ignited and maintained by the generator with the frequency of

1.2–13.5 MHz. In order to keep constant the HF glow discharge parameters during the

treatments, the generator is equipped with a master oscillator with adjustable frequency

within the range 1.2–1.5 MHz and a load tuned power amplifier. A control-command block

adequately connected to magnet valves, pressure and temperature sensors, permits to

establish the gas pressure and flow within the reactor. For the treatment of studied

polyimides the following characteristics were used: electric field between the electrodes:

30 V/cm; frequency: 1.2 MHz; pressure: 0.24 mbar. Duration of the plasma exposure was

of 10 min, the contact angles measurements being performed immediately after it.
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Dynamic vapour sorption (DVS) measurements were performed on an IGAsorp

apparatus (supplied by Hiden Analytical), with the following characteristics: minimum gas

pressure of 2 bar; resolution of 0.1 lg for 100 mg and sample containers made out of

stainless steel micron-sized mesh. Before sorption measurements, the samples were dried

at 25 �C in a dry nitrogen flow (250 mL/min) until the weight of the sample was in

equilibrium at a relative humidity (RH) \1 %. The vapour pressure was increased and

decreased after an established program, which implies the variation with half a degree in

the range of 0.5–90. Also, for sorption and desorption measurements, a program with 10 %

humidity steps between 0 and 90 % RH was used, each having a pre-established equi-

librium time between 40 and 50 min. The cycle was ended by decreasing the vapour

pressure in steps to obtain also the desorption isotherms.

Blood cell attachment was determined using 0.1 ml of blood (human blood from

healthy voluntary donors, collected on 3.8 % sodium citrate solution as anticoagulant in

9:1 v/v ratio) that was incubated with 1 cm2 material surface area for 15 min at 37 �C and

humidity. After the incubation period the films were washed three times with Phosphate

Buffer Saline (PBS), and subsequently immersed for 10 min in formaldehyde 10 %. The

removal of the fixing compound was made by rinsing the samples successively in distilled

water and then in PBS. The surface of the samples was examined on an optical microscope

(Olympus) in a PBS drop.

Atomic force microscopy (AFM) measurements were made on a scanning probe

microscope solver pro-M platform (NT-MDT, Russia), in air, at room temperature, in

tapping mode. A rectangular silicon cantilever NSG10 (NT-MDT, Russia), with a typical

force constant KN = 11.8 N/m and 156 kHz oscillation frequency was used. The tip

curvature radius and height was 10 nm and 14–16 lm, respectively. The scan area was

1 9 1 lm2 and for image acquisition and image analysis, the latest version of the

NT-MDT NOVA software was used.

Results and Discussion

Polymer Synthesis

Polyimides were synthesized starting from a pair of diamines, DDM/DAH, and BTDA as

dianhydride, by the ring-opening polyaddition at room temperature to PAAs, and imidi-

zation by sequentially heating process to the final polymers, PI1-PI5. Transformation from

PAA to cPI was possible via the thermal cyclodehydration method. The chemical struc-

tures of the resulting polymers are presented in Scheme 2.

Figure 1 exemplifies the IR spectra of samples PI1, PI3 and PI5. The polymers show the

characteristic imide absorption bands at around 1,775 cm-1 (attributed to the C=O

asymmetrical stretching vibrations of imide groups) 1,712 cm-1 (attributed to the C=O

symmetrical stretching vibrations of imide groups) 1,370 and 720 cm-1 (assigned to C–N

stretching and C–N bending, respectively, in imide groups). An additional band, at

1,670 cm-1, is attributed to C=O stretch of benzophenone. The absorptions at around

2,935 and 2,860 cm-1 are assigned to the CH2 vibration of aliphatic units, while, the C–H

linkage of aromatic rings shows a peak at about 3,050 cm-1. The broad absorption band at

