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Abstract In this study are presented evidences for the functionalization of poly-
propylene surfaces accomplished in a sequential process: argon- or oxygen-plasma
enhanced generation of free radical sites on polypropylene surfaces was followed by
“in situ” gas phase derivatization in the absence of plasma using ethylene diamine,
or propylene diamine; and an “in situ”, gas phase derivatization using oxallyl
chloride or “ex situ” derivatization in the presence of glutaraldehyde. The free
radicals’ presence on the plasma-exposed polypropylene surfaces was confirmed
using “in situ” sulfur dioxide or nitric oxide labeling techniques. It was shown that
the free radical sites readily react under “in situ” conditions with the stable chain-
precursor components and generate the desired spacer-chain molecules revealed by
ESCA analysis. Functionalized polypropylene substrates were used for immobili-
zation of a-chymotrypsin in the presence of spacer-chain molecules. The activity of
the immobilized o-chymotrypsin was found to be comparable to the activity of the
free enzyme when the spacer molecules have been used.
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Introduction

The most widely used synthetic polymer surfaces are usually characterized by low
surface energy values, and some of the thermoplastics, including polyethylene and
polypropylene (PP) for instance, are chemically inert. Characteristics like adhesion,
wettability, dyebility, and reactivity require the presence of specific functionalities
[1-3] on polymer substrate surfaces. New application areas such as sensors [4, 5],
optical and electrical components, catalysts [6-8], etc., require specific nature and
densities of functionalities to control the device performances.

Traditionally, PP has been bulk functionalized using reactive processing [9] with
compounds such as diallylamino-triazine [10], sulfonyl azide [11], maleic anhydride
[12-14], esters of itaconic acid [15], etc. in order to improve the compatibility with
various materials, including polymers, for composites or block copolymer-advanced
applications.

Recent studies report surface functionalization of PP by plasma treatments;
grafting [16], implanting functional groups (OH, amine, and carboxyl, etc.) [17-20]
or just modifying the roughness [21] were used to improve adhesion to various
materials [22], immobilize biomolecules [23, 24], ad biocidal finishes to non-woven
fabrics [25], etc.

Functionalities such as primary amine are between the most desirable due to their
hydrophilic character, reactivity, and stability in comparison to secondary amines.
Ammonia discharge environments were used for plasma-enhanced implantation of
primary amine functionalities. A variety of amines or hydrogen and nitrogen
mixtures were used as alternative primary amine group precursors [26—36] due to
the extensive fragmentation of NH; in non-equilibrium plasmas; hydrazine plasma
can be a better choice for the implantation of primary amine functionalities onto
polymeric surfaces [37-39].

Reactive plasma functionalization using precursor molecules of the desired
functionalities (e.g. ammonia, hydrazine, and amines, etc.) undergo fragmentation
processes as a result of their interactions with the electrons and with the multitudes
of precursor derived, nascent, charged and neutral species; in addition to the desired
functionalities, other functional groups will be simultaneously implanted onto the
surfaces, reducing the specificity of the functionalization process; free radical sites
(reactive surface radicals and stable, “caged” free radicals) will initiate after plasma
treatment, non-specific interactions with target molecules (e.g. biomolecules),
which obviously will diminish significantly the molecular recognition capabilities
(specificity) of the modified substrates.

Electron spin resonance (ESR) investigations, coupled with systematic computer
simulation, show a variety of free radicals generated on inert polymer surfaces, such
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as low and high density polyethylene (LDPE; HDPE), even under conditions when
the substrates are exposed to inert-gas plasma environments [40]. Discrete,
mid-chain alkyl, allylic, and large amounts of dangling-bond sites were identified
both on plasma-exposed LDPE and HDPE surfaces as dominant radical species. It
was demonstrated that crystalline and amorphous morphologies also influence
significantly the densities and the nature of nascent free radicals. Thermally stable
dangling-bonds were found to be the predominant radical species in the LDPE
spectra, while the spectra of HDPE indicate the presence of the mid-chain alkyl
radicals as the major entities. This was related to the differences in the intrinsic
polymer morphologies (relative ratios of branched, amorphous regions vs. crystalline
zones). It also has been shown that the plasma-treated substrates have an in situ
and ex situ environmental-history. Both LDPE- and HDPE- origin dangling-bonds
for instance, undergo an instant conversion into peroxy radicals under open
laboratory conditions, while the mid-chain alkyl radicals have very low reactivity
with oxygen.

