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Abstract Molecular engineering of polymer surfaces that
includes the attachment of functional molecules to exist-
ing or previously generated reactive chemical groups like
e.g., —OH, —NH;, or —CHO requires simple strategies
and tools for the controlled generation of surface function-
alities and their derivatization as well as for their identi-
fication and eventually quantification. Here, we systemati-
cally investigate the plasma-chemical surface modification
of polypropylene films in combination with dansyl labeling
chemistry and conventional, yet costly, XPS and highly sen-
sitive fluorescence spectroscopy for the detection of surface
groups. Based on these results, the potential of and require-
ments on the fluorometric characterization and quantification
of surfaces functionalities are discussed.

Keywords Fluorescence spectroscopy - Surface
functionalization - Covalent labeling of polymer surfaces -
Plasma modification - Fluorescent probe

Introduction

Chemical reactions at surface functionalities are of ever in-
creasing importance for molecular-level engineering of sur-
faces and provide, e.g., the basis for the attachment of sensor
and biomolecules to various supports [1,2]. Here, polymers
are gaining in importance. For the fabrication of polymeric
support materials for bioanalytical techniques employing flu-
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orescence detection, problems arise from the limited number
of suited polymer substrates. Only polymethyl methacrylate
(PMMA), polycarbonate, cyclic olefinic copolymers (COC),
and polypropylene (PP) have the necessary optical prop-
erties and the chemical and temperature resistance for the
attachment of functional molecules by means of chemi-
cal reactions for the attachment of functional molecules by
means of chemical reactions [3]. An elegant approach to
introduce, e.g., reactive —OH, , —NH, or —CHO groups
into polymers and to tailor surfaces is the application of
plasma-chemical processes. Modification of polymer sur-
faces by low-temperature glow discharge plasmas enables
the control the hydrophilicity as well as the adsorption and
wetting properties of polymers [4, 5]. Plasma-chemically
activated polymeric support materials can be further modi-
fied with surface-bonded functional molecules by chemical
reactions. For the application of such sophisticated mate-
rials, a crucial point remains the characterization of these
materials with respect to the type and density of reactive
functional groups at the surface. Since typically used analyt-
ical methods (like photoelectron spectroscopy XPS, FTIR,
SIMS, etc.) are costly and often fail at low concentrations
of surface functionalities, the application of comparatively
simple and very sensitive fluorometric the methods in com-
bination with labeling techniques is very attractive. Despite
the obvious potential of fluorometry, however, there exist
only few reports on the characterization of chemically or
plasma-modified polymer films [6—8] via measurement of
fluorescence. Even though all authors reported the qual-
itative detection of characteristic fluorescence bands, the
potential of fluorometry for quantitative analysis of surface-
attached labels is still under debate [8, 9], as the character-
ization and quantification of fluorescently labeled surface
functionalities is complicated by different factors [10].
This includes, e.g., nonspecific adsorption, inhomogeneous
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dye distribution, and penetration of dye molecules into
the polymer as well as dye—dye interactions that typi-
cally lead to fluorescence quenching and the sensitivity
of the spectroscopic properties of the fluorophore to its
microenvironment.

Since many analytical methods in the life sciences rely
on fluorescence measurements on surfaces of, e.g., microar-
rays, functionalized microplates, or sensor devices [11],
the validation of fluorescence methods for surface analy-
sis seems to be straightforward and advisable. In addition,
well-characterized fluorophore-labeled surfaces can be ex-
ploited for example as fluorescence intensity standards for
the microarray technology [12] and single molecule spec-
troscopy (SMS) [13] as well as fluorescing reference layers,
as desired for image calibration in quantitative fluorescence
microscopy [14].

This motivated us to perform systematic investigations
of a series of plasma-chemically modified and subsequently
fluorophore-labeled polypropylene films. Here, first steps
toward the development of validated fluorescence methods
for the evaluation of surface functionalities of model sys-
tems are presented. Different synthetic concepts are used
for covalent coupling of commercially available dansyl la-
bels to plasma-chemically generated functional groups on
polypropylene surfaces. Aside from the spectroscopic in-
vestigation of surface-bound fluorophores, the emission
measurements are correlated with XPS results, thereby
evaluating the potential of steady-state fluorometry
for the characterization and quantification of surface
functionalities.