3,350–3,450 cm-1 characteristic of NH amidic and the narrow absorption peak at

1,650–1,660 cm-1 due to C=O group in amide linkage disappeared entirely, indicating the

completion of thermal imidization of the intermediate PAA into final polyimide structure

and confirms the synthesis of polymers.
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Surface Wettability and Interfacial Energy

The surface free energy of a polymer can be derived from contact angle measurements in

the advancing, receding, and preferred wetting modes using equations of the molecular

theory of wetting. An approach of the sample surface energy is a consideration of sample

surface tension, which according to the components approach, it given by a combination of

dispersion forces (van der Waals forces) and polar forces (hydrogen bonding). The acid–

base theory was developed by van Oss, Chaudhury and Good [25–27] as they tried to relate

the surface tension components more closely with their chemical nature. The polar com-

ponent describes the acid–base interactions instead of hydrogen bonds, while the non-polar

term describes London–van der Waals forces instead of dispersion interactions. Thus, the

surface tension could be described by Eqs. (1–3):
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Scheme 2 Chemical structures of investigated polymers

Fig. 1 FTIR spectra of PI1, PI3 and PI5 films
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1þ cos h ¼ 2

clv

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cLW
sv � cLW

lv

q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cþsv � c�lv
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c�sv � cþlv
q

� �

ð1Þ

cAB
sv ¼ 2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cþsv � c�sv

p

ð2Þ

cLW=AB
sv ¼ cLW

sv þ cAB
sv ð3Þ

where superscripts ‘‘LW’’ and ‘‘AB’’ indicate the disperse and the polar component

obtained from the c�sv electron-donor and the cþsv electron-acceptor interactions.

As to Eq. (1), literature data [27–29] indicate that three polar liquids and a set of three

equations may be used, if the values of the liquids parameters are not too close. Della

Volpe et al. [30] show that an improper utilization of the three liquids, without dispersive

liquids, or with two prevalently basic or prevalently acidic liquids strongly increases the

ill-conditioning of the system. The different estimates of the acid–base components,

obtainable for the same solid by different triplets of liquids, do not necessarily imply that

this method is inconsistent, but may simply reflect the large inaccuracies affecting the

results, as due to ill-conditioning. Also, literature postulated [27] that contact angles should

be measured with a liquid of surface tension higher than the anticipated solid surface

tension. Eq. (1), written for three liquids, leads to a three equation system for determining

the surface tension components. In our investigation, the solid surface tension components

cLW
sv and cAB

sv were determined from a simplified equation system, in which are introduced

the parameters of two polar liquids and a non-polar one (Table 1), and the contact angles

from Table 2. The surface tension components of the test liquids, namely water, ethylene

glycol and methylene iodide were taken from literature [31–33], and presented in Table 1.

Table 3 lists the obtained values of surface tension components and electron-donor and

electron-acceptor parameters, before and after plasma treatment. For untreated samples, the

non-polar component, cLW
sv , increases as the aliphatic DAH moieties in the polymer chain,

prevail comparatively with aromatic DDM moieties, while the polar component, cAB
sv

decreases. This could be due to the reduction of charge transfer interactions from the

aromatic sequences (BTDA, DDM) by the presence of DAH units, and thus lowering the

polarity of the polyimide from PI1 to PI5.

Table 1 Dispersion and polar contributions to the surface tension mN/m) of various test liquids and some
biological materials

clv cd
lv cp

lv cþlv c�lv

Test liquids

Water [31] 72.80 21.80 51.00 25.50 25.50

Methylene iodide [32] 50.80 50.80 0.00 0.72 0.00

Ethylene glycol [33] 48.00 29.00 19.00 1.92 47.00

Biological materials

Blood [49, 50] 47.50 11.20 36.30 – –

Fibrinogen [51] 41.50 37.60 3.89 0.10 38.00

IgG [52] 51.30 34.00 17.30 1.50 49.60

Albumin [49, 50] 62.50 26.80 35.70 6.30 50.60

Red blood cells [53] 36.56 35.20 1.36 0.01 46.20

Platelet [53] 118.24 99.14 19.10 12.26 7.44
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Biocompatibility of the investigated polymers can be improved through changes in

polarity and wettability, incorporation of surface functional groups that help prevent

thrombogenicity, and surface coatings of biologically compatible species, such as proteins

and antibiotics. Plasma treatment is a technique that can be used to modify the surface

properties of biomaterials without also altering bulk properties that affect their function