The free radicals interact through combination, disproportionation, transfer,
addition and decomposition reactions, and often involve inter and intra-
macromolecular-chain processes [41]. These reactions usually alter the chemical
structures of the nascent plasma-functionalized species. In addition, surface-active
sites (ions and free radicals) interact with selected derivatizing agents including,
aldehydes, carboxylic acids, ketones, alcohols, etc., under in situ environment, and
generate stable compounds or new radicals with non-specific activities, often
leading as a consequence, to erroneous analytical results.

In this contribution, the implantation of primary amine functionalities onto PP
film surfaces will be presented, by taking advantage of the high reactivity of the
plasma-generated free radical sites through introduction of stable primary amine
precursor molecules under in situ environments. This approach uses a side process
of plasma processing (free radicals generation) in a beneficial way by avoiding the
development of undesired, plasma-mediated fragmentation reaction mechanisms
which usually accompany reactive plasma functionalization increasing the chemical
complexity of treated sample and by blocking the free radicals.

Materials and methods
Materials

Polypropylene film was provided by Cargill Dow LLC. PP samples were cut into
square 110 x 110 mm? specimens. Acetone extraction of PP sample before plasma
treatment was done in a beaker with agitation. Argon and oxygen used for the
plasma-enhanced treatments and decontamination of the reactor were supplied by
Airgas (Linde). Ethylene diamine (EA), propylene diamine (PA), oxalyl chloride
(OC), glutaraldehyde (GL) (50% aqueous solution), sulfur dioxide, and nitric oxide
were purchased from Sigma-Aldrich Co. All chemicals used for the enzyme
immobilization reactions and assays have been described earlier [34, 38].
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Surface modification of polypropylene

All plasma treatments were carried out in a cylindrical stainless steel, capacitively
coupled (disc-shaped stainless steel electrodes; electrode diameter: 20 cm; gap:
3 cm), RF-plasma-reactor, equipped with 13.56 MHz power supplies [38, 39].

The presence of free radical sites on the polypropylene substrate surfaces,
generated as a result of argon or oxygen plasma treatments, was demonstrated by
reacting them in situ with SO, or NO. This was followed by vacuum-removal (the
reactor having the modified samples was kept at base pressure level for 30 min) of
the non-reacted SO, and NO, using the experimental conditions listed in Table 1,
and analyzing the Cls, Ols, S2p and N1s regions by high resolution (HR) electron
spectroscopy for chemical analysis (ESCA).

Functionalization and enzyme-immobilized reactions were carried out in a four-
step process by the following scheme (Fig. 1): (i) Argon or oxygen plasma-assisted
generation of surface free radicals. (ii) In situ, gas phase derivatization in the
absence of plasma using, ethylene diamine, or propylene diamine. (iii) Second in
situ, gas phase derivatization in the absence of plasma using oxalyl chloride or ex
situ liquid-media derivatization using glutaraldehyde. (iv) Ex situ liquid-media
immobilization of a-chymotrypsin (AC).

In a typical experiment, the reactor was first decontaminated (10 min consecutive
oxygen- and argon plasma: RF-power: 300 W; pressure: 200 mT; flow-rate of
oxygen or argon: 7 sccm) then the polypropylene substrate was placed on the lower
electrode, and vacuumed to base pressure level. The pre-selected pressure was
established in the reactor and the plasma was ignited for specific treatment
conditions. At the end of the plasma-exposure of the substrates, the chamber was
evacuated and ethylene diamine or propylene diamine was distilled into the
installation until the pressure reached 1 Torr and was kept for 90 min. Then, the
chamber was pumped down to base pressure for 20 min in order to remove the non-
reacted amines.