Materials and methods
Chemicals and materials

Polypropylene (PP) films (thickness 100 um (Goodfellow,
U.K.)) were ultrasonically cleaned for 15 min in a diethyl
ether bath. All solvents (tetrahydrofurane (THF), ethanol,
methanol) were distilled and dried before use. THF was
stored over molecular sieve for more than 1 week before use.
Toluylene-2,4-diisocyanate (TDI), (80/20 isomer mixture,
pro synthesis, Merck, DE), methylene-di-p-phenylene
(MDI), (pro synthesis, Sigma-Aldrich, DE), hexamethylene
diisocyanate (HDI), and dibutyltin dilaurate (DBTL)
(>98%, Merck, DE) were used as received. The dyes
dansyl chloride (DNS), dansyl cadaverine (DNS-Ca), and
dansylhydrazine (DNS-Hy) (purity of all fluorescent labels
>95%), provided by Sigma-Aldrich Gmbh (former Fluka
AG, Switzerland) were applied as received.
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Plasma-chemical surface modification

0,-Plasma treatments were performed in a 50 dm? volume of
a cylindrical plasma reactor. The design of the plasma reac-
tor has been described elsewhere in detail [15]. The plasma
reactor is equipped with a radio-frequency generator (r.f.
13.56 MHz) with automatic matching unit and an r.f. bar
antenna (length: 35 cm), mass flow controllers for gases and
a turbo molecular pump for generating an oil-free high vac-
uum. The polymer substrates were mounted on a grounded
steel cylinder (@ 10 cm, length 35 cm), which was rotated
with a frequency of 0.5 —1 s~! at a distance of 10 cm from the
r.f. powered electrode. Surface functionalization of PP films
in O,-plasma was performed in the continuous-wave (cw)
mode using a power input of 100 W at a standard pressure
of 10 Pa.

Wet-chemical reduction of O, plasma-treated
polypropylene films

The oxygen plasma-treated films were immersed in 12 mL
dry THF and 3 mL of 1 M diborane THF complex solution
(1.0 M, stabilized with 0.005 M NaBHy; Fa. Aldrich) and
stirred under nitrogen atmosphere at room temperature for
18 hrs. The films were removed and dipped in an alkaline
mixture of H,O, and THF for 2 hr. After washing with THF,
water, and methanol, the modified PP-OH films were dried
and stored in a desiccator.

Chemical attachment of spacer molecules

The reaction of surface-bonded OH groups with diiso-
cyanates was performed according to Scheme 1. In order
to exclude humidity, reaction vessels and hydroxyl-modified
PP films (PP-OH) (5 cm x 5 cm) were dried at 30°C for
about 1 hr before the reaction. The films were dipped, there-
after, in dry THF under dry N, flow. The THF-solution of
the isocyanates and the catalyst DBTL were added with
a syringe. The films were shaken various times at room

}—OH + OCN—X-NCO
CHs
X — — ) — MH2©—
DI |

MD

Scheme1 Schematics of the general reaction of OH-groups at polymer
surfaces with diisocyanates

DBTL ¢ a
—— {—O—C—-NH-X-NCO
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temperature. Afterwards, the NCO-modified PP films (PP-
NCO) were washed twice in dry THF.

Fluorophore labeling

The reaction of NCO-functionalized films with fluorescent
labels containing amino groups was carried out in dry THF
or ethanol. After addition of the THF-solution of the dye,
the reaction was continued for 4 hrs in the dark. The films
were washed with ethanol, water, and acetone. Fluorophore-
modified films were stored in the dark prior to fluorescence
measurements.

XPS surface analysis

The XPS data were obtained with a SAGE 150 Spectrom-
eter (Specs, Berlin, Germany) using nonmonochromatized
MgK,, radiation with 12.5 kV and 250 W settings at a pres-
sure of ca. 1077 Pa in the analysis chamber equipped with
channeltron detectors. XPS spectra were acquired in the con-
stant analyzer energy (CAE) mode at 90° takeoff angle. Peak
analysis was performed using the peak fit routine from Specs
as described in detail elsewhere [16].