[34, 35]. High frequency (HF) plasma offers a unique route for surface patterning results in

a smooth, pinhole-free ultrathin films. From this reason, in order to optimize the surface

properties and implicitly the biocompatibility of studied samples [36], they were subjected

to HF cold-plasma treatment. This type of processing implies low energy processes and the

created species have little penetrating energy. Thus, the modification is limited to the

surface typically no deeper than a few molecular layers, providing specific functionality

and long-term stability. The various excitation, ionization and dissociation reactions in the

plasma generate high-energy and reactive species (electrons, ions, radicals, photons) that

interact with polymer film surface, changing its chemical and physical characteristics. The

type of surface modification induced by plasma treatment is strongly dependent on the

choice of reactive gas. Reactive gas plasmas involving gases such as oxygen, nitrogen and

carbon dioxide or their mixtures (air—the present case), introduce new functional groups

onto the PI surface [37]. In particularly, the presence nitrogen from air plasma leads to the

formation of C–N–C, C–N and N=C=N groups, the latter one being able to activate

carboxyl groups [38]. Also, nitrogen from the plasma conducts to decrease of the bonding

percentage, related to normal nitrogen bonding (O=C–N–C=O) in the polyimide structure,

and to its conversion into C–N–C bonding [39]. The traces of CO2 from air plasma

treatment of PI induce the cleavage of imide groups to form COOH and amide groups [40].

Table 2 Contact angles of different liquids on polyimide films (�), before and after plasma treatment

Sample Untreated samples Plasma treated samples

Water Ethylene
glycol

Methylene
iodide

Water Ethylene
glycol

Methylene
iodide

PI1 80 55 52 33 12 59

PI2 82 57 48 35 13 58

PI3 84 60 45 36 15 57

PI4 87 62 44 37 16 56

PI5 89 63 42 39 17 56

Table 3 Surface tension components and electron-donor and electron-acceptor parameters (mN/m) for
untreated and plasma treated samples

Sample Untreated samples Plasma treated samples

cLW
sv

c�sv cþsv cAB
sv cLW=AB

sv
cLW

sv
c�sv cþsv cAB

sv cLW=AB
sv

PI1 29.49 7.60 0.47 3.80 33.29 20.61 51.07 3.64 27.28 47.89

PI2 31.88 6.40 0.21 2.34 34.22 21.37 48.59 3.50 26.10 47.47

PI3 33.63 5.73 0.05 1.02 34.65 21.94 47.67 3.27 24.98 46.92

PI4 34.62 4.14 0.02 0.45 35.07 22.02 46.70 3.24 24.59 46.61

PI5 36.02 3.11 0.01 0.07 36.09 22.71 44.14 3.10 22.99 45.70
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Air plasma treatment is very effective to crack the C–O–C or C=O bonds in PIs, and to

produce many dangling oxygen bonds [37, 41, 42]. The oxygen from air plasma bom-

bardment of PI film can cause some atoms to be sputtered away and substituted by oxygen

atoms. This substitution produces highly polar groups (hydroxyls, carbonyls, and in some

cases carboxylic groups) at the surface by breaking the imide and benzene rings and

forming new polar species of C–O and C–N–C, and raises the surface polarity and wet-

tability [43]. The biological efficacy of the air plasma is usually attributed to reactive

species, such as hydroxyl groups and atomic oxygen, and the use of atmospheric air rather

than noble gas greatly enhances their generation. One of the most efficient results of such

type plasma treatment is increased wettability of the surface, which is thought to be limited

by the competition of chain scission (etching) and functional modification of the surface.