Table 1 Atomic concentration of argon or oxygen plasma treated PP in situ reacted with sulfur dioxide
and nitric oxide

Sample Atomic concentration on surface (%) Ratio of surface mers with
free radicals
Carbon Oxygen Nitrogen Sulfur
PP[AR]NO 75.9 17.5 6.6 - 0.261
PP[AR]SO 88.0 9.8 - 2.2 0.075
PP[OX]NO 83.5 16.5 No signal - -
PP[OX]SO 91.8 6.2 - 2.0 0.066

Plasma conditions: 100 W at 13.56 MHz; 1 min; 6 sccm of Ar or O,

PP polypropylene, AR argon plasma-assisted surface activation of PP, NO in situ gas phase derivatization
process of nitric oxide on PP activated surface, SO in situ gas phase derivatization process of sulfur
dioxide on PP activated surface, OX oxygen plasma-assisted surface activation of PP
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Fig. 1 Schematic diagram of surface functionalization and enzyme immobilization pathway

Immobilization of a-chymotrypsin on functionalized substrates

The oxalyl chloride activation was carried out by vacuum distilling into the reactor
vapors and maintaining the vapor atmosphere under similar conditions to the EA
and PA environments. The system was then evacuated and the PP bearing the acid
chloride groups was removed and used immediately, consecutively for further
analytical evaluations or enzyme immobilization, since the acid chloride is not very
stable. a-chymotrypsin was immobilized according to the following procedure: the
functionalized substrates were dipped into 50 mL of 0.02 M EPPS buffer solution.
The pH of the buffer was corrected to 8.4 by adding 1 N NaOH, then 12 mg of
o-chymotrypsin was added to each solution and the solutions were kept for 4 h. At
the end of the procedure, the samples were washed with the buffer and then with
distilled water (at least three times) and dried for further analysis. Immobilized
a-chymotrypsin was quantified [42].
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The glutaraldehyde activation was carried out according to Hermanson et al.
[43]. Immobilization of a-chymotrypsin was prepared using the following proce-
dure: functionalized substrates were dipped into 12 mg of AC buffer solution for
3 h. Sodium cyanoborohydride (0.02 M) was then added and the functionalized
substrates were suspended for 1 h, followed by washing as on OC procedure.

Assay of a-chymotrypsin activity

A solution of 2.4 mL ATEE (4 mM) and 0.15 M of 17.6 mL NaCl containing 0.5%
(v/v) of Triton X-100 was used for the enzyme assay. The evaluation of pH changes
was performed using a Virtual Instrument (LabView) serial connected to a
pH-meter (Corning 443i). The pH data were recorded every 2 s in the interval of
0-20 min. Enzyme activity evaluations were performed on all substrates, involving
at least three different and consecutive measurements, and assay/substrate-washing/
assay cycles.

Electron spectroscopy for chemical analysis (ESCA)

The relative surface atomic concentrations and the Cls, Ols and Nls high
resolution peaks corresponding to atoms in non-equivalent positions of plasma
modified, derivatized, and enzyme attached samples were analyzed using a Perkin
Elmer Physical Electronics 0 5400 small area ESCA system (Mg source; 15 kV;
300 W; pass energy: 89.45 eV; take off angle of 45 degrees). In order to correct
surface-charge-origin binding energy (BE), shift calibrations were performed based
on the well known Cls C-C (285 eV) peak.

Results and discussion

Identification of the presence of free radicals on argon and oxygen plasma-
exposed polypropylene surfaces

Free radicals’ high reactivity and presence of scavengers (e.g., oxygen) in typical
laboratory environment requires special precautions (e.g., in situ investigations) and
complex methods for their accurate evaluation. For gas phase measurements have
been developed optical methods (including Laser-Induced Fluorescence) for free
radical quantification and evaluation of their energies [44-61]. Biological and
biochemical measurements of free radicals were investigated under liquid environ-
ment the compositions and, for medical applications, even in vivo [62-66];
consequently, scavengers or biochemical pathways’ markers have been used.
Surface modification of polymers using plasma techniques raises the necessity
for free radical quantification on the surface of treated polymers. Free radical
scavengers (e.g., 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl [67]) have been used
traditionally, but the concurrent reaction with other scavengers from the handling
environment of the samples (atmosphere) are altering the quantitative evaluations.
A different approach is the measurements in situ (e.g., ESR) by plasma treating the
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Fig. 2 High resolution S2p (a) and N1s (b) spectra of argon plasma treated PP in situ reacted with sulfur
dioxide and nitric oxide

samples inside of analytical instrument, without exposing the samples to contam-
inants until the end of measurements; this method raises special design requirements
and limits the plasma types/devices that can be studied. We used a simple free
radical evaluation method [68] compatible with majority of vacuum-operated
installations by using gas scavengers (vacuum manipulation simple) that avoid
handling contamination of samples (in situ operation).