Steady state fluorescence measurements

The fluorescence spectra of the fluorophore-labeled poly-
mer films were measured between two quartz windows in
a 0°/90°-geometry with a Spectronics Instruments 8100
spectrofluorometer with an excitation polarizer set to 0°
and an emission polarizer set to 54.7°. If not otherwise
stated, all the fluorescence spectra presented are corrected
for the wavelength- and polarization-dependent spectral re-
sponsivity of the detection system and for the relative spec-
tral irradiance of the excitation channel at the sample po-
sition [26]. Prior to each fluorescence measurement, the
fluorophore-labeled films underwent a Soxhlet extraction
employing ethanol as solvent to remove physically adsorbed
dye molecules. For each series of measurements, blank or
so-called reference samples were prepared by reaction of
nonfunctionalized polymer films with the respective fluores-

Scheme 2 Schematics of the
grafting reaction of amino-
functionalized fluorescent labels
to NCO-modified polymer
surfaces

0
R —NH-§

o

cent label using the same procedure as applied to covalently
attach fluorophores to the surface-functionalized films.

Results and discussion
Surface-linked fluorescent labels

Functional groups at polymer surfaces are a prerequisite for
grafting of spacer, sensor, and biomolecules. Applying an
oxygen plasma, a broad variety of different O-functional
groups including carbonyl, aldehyde, carboxyl, hydroper-
oxide, ether, and hydroxyl groups is generated at polymer
surfaces [17]. By plasma-chemical modification on pristine
inert polypropylene surfaces as model polymer substrates,
reactive hydroxy-functionalities have been generated with
typical OH-concentrations up to 2—4 OH groups/100°C.
With the application of a previously developed additional
wet-chemical reduction process to plasma-treated substrates,
[18, 19] surface densities of about 10-14 OH/100 C can be
realized. This equals 2.4-3.4 OH groups per nm? or 0.3—
0.4 nmole OH per cm?. This procedure shows moderate se-
lectivity, whereby about 60% of all the O-functionalities
are converted into OH groups [20,21]. These values are
based on quantum chemical MO or MM2 calculations and
the assumptions of surfaces with a low roughness and the
geometric model of one propylene unit occupying about
0.12 nm? and accordingly eight propylene units occupying
about ~1 nm? (cf. six functional groups/nm? in Ref. [22].
The described surface functionalization allows a durable cou-
pling of hydroxyl groups directly to the polymer backbone.
Deposited allyl alcohol layers, however, show a decrease in
the amount of hydroxyl groups probably caused by dissolv-
ing of oligomers from the plasma polymer deposit [23].
After combined plasma-chemical oxidation and wet-
chemical reduction, the hydroxy-modified PP substrates
were reacted with diisocyanates MDI and TDI as illus-
trated in Scheme 1. The obtained NCO-terminated poly-
mer surfaces present useful materials for further graft-
ing procedures. Subsequent reactions of these films with
amino-terminated fluorescent labels like, e.g., dansyl cadav-
erine (DNS-Ca) and dansyl hydrazine (DNS-Hy) result in

]

H 0o z O
E’—O—C”:—NH—X—NCO + R—NH, — E'——O—(I.‘I,NHXNH*&NH—R'

O ~(CH2)5—NH—E O
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Fig. 1 Fluorescence excitation and emission spectra (uncorrected;
excitation at 350 nm) of DNS-Hy labeled PP-OH films (solid lines) and
of a reference film (dashed lines). Variations in fluorescence intensity
are caused by different degrees of dye labeling due to prolonged reaction
times with over TDI from 24 hrs (solid lines), 48 hrs (solid circles) to
96 hrs (open squares).

fluorescent PP surfaces (see Scheme 2). Covalent attach-
ment of fluorophores to hydroxyl-modified polypropylene
surfaces following via interposed spacer molecules syn-
thetic concepts, adopted from well-investigated polyurethane
chemistry result in fluorescent PP surfaces with an amount
of about 1-3 fluorophores/100 C atoms estimated by XPS.

Spectroscopic properties of surface-attached
dansyl chromophores

The synthetic approach shown in Scheme 2 yields fluores-
cent films, displaying characteristic emission features of the
charge-transfer (CT) dansyl chromophore. As an example,
fluorescence excitation and emission measurements of DNS-
Hy, attached to PP-OH, reacted over different times with
TDI, are displayed in Fig. 1. These different reaction times

were used here to vary the concentration of the surface func-
tionalities in a controlled fashion.