Thus, plasma treatment increases the number of Lewis acid–base sites. In an acid–base

perspective, oxygen containing functionalities increase the strength of the Lewis acid–base

interaction with water and other polar liquids. These groups give both an electron-donor

character through the electron lone pair of oxygen and an electron-acceptor character

through the active hydrogen linked to the electronegative oxygen atoms [44].

In case of studied cPIs, the values of cLW
sv decrease by the plasma treatment, while those

of cAB
sv increase, leading to higher total surface tensions compared to those of the untreated

samples. This observation also arises from Table 2, which presents the results for relatively

hydrophobic surfaces (with high contact angles) that were converted into more hydrophilic

surfaces (with low contact angles), by plasma treatment of studied samples. Plasma

treatment results in a dramatic decline of the contact angle and a corresponding increase of

the polymer wettability. The increase of the latter parameter is caused by the creation of

polar groups at the polymer surface, which exhibit high hydrophilicity. Aging of the

plasma treated polymers is accompanied by an increase of the contact angle which is due to

a reorientation of the molecular segments, produced by the plasma treatment, due to their

interaction with ambient atmosphere [45]. Major role in this process has the orientation of

the polar groups toward the polymer bulk. It is well known that the contact angle is mostly

affected by the chemical structure and morphology of the polymer surface layer, especially

by the presence of oxidized degradation products [45]. A recent study shows that a good

wettability stable in time of PI films can be achieved by coating polymer surface with

silicon oxide [46]. In this context, our future studies will be focused on stabilization of

surface characteristics of synthesized cPIs induced by plasma exposure in order to extent

their utility to biomedical fields.

In contact with physiological aqueous environments, intermolecular forces occurring at

the interface with these compounds can be described by the interfacial tension, csl, cal-

culated with Eq. (4):

csl ¼
ffiffiffiffiffi

cp
lv

q

�
ffiffiffiffiffiffi

cp
sv

p

� �2

þ
ffiffiffiffiffi

cd
lv

q

�
ffiffiffiffiffiffi

cd
sv

q

� �2

ð4Þ

The values of interfacial tension of studied cPI films at the water interface, csw, are

presented in Table 4. It can be observed that the interactions at the interface are more

pronounced as the aliphatic moieties content increases in the polymer chain (from PI1 to

PI5), while after plasma exposure the values of csw decrease. Also, these effects include the

surface free energy, DGw, expressing the balance between hydrophilicity and hydropho-

bicity on the surface. The DGw values were obtained from Eq. (5) [47] by using the total

surface tension of water, clv, from Table 1, and the contact angle of water for the studied

samples, hwater, from Table 2.
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DGw ¼ �clv � 1þ cos hwaterð Þ ð5Þ
Generally, the literature [29, 47] mentions that, for DGw\� 113 mJ/m, the polymer

can be considered more hydrophilic while, when DGw [ � 113 mJ/m, it should be

considered more hydrophobic. Thus, the results from Table 4, the interfacial tensions

between polymer-water, csl, and the surface free energy, DGw, reveal that the studied

polymers possess an increased wettability after plasma treatment cleans the surface and

implicitly a high hydrophilicity, property useful for biomedical applications.

Studies pertaining to development of blood compatibility criteria demonstrated that the

behavior of a material in a biological medium is dictated by the interfacial energy at the

polymer-blood interface [48]. The concept for blood-compatible materials starts from

considerations of minimizing the thermodynamic driving force for the adsorption of blood

components, as well as maintaining a mechanically stable blood-biomaterial interface. In

order to reconcile these two requirements, a blood-biomaterial interfacial tension of

1–3 mN/m is considered satisfactory [48]. Using a simplified model, it is shown that the

above criterion can be satisfied when the polar and dispersion surface free energy com-

ponents of a biomaterial are separately sufficiently near to their respective surface-free

energy counterparts of blood. As a result of this condition, even solids which differ

appreciably in their total surface free energies can remain equally compatible with blood.