High resolution ESCA data resulting from argon and oxygen plasma-treated
polypropylene surfaces subsequently in situ reacted with sulfur dioxide and nitric
oxide clearly indicate that the radical scavengers have reacted with the plasma-
exposed surfaces. The presence of sulfur and nitrogen in the surface-layer structures
of modified substrates is shown in Table 1, and a typical HR S2p and N1s diagrams
are presented in Fig. 2.

The presence of R’-OSO,-R functionalities on PP[AR]SO surfaces, and R-ONO
functionalities on PP[AR]NO indicates Ar-plasma-generated alkoxy radicals, while
the presence of R-SO,H and R-NO functionalities is indicative of the generation of
carbon radicals [44, 45] according to the following reactions:

R’ + SO, — R-SO5 — R-SO,H (1)

R* +NO — R-NO (2)

R-O° + SO, — R-0S0, — R-0S0,-R’ (3)
R-O° + NO — R-ONO (4)

The two binding energy peaks of the high resolution, bimodal S2p spectra (Fig. 2a)
where assigned [46] to R’-OSO,-R (168 eV) and R-SO,H (165.5 eV) functional-
ities. On the other hand, high resolution N1s spectra (Fig. 2b) indicates the presence
of R-ONO (405 eV) and R-NO (400 eV) groups. Accordingly, it can be suggested
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that sulfur dioxide is more selective for reacting with alkoxy radicals and nitric
oxide is more selective for reacting with carbon radicals. For sample PP[OX]SO,
high resolution S2p spectrum showed a 168 eV energy binding peak, while the high
resolution Nls spectrum of PP[OX]NO samples do not show the characteristic
peaks. It can be concluded that argon plasma treatments generate alkoxy and carbon
radicals on polypropylene surfaces, while oxygen plasmas predominantly produce
alkoxy radicals.

ESCA analysis of modified PP surfaces

HR Cls ESCA diagrams of argon and oxygen plasma-modified PP samples
subsequently, in situ, functionalized using EA or PA, in the absence of plasma, are
presented in Fig. 3. The depth profile atomic concentration evaluations were
performed at take off angles of 15,45, and 75° (not presented here). The functionalized
PP substrates have a significant relative surface nitrogen atomic concentration
regardless of the nature of derivatization agents, and the depth-sampling measure-
ments do not indicate significant atomic concentration changes. It is suggested that
plasma-induced surface roughness changes might be responsible for the apparent
constancy of the atomic compositions.

The presence of broad peaks is evident in all treated samples, covering a region
that can be related to the existence of carbon, nitrogen, and oxygen (Table 2)
containing linkages. The Cls peak fitted at 286 eV binding energy can be related to
the presence of aliphatic amine primary groups (285.7 eV) or aliphatic amine

(b) e () e

T T T T T 11
293 291 289 287 285 283 281 293 291 289 287 285 283 281 293 291 289 287 285 283 281
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(e) Cq

(I T T T T
293 291 289 287 285 283 281 293 291 289 287 285 283 281

Binding energy (eV) Binding energy (eV)
Fig. 3 High resolution Cls spectra of modified PP (Table 2): a PP; b PP[AR]JEA; ¢ PP[AR]PA;
d PP[OX]EA; e PP[OX]PA
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Table 2 Relative surface atomic composition and high resolution deconvoluted relative peak areas of
virgin and modified PP

Sample Atomic concentration (%) Curve fit data of HR Cls spectra (%)

C (0] N C; (285 eV) C, (286 eV) C; (288 eV)
PP 94.0 6.0 - 96.0 - 4.0
PP[AR]EA 81.8 12.3 5.9 65.8 26.8 5.6
PP[AR]PA 78.9 14.7 6.4 65.1 28.8 6.1
PP[OX]EA 80.2 13.9 6.1 66.1 25.8 8.1
PP[OX]PA 84.3 11.3 43 70.6 22.6 6.8

Plasma conditions: 100 watts; 1 min, 6 sccm of argon or oxygen; 13.56 MHz
EA in situ gas phase derivatization process of ethylene diamine on PP activated surface

PA in situ gas phase derivatization process of propylene diamine on PP activated surface

secondary groups (286.0 eV) [69] and is representative for a successful primary
amine functionalization of the substrate. The slight increase of peak percentages
fitted at 288 eV binding energy (carbonyl oxygen—288.0 eV—or amide groups—
288.5 eV—or to a carbonyl and a non-carbonyl oxygen—289.4 eV) can be related
to reduced polymer degradation during plasma treatments (higher on oxygen
treatments, especially when is followed by EA functionalization) and post-plasma/
functionalization reactions of reactive species created such as free radicals not
quenched with amine during in situ reaction or imine functionalities.