The fluorescence excitation spectra, which reflect the ab-
sorption spectra of the emitting species, show maxima at
about 347 nm as to be expected from the absorption spectra
of well-investigated dansyl chromophores in various envi-
ronments and matrices. The uncorrected emission spectra of
the surface-bound dansyl label display emission maxima at
473 nm independent of the reaction time, whereas the flu-
orescence intensity increases with prolonged reaction time.
For comparability reasons, only the reaction time of PP-OH
with TDI was varied in these experiments. The duration of
the labeling reaction was kept constant. The measured flu-
orescence originates from covalently attached fluorophores
only and not from physically adsorbed dye molecules, as
follows from the comparison to reference emission spectra
obtained for nonfunctionalized PP films immersed in dye
solutions under exactly the same conditions as used for films
carrying surface functionalities. For all samples, physically
adsorbed dye molecules were removed by soxhlet extraction
prior to fluorescence measurements as described in the mate-
rials and methods section. Table 1 summarizes the absorption
and emission maxima as well as the resulting Stokes shifts
of various dansyl-labeled PP films from our measurements
and selected data from the literature.

As follows from Table 1, the absorption maxima
Aaps(max), derived from the fluorescence excitation spectra
of the dansyl-labeled PP films, are in very good agreement
with the data reported for PE films with directly linked dan-
syl labels [7], independent of the spacer molecules used.
Contrary to the spacer-independent absorption maxima, the
spectral position of the emission maximum Aep(max), and
accordingly the Stokes shift A¥,ps—em), clearly depends on
the type of investigated film. The emission features of the
dansyl chromophore are known to be highly sensitive to the
nature of their microenvironment. They exhibit, for instance,
large bathochromic shifts on going from a nonpolar to a po-
lar environment. For that reason, as well as because of their

Table 1 Selected ;

spectroscopic data of Polymer Label Spacer  Aaps Aem Stokes shift? Ref

fluorophore-labeled polymer support (max)/nm  (max)/nm  A¥ps—em/cm ™!

films PP DNS-Hy MDI 349 482 7900 ¢
PP DNS-Hy TDI 348 487 8200 ¢
PE DNS-Hy — 350 467 7200 b
PP DNS-Ca MDI 340 460 7700 ¢
PP DNS-Ca TDI 338 459 7800 ¢
PE DNS-Ca — 350 467 7200 b

“Stokes shift defined as ADps—em) = Pabs — Dem, Where Ty is low energy absorption
maximum (here, the maximum of the fluorescence excitation band) given in wave
numbers and iy, is the mixed of the emission band gave in wave numbers

b

correction procedure not stated (cf. Ref. [7])

“spectrally corrected data, this work
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comparative insensitivity to fluorescence quenching dye—dye
interactions, these labels are extensively used as fluorescent
probes for environmental effects such as e.g. polarity and vis-
cosity [25]. From the steady-state emission data in Table 1,
rough conclusions can be drawn on the local environment
of the polymer-linked labels. Comparing the spectroscopic
properties of the two polymer supports, the Stokes shift
increase, going from 7200 cm~! for fluorophores directly
linked to PE [7] to values of >7700 cm™! for the spacer-
linked fluorophores of the polypropylene systems. The
Stokes shifts between 7700 and 8200 cm ™' measured for the
latter correspond to values of 7920 cm ™! reported for dansyl-
labeled polymer-coated glass fibers in water. The dried fibers
show Stokes shifts of about 7000 cm~! [24]. Evaluating the
spectroscopic data in Table 1—which are measured on non-
dried polymer films in ambient atmosphere—the increase
in Stokes shift, observed for PP films compared to directly
labeled PE suggests a more polar environment of the dansyl
moiety, attached to PP surfaces via the spacer molecules TDI
and MDI. The more polar environment of the last-mentioned
fluorophores points to a better accessibility of the spacer-
linked dansyl group to water molecules derived from air
humidity. The formed “pseudo-aqueous” microenvironment
dominates the spectroscopic properties of the attached dansyl
moiety, almost independent of the type of spacer molecules.

Uncertainty of fluorescence measurements
at polymer surfaces

For the evaluation of spectroscopic data from the literature, it
should be kept in mind, however, that reported spectroscopic

—o— corrected
—— uncorrected

1.04

0.5+

0.0+ st
300 400 500 600
wavelength/ nm

normalized fluorescence intensity/ arb. u.