For these BTDA-derived cPIs the interfacial tension with blood, csb, was obtained with Eq.

(4), in which we substituted the values for blood surface tension components taken from

the literature [49, 50] as listed in Table 1. The results indicate that untreated samples

exhibit higher values than those predicted by the biocompatibility criteria. Also, csb values

are increasing as the aliphatic DAH moieties content in the polymer chain prevail com-

pared to aromatic DDM moieties, and they are strongly decreasing after plasma treatment.

It can be observed that all samples, excepting polyimide PI5, present values framed in

2.07–2.95 range, which are in agreement with blood compatibility criteria. Thus, com-

bining this aspect with a high transparency and flexibility induced by the aliphatic

sequences from DAH, it can be assessed that copolyimide PI4 is the most suitable in

applications for blood-contacting materials (like surfaces of vessel grafts, membrane

oxygenators, and extracorporeal circuits).

Blood-Copolyimide Interactions

Hemocompatibility is a major issue in biomedical systems design. Materials used for these

devices must not interact unfavorably with blood. One major aspect of hemocompatibility

Table 4 Interfacial tension solid-water, free energy of hydration, and interfacial tension solid-blood values
before and after plasma treatment

Sample csw (mN/m) DGw(mJ/m2) csb (mN/m)

Untreated Plasma
treated

Untreated Plasma
treated

Untreated Plasma
treated

PI1 27.54 3.70 -85.44 -133.86 20.95 2.07

PI2 32.45 4.13 -82.93 -132.43 25.50 2.46

PI3 38.87 4.60 -80.41 -131.69 31.17 2.84

PI4 43.35 4.76 -76.61 -130.94 35.10 2.95

PI5 49.07 5.52 -74.07 -129.38 40.23 3.38
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is the ability of a surface to resist the deposition of proteins from the blood onto the

surface. Protein deposition triggers clotting and can cause the device to function

improperly or fail outright. This is unacceptable in biomedical applications where device

robustness is paramount. For a deeper understanding of the interactions that occur in blood-

biomaterial surface, the influence of different blood components to the polymer surface has

to be evaluated. The balance between adhesion, Wa, and cohesion, Wc, of blood constit-

uents on studied samples can be described by work of spreading, Ws, expressed in Eq. (6):

Ws ¼ Wa �Wc ¼ 2 � ðcLW
sv � cd

lvÞ
1=2 þ ðcþsv � c�lvÞ

1=2 þ ðc�sv � cþlvÞ
1=2

h i

� 2 � clv ð6Þ

In order to analyze the possibility of using these BTDA-derived cPIs in biomedical

applications and for establishing their compatibility with blood, in Eq. (6) were introduced

the surface tension parameters of fibrinogen [51], albumin [49, 50], immunoglobulin IgG

[52], red blood cells [53] and platelets [53]. When blood is brought in contact with a

foreign polymer surface, adsorption of specific proteins from sanguine plasma and/or cell

adhesion occurs. Depending on the surface characteristics of the material, the extent of

adhesion decides its life, as cellular adhesion to biomaterial surface could activate coag-

ulation and the immunological cascades. Therefore, cellular adhesion has a direct bearing

on the thrombogenicity and immunogenicity of a biomaterial and thus dictates its blood

compatibility. In this paper, we suggest the work of adhesion of the blood cells, namely

erythrocytes (RBC) and platelets, as parameters for characterizing biomaterials versus cell

adhesion. Thus, the materials which exhibit a lower work of adhesion would lead to a

lower extent of adherent cells than those with a higher work of adhesion. Table 5 shows

positive values for red blood cells work of spreading, WRBC , suggesting a higher work of

adhesion compared to the work of cohesion. Before plasma treatment PI1 and PI2, with

more aromatic content, exhibit an adhesion with red blood cells, while for ratios larger than