The high resolution C1s region of PP and their derivatives generated as a result of
functionalization reactions and AC attachment, and the binding energy values of
carbon atoms suggested to be present in specific, non-equivalent positions are
presented in Fig. 4. Once again, the very broad and complex nature of the C1s peaks
make interpretations difficult. However, it is suggested that the range 287.2—
289.4 eV of binding energy peak might be related to the presence of covalently
attached AC on the substrate surfaces. Due to the broad nature of the diagrams,
where the multi-modal character is more difficult to be defined, deconvolution of
peaks and precise assignment were avoided. The ESCA atomic composition on the
surface of samples (Table 3) shows the presence of nitrogen on all samples and
chlorine only on the OC modified one.

Enzyme immobilization on modified substrates

Sensors, medical and biotech applications are demanding immobilization of bio-
molecules into a variety of substrates; physical, chemical, and nano methods
[70-80] have been designed to control the attachment and activity of biomolecules.
However, specific or non-specific attachment of biomolecules on surfaces is a
difficult analytical problem [81]. Plasma techniques have been used to modify
substrates [82—88] due to the efficacy even on most inert substrates.

AC was immobilized on plasma-modified/derivatized PP substrates and the
quantities have been evaluated from spectroscopic measurements (AC depletion
from the solution by UV absorbtion at 274 nm [42]). Figure 5 exhibits the amounts
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Fig. 4 High resolution Cls ESCA diagrams of PP surface during activation reaction sequence and
immobilization of AC: a PP; b PP[AR]JEA; ¢ PP[ARJEAGL; d PP[AR]JEAGLAC; e PP[OX]EA;
f PP[OX]EAOC; g PP[OX]JEAOCAC

Table 3 Relative surface atomic composition of surface activated and enzyme immobilized PP

Sample Atomic concentration (%)

C (0] N Cl
PP[AR]EAGL 83.5 11.8 4.7 -
PP[AR]JEAGLAC 75.7 13.7 10.6 -
PP[OX]EAOC 72.1 16.0 9.3 2.7
PP[OX]EAOCAC 66.0 11.2 22.8 -

of AC attached to the modified PP substrates. It can be observed that the anchored-
AC quantities are dependent on the specific surface functionalization technique.
Slight dependence can be seen on plasma treatment technique (argon or oxygen).
This might be related to the surface roughness characteristics.

Normalized comparative enzyme assay results of immobilized ACs are presented
in Fig. 6. It can be noted that AC-immobilized both on argon and oxygen plasma-
modified and post plasma-functionalized PP substrates, with terminal OC-based
spacer chains, have higher activities in comparison to those of GL-bearing
substrates. The highest activity of AC was achieved when anchored through EA/OC
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Fig. 6 Assay activity of a-crymotrypsin immobilized on modified PP

spacer-chain segments. However, the activities of the immobilized enzymes are
significantly lower in comparison to the free enzyme or free enzyme in the presence

of non-modified PP.
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Conclusions

It was demonstrated that the oxygen and argon plasma species generate reactive free
radical sites on the substrate surfaces that can interact with stable molecules under
in situ conditions to produce amine functionalities.

o-Chymotrypsin was then immobilized on the oxygen- and argon-RF-plasma-
exposed PP surfaces previously derivatized in the absence of plasma by attaching
spacer-chain molecules between the substrates and AC. The spacer-chain molecules
were sequentially built up from OC, EA, and GL molecules.

The activities of the immobilized enzymes were lower in comparison to the
activity of the free enzyme; the best activity was recorded on PP-modified substrates
using oxygen plasma treatment, EA functionalization, and OC derivatization before
AC immobilization. The immobilization of enzyme molecules in a three-dimen-
sional complex matrix (roughness after plasma treatment) reduces the freedom of
mobility of the biomolecules and alters their supramolecular morphology as a result
of multi-point interactions.
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