Fig. 2 Effect of spectral correction on excitation and emission spectra
as represented by comparison of normalized uncorrected (solid line)
and corrected (open circles) spectra of polypropylene, labeled with
DNS-Ca via TDI. The bump observed at about 500 nm for the uncor-
rected emission spectrum is caused by Wood anomalies of the emission
monochromator gratings of the instrument used

data frequently descend from raw or technical fluorescence
spectra. [25-27] This is often not clearly indicated. For the
comparability of fluorescence measurements, these uncor-
rected spectra have to be corrected for the spectral character-
istics of the respective fluorescence instrument. The impact
of spectral correction on fluorescence data is exemplary il-
lustrated in Fig. 2. Here, the fluorescence excitation and
emission spectra of polypropylene, labeled with DNS-Ca via
TDI before and after proper spectral correction are shown.
For comparison of the data in Table 1 it is advantageous, that
the emission maxima of the dansyl chromophore are located
between 450 and 500 nm. In this wavelength region, the rela-
tive spectral responsivity of typical fluorescence instruments
is normally only slightly wavelength-dependent, resulting in
comparatively minor deviations between the band maxima
of uncorrected and corrected fluorescence spectra. As illus-
trated in Fig. 2, the correction-induced deviation in band
position of the fluorescence spectra of dansyl cadaverine
linked to PP by TDI accounts for 4 nm a spectral shift of
only.

Despite of the impact of fluorescence measurements on
solid supports, to the best of our knowledge, there are no data
available on the uncertainty of this method. Aiming at the re-
liable spectroscopic investigation of surface-functionalized
polymer materials, the many typical fluorescence-inherent
sources of error [25-27] need to be considered. In addition
to the factors given in the introduction that were minimized
by us by proper choice of the fluorescent label and wash-
ing procedures, inhomogeneous functionalization/labeling
and, in the case of solid substrates like, e.g., films, the
reproducibility of sample positioning can critically influ-
ence the uncertainties of fluorescence measurements. For
commonly performed cuvette-type fluorescence measure-
ments of transparent dilute solutions, the relative uncer-
tainty of recording fluorescence spectra is better than 2%,
whereas for analogue measurements of solid films with a
routine fluorometer, the achievable uncertainty is inferior
[27]. The magnitude of the relative uncertainty of fluores-
cence measurements i.e., with fluorophore-functionalized
polymer films on polymer surfaces has been determined
by repeatedly recording spectra of polymer films. From
the variation of the signal intensities these at the emis-
sion maximum of 10 fluorescence spectra, we obtained a
relative uncertainty for fluorescence measurements of co-
valently attached fluorophores of about 15% (see Fig. 3).
Most likely, this uncertainty arises from inhomogeneous
labeling.

Correlation of fluorescence measurements
and XPS characterization

Despite of the suitability for the qualitative detec-
tion of fluorophore-labeled surface functionalities, their
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relative fluorescence intensity/ arb. u.

400 500 600

wavelength/ nm
Fig.3 Relative uncertainty of fluorescence measurements on polymer
films. Ten repeatedly recorded spectra of DNS-Hy attached to plasma-
chemically modified PP via TDI (excitation wavelength 350 nm) are
shown

quantification by means of fluorescence spectroscopy is still
achallenging task. Quantitative fluorescence analysis is com-
monly based on calibration curves generated from known
analyte concentrations in solutions [7, 8]. Similarily, a cal-
ibration step is required to determine the concentration of
fluorophore-labeled functional groups on polymer surfaces.
Due to the inherent sensitivity of fluorescence to the dye’s
microenvironment, different surroundings of dissolved and
polymer-linked chromophores can cause significant varia-
tions in the spectral characteristics of absorption and emis-
sion. The effect of surface-linking on the fluorescence spec-
tra of the bound fluorophores is measurable (see Table 1),
but typically, the influence of the dye attachment on ab-
sorption coefficients and quantum yields remains unknown

4 T . T . . R
| ]

3!
;

o

0 20 40 60 80 100
reaction time (PP-OH+TDI)/ h

Fig. 4 Integral fluorescence intensity (open circles; excitation wave-
length 350 nm) as well as the N (solid squares) and S (open diamonds)
content, respectively, obtained from XPS measurements of DNS-Hy,
linked to PP via TDI