50 % of DAH content in the polymer structure, a small cohesion is obtained. After plasma

exposure the values of spreading coefficient are positive, revealing a small increase of

adhesion, which for copolyimides PI2–PI4 is slightly reduced as the DAH content is

increased. Regarding the exposure to platelets, the negative values of spreading work,

Wplat, indicate that all samples present a pronounced cohesion, maintained after plasma

Table 5 Work of spreading (mN/m) values of different blood components on untreated and plasma treated
samples

Samples Wfib WIgG Walb WRBC Wplat

Untreated samples

PI1 -6.21 -22 .86 -45.18 1.19 -105.29

PI2 -6.51 -24.10 -47.32 0.61 -103.83

PI3 -7.61 -25.96 -49.76 -0.79 -103.01

PI4 -7.81 -27.00 -51.85 -0.97 -104.29

PI5 -7.05 -26.88 -52.59 -0.19 -104.07

Plasma treated samples

PI1 0.72 -5.28 -14.98 8.11 -85.62

PI2 1.17 -5.26 -15.53 8.56 -85.40

PI3 1.11 -5.59 -16.12 8.42 -84.98

PI4 1.06 -5.78 -16.50 8.39 -85.36

PI5 1.35 -5.95 -17.26 8.69 -85.45
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treatment. This result suggests that studied BTDA-derived polymers do not interact with

platelets and thus prevent activation of the coagulation at the blood/biomaterial interface.

Another important problem in evaluation of biocompatibility consists in analysis of the

competitive adsorption behavior of blood proteins at the biomaterial surface, since it

determines the pathway and the extent of intrinsic coagulation and adhesion of platelets.

Predictions about the interactions between the biomaterial surface and the adsorbed pro-

teins can only be formulated by having an exact knowledge of the structure of the bio-

material’s surface. For untreated samples the spreading work values for fibrinogen,

albumin and IgG are negative revealing that cohesion prevails and thus favoring a non-

adsorbent behavior at the interface, as required by bio-applications. Plasma treatment

maintains this result, but even in case of fibrinogen for which the values of Wfib become

positive, they are very small, consequently suggesting that this soluble plasma glycoprotein

will hardly lead to blood coagulation. Among the plasma modified samples the polyimide

PI1 and copolyimide PI4 exhibit the lowest values of Wfib, which along with the rejection

of platelets, have a significant role in prohibiting thrombus formation. From this point of

view, the investigated materials can be considered as blood compatible since their inter-

action with blood cells would not cause either any damage of blood cells or any change in

the structure of plasma proteins. Therefore, it can be concluded that these materials fulfill

the main requests of biocompatibility. In particularly, plasma exposed PI4 exhibit an

optimal combination of flexibility and transparency (due to its high aliphatic content), of

suitable cohesion with sanguine plasma proteins and platelets, of small adhesion with red

blood cells; these results recommending it as a promising material for blood-contacting

devices.

Clinical studies which have been performed on these samples revealed that at the

polymer/blood interface there is no excessive platelets aggregation and RBC lysis. Also, as

shown in optical microscopy images from Fig. 2 the presence of the studied compounds do

not damage the morphology of the blood components, which is a positive indicative of a

hemocompatible material [54]. More detailed investigations on these polyimides from the

medical point of view will be the subject of a future work.

Water Uptake

In blood plasma composition, water is a prevailing element and therefore it is of great

importance to evaluate the water uptake behavior of analyzed samples, since the swelling

of the films could affect the performance of the blood-contacting devices in which they are

implemented.

Water sorption behavior of cPIs was analyzed using moisture sorption isotherms. The

role played by water molecules in the sample was interpreted on the basis of two models,

Brunauer-Emmet-Teller (BET) [55] and Guggenheim–Anderson de Boer (GAB) [56–58],

which allow a good fit of the water sorption data. The BET model is the most widely used

technique for predicting moisture sorption by solids, especially to evaluate the surface area

of solid materials. Generally, this method describes the isotherms until a relative humidity

of 50 %, depending on the type of material and on the type of sorption isotherm [58]. This

model is limited because it cannot describe very well the water sorption in multilayer. On

the other hand, GAB approach is based on some modified assumptions of the BET model.

It is presumed that there is an intermediate layer, which has different adsorption, and

liquefaction heats and also that there is a finite number of adsorption layers. GAB model is

used for finding out the monolayer sorption values and for determinations of solid surface
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area. The GAB equation covers a larger range of humidity conditions. The BET (7) and

GAB (8) equations are very often used for modeling of the sorption isotherms

W ¼
Wm � C � p

p0

1� p
p0

� �

� 1� p
p0
þ C � p

p0

� � ð7Þ

W ¼
Wm � C � K � p

p0

1� K � p
p0

� �

� 1� K � p
p0
þ C � K � p

p0

� � ð8Þ

where: W—the weight of adsorbed water, Wm—the weight of water forming a monolayer,

C—the sorption constant, p/p0—the relative humidity, and K—the additional constant for

the GAB Eq. (8).

Both of these methods have been used in many fields where the theory of mono and

multilayer adsorption is very applied to the water sorption in order to find useful infor-

mation about the compounds. Contrarily to the GAB model, which represents the sorption

isotherm on a wide range of water activity values (aw), the BET model enables the

representation of the sorption isotherms only in a range of activities from: 0 to 0.35

according to Brunauer [55]. For water activities lower than 0.35, the BET model is better

fitting the experimental results than the GAB model.

The shapes of the isotherms for the studied samples are isotherms of type III after

IUPAC classification [59]. This type of adsorption is characteristic for porous solids [60].

In the case of adsorption, where capillary condensation occurs, hysteresis appears and is

typical for systems with a very weak adsorbent-adsorbate interaction. The explanation of

hysteresis is based on a change of geometry during the adsorption and desorption process.

This is a sorption isotherm specific for a low hydrophilic material. The form of the

moisture sorption isotherm is a sigmoidal shape curve with a point of inflection [61].

Knowing the density of adsorbed phase and using the relationship between pore volume

and moisture uptake, an approximate value of the average pore size rpm, can be established

starting from Eq. (9). The relationship between the liquid volume, Vliq, and the percentage

uptake, n, is:

Vliq ¼
n

100 � qa

ð9Þ

where qa is the adsorbed phase density.

The average pore size can be calculated from the pore volume, assuming cylindrical

pore geometry, according to Eq. (10):

rpm ¼
2 � Vliq

A
ð10Þ

where A is the BET surface area.

Combining equations (9) and (10), average pore size can be expressed with relationship

(11):

rpm ¼
2 � n

100 � qa � A
ð11Þ

According with the IUPAC classification [59], the PI samples have the average pore size

appropriate for the nanoporous material range. The obtained data from sorption/desorption

isotherms are summarized in Table 6.
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The differences between the water sorptions of the compounds are interpreted by

considering the differences in their morphologies and chemical structure. The results

indicate that by adding a larger amount of aliphatic DAH moieties in the polymer back-

bone, water vapours sorption capacity of the cPIs is diminished, presumably due to an

increase in chain packing efficiency from PI2 to PI4. As observed in Table 6, PI4 film

exhibits the lowest swelling degree, recommending its applicability in blood-contacting

devices.

Surface Morphology

Besides the surface wettability and interfacial energy, the morphology of investigated

samples determines the interactions occurring at the interface. Atomic force microscopy

(AFM) was used to examine surface of the analyzed films and to measure their surface

topography. Figures 3 and 4 present the three-dimensional images of the polyimides PI1

Table 6 The main surface parameters of investigated samples, evaluated by sorption isotherms

Sample Water vapours
sorption capacity
(% db)

BET analysis GAB analysis Average pore size (nm)

Monolayer
(g/g)

Area
(m2/g)

Monolayer
(g/g)

Area
(m2/g)