XPS-S (——) ,N (—® ) content/ atomic %
integral fluorescence intensity —©—/ arb. u.
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Fig.5 Correlation between integral fluorescence intensities (excitation
wavelength 350 nm) and the N (solid squares) as well as the S (open
diamonds) content, respectively, obtained from XPS measurements of
TDI-linked DNS-Hy

[28]. To eliminate errors in quantification, the chromophore
to be specified and the calibration standard have to be in a
comparable microenvironment to guarantee identical fluo-
rescence spectra, molar absorption coefficients, and fluores-
cence quantum Yyields, respectively. Because this precondi-
tion is often not fulfilled for the comparison of dissolved and
polymer-attached fluorescent labels, the use of such calibra-
tion data yields increased uncertainties.

To eventually overcome these difficulties, the applicabil-
ity of XPS measurements as an independent calibration tool
has been tested. For the XPS experiments, a further chemical
derivatization step could be elegantly circumvented by us-
ing the sulfur-atoms of the SO,-moiety and the N-atoms of
the isocyanate-coupled dansyl fluorophores as internal XPS
tags. Figure 4 displays the data for the atomic content of the S
and N hetero atoms of the dansyl-labeled films as determined
by XPS and the fluorescence intensities from the measure-
ments shown in Fig. 1. All the data are plotted as a function
of the reaction time of hydroxy-modified PP films with TDI.
The error bars for the emission curve are related to the pre-
viously derived relative uncertainty of the fluorescence data,
see Fig. 3.

The correlation between the atomic contents from surface-
sensitive XPS measurements and integral fluorescence inten-
sities of labeled PP surfaces is depicted in Fig. 5. The linear
correlation reveals a good agreement between both analytical
methods for the plasma-chemically surface functionalized
and dansyl-labeled polymer films.

Assuming that the labeling reactions are more or less
quantitative with respect to the conversion of plasma-
chemically generated surface functionalities, we estimate
fluorophore concentrations of about 0.3-0.4 nmole/cm? on
the PP surfaces. This fluorophore content lies within the
detection limit of about ~10~3 nmol/cm? reported for the
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fluorometric characterization of dansyl-labeled polymer sur-
faces [29] and concentrations >l nmol/cm?, where fluo-
rescence quenching due to dye—dye interaction can occur
[7]. Within the examined concentration range, fluorescence
spectroscopic methods can be esteemed as a supplementing
technique for the characterization of surface-functionalized
solid supports such as e.g. the plasma-modified, fluorophore-
labeled polymer films exemplary investigated by us and other
solid.

Conclusion

Strategies of synthesis for the functionalization of
polypropylene films and the subsequent covalent attachment
of dansyl fluorophores to these surface groups either di-
rectly or via spacers of varying length have been developed
by application of plasma-chemical processes and concepts
adopted from well-investigated polyurethane chemistry. As a
first step toward the development of simple and standardized
methods for the characterization and quantification of surface
functionalities, the potential of fluorescence spectroscopy—
in combination with labeling techniques—for the character-
ization and quantification of surface groups has been eval-
uated. The chosen dansyl fluorophore that contains a sul-
fur heteroatom enables a direct comparison of fluorescence
spectroscopy with results derived by the commonly used
surface characterization technique XPS. The good correla-
tion between both methods, found for the spacers MDI and
TDI, reveal the potential of fluorescence spectroscopy as a
complementary and highly sensitive tool for the characteri-
zation of surface groups within the examined concentration
range. With the choice of a fluorescent probe, that has a
comparatively small tendency toward aggregation and fluo-
rescence quenching dye-dye interactions and proper removal
of physically adsorbed nonreacted dye molecules, the rela-
tive uncertainty of the fluorescence analysis is determined
to maximum 15% from the measured variations in emission
intensity. The limiting factors here seem to be the repro-
ducibility of sample, i.e., film positioning, and the spatial
inhomogeneity of the label concentration.

Moreover, the developed strategies for molecular engi-
neering and fluorophore labeling can be most likely ex-
ploited for the fabrication of fluorescence standards. Such
fluorophore-labeled polymer films are interesting candidates
as fluorescence intensity standards, for example, for micro-
scopic techniques, SMS, or the microarray area.
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