BET GAB

PI 1 6.366 0.0157 55.136 0.0152 53.249 2.31 2.39

PI 2 5.244 0.0132 46.214 0.0146 51.147 2.26 2.05

PI 3 4.664 0.0116 40.812 0.0124 43.649 2.28 2.14

PI 4 4.595 0.0114 39.833 0.0122 42.757 2.30 2.15

PI 5 4.962 0.0139 48.617 0.0166 58.236 2.04 1.70

Fig. 3 AFM images of BTDA-derived polyimides PI1 and PI5 before and after plasma treatment
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and PI5, and of the copolyimides PI2-PI4, respectively. The surface morphology and

roughness of the polyimide film derive mainly from the characteristics of the polymer

chains that govern aggregation and molecular ordering, which occur during drying and the

thermal imidization processes. The untreated films reveal a uniform and flat surface

morphology. When the films are examined at nanoscale, the surface shows a small root-

mean-square roughness, Sq, framed between 0.31 and 0.49 nm. The low roughness values

obtained for the studied polymers are comparable with other polyimides [62, 63].

The plasma treatment affects the polymer surface, generating new chemical groups and

modification of the morphological structures. Thus, plasma intensifies roughness, a phe-

nomenon which remains constant in time, so that nanometer-scaled granules appear on the

films surface. This can be observed in AFM images, which reflect slightly higher values of

Sq, comprised in the range of 3.50–7.97 nm. AFM data support the conclusion that

enhancement in roughness is generated by a structural peculiarity of the PIs and cPIs

obtained by introducing different diamine structures in the synthesis, and by plasma

treatment, as well. Thus, the combination of flexible aliphatic DAH moieties with semi-

rigid DDM ones, leads to decrease of roughness and, implicitly, determines better adhesion

Fig. 4 AFM images of BTDA-derived copolyimides PI2-PI4 before and after plasma treatment
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of the BTDA-derived copolyimide films. A commonly accepted fact is that a low surface

roughness leads to a good compatibility of the material. Reefs which disturb the laminar

blood flow, as well as poststenotic turbulence, in particular, can cause clot formation [[64],

[65]]. In the case of our samples, the plasma induces an increased roughness, but con-

sidering its order of magnitude it is still in the limits required by the biocompatibility. As

observed in Fig. 4, the copolyimide PI4 exhibits the most adequate morphology for the

pursued applications.

Conclusions

New BTDA-based copolyimides, with different content of flexible aliphatic DAH, were

investigated to obtain information on their hydrophilic/hydrophobic properties, and to

determine their interaction with blood cells and plasma specific proteins. High frequency

and low plasma treatment influenced the surface tension parameters, interfacial free energy

and work of spreading of blood constituents, increasing the surface hydrophilicity char-

acteristics and decreasing interfacial tension with blood in the range of 2.07–2.95 mN/m,

in accord with the biocompatibility criteria for PI1-PI4 samples. The results have reflected

capacity of DAH moieties to lower the electron-donor character of polar contribution to

surface tension, while maintaining a small adhesion of polymer films to red blood cells and

a proper cohesion to platelets and albumin, fibrinogen and IgG. The differences between

the water sorptions of the samples are influenced by their chemical structure, indicating a

lower capacity as the flexible aliphatic DAH moieties amount in the polymer chain is

higher.

The AFM images showed a uniform and flat surface morphology for untreated samples

(Sq = 0.31–0.48 nm), changing into a granular structure after plasma treatment. The

values of the root-mean-square roughness of all films are ranging between 3.50 and

7.97 nm, after plasma exposure, being favorable for laminar blood flow, preventing

poststenotic turbulence and clot formation. In particular, plasma treated copolyimide PI4

presents a reduced roughness, an interfacial tension with blood of 2.95 mN/m, respecting

the biocompatible criteria and the most suitable balance between adhesion/cohesion with

blood components and the lowest capacity of swelling (4.59 % db), aspects which rec-

ommend it as potential material for blood-contacting devices.
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