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Solid-phase chemistry on polymer beads is widely used
in the production and biological screening of combinatorial
libraries of compounds.1 Since a lot of analytical methods
used in solution chemistry cannot be applied to solid-phase
chemistry, monitoring chemical processes on beads has been
difficult. To understand solid-phase chemistry, it is desirable
to describe the distribution of chemical groups within the
solid-phase supports. Previous studies have described the use
of autoradiography,2 scanning secondary ion mass spectrom-
etry,3 fluorescence,4 and several microscopy methods, such
as confocal fluorescence,5 confocal Raman,6,5d infrared,7 and
more recently, two-photon microscopy (TPM).8 However,
the spatial quantification of the chemical groups present has
not been described before. Here, we show that TPM allows
for the direct quantification of fluorophore distributions
within single PEGA1900 (poly(ethylene glycol)acrylamide)
beads.

In TPM,9 the sample is irradiated with a laser with a
wavelength approximately twice that of the normal excitation
wavelength of the fluorophore. As a result, excitation can
occur only when two photons are absorbed simultaneously.
Such two-photon events occur at a very high photon density
that is reached only at the focal point of the laser beam.
Hence, the fluorescence detected originates only in the part
of the sample that is in focus. Away from the focal point,
there is essentially no absorption of the exciting beam,
because there is no chromophore able to absorb single
photons of this wavelength. Hence, TPM avoids the artifacts
caused by excitation attenuation due to absorption that have
been described for confocal fluorescence microscopy.7 In
addition, the risk of photodamage to the sample is reduced
by application of a pulsed laser permitting recovery of the
fluorophore.

Our first aim was to establish whether we could use TPM
to measure the distribution of fluorescent groups within
PEGA1900-NH2 beads. To this end, these beads were treated
with an excess of dansyl chloride under reaction conditions
that should result in uniform dansylation of all amino groups
on the polymer. The beads were then thoroughly washed to
remove any nonspecifically bound dansyl and investigated
using TPM.10 Since the excitation maximum for dansyl
derivatives is reported to beλ ) 340 nm, a laser ofλ ) 770
nm wavelength was used.11 The resulting fluorescence image
of the largest cross section of a single bead (Figure 1, left
image) reveals a uniform distribution of functionality within
the beads in the lateral direction, as also observed recently
for polystyrene5,6 and TentaGel.8

Next, we moved on to establish whether the fluorophore
concentration within single beads could be quantified
directly. Predetermined concentrations of fluorophore were
obtained by reacting PEGA1900-NH2 with mixtures in
different ratios of dansyl chloride1a and a nonfluorescent
analogue,1b, to form2a/2bmixtures in corresponding ratios
(Scheme 1, 1a).12 Both1aand1b are expected to be equally
reactive because they differ only in a part of the molecule
that is remote from the reacting sulfonyl chloride group.
Figure 1 (bottom row) shows the cross-sectional images that
were obtained using TPM from the largest cross section (the
middle) of 100-µm-diameter beads with 100, 75, 50, 25, and
0% dansyl loading.

By focusing the laser beam at different depths within the
sample, optical sections at discrete depth intervals within the
sample can be obtained (Figure 2). By adding these optical
sections together, a three-dimensional image of the sample
can be constructed.

Figure 2 shows that at all depths, the fluorescence
emission is homogeneously distributed in the lateral direction;
however, upon increasing focal depth, the fluorescence
emission signal is attenuated.
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Figure 1. Fluorescence images of PEGA1900 beads of 100-µm
size treated with different ratios of dansyl/nonfluorescent analogue.12

From left to right, these ratios are 1, 0.75, 0.50, 0.25, and 0.0.13

The total amine loading of the resin is 200µmol/g.14

Scheme 1.Varying Ratios of Dansyl Chloride (1a) and a
Nonfluorescent Dansyl Analogue (1b) Are Coupled to
PEGA1900-NH2
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Contributions to weakening the signal with increasing
depth may come from aberration, scattering, and absorption.
These may reduce both the number of excitation photons
reaching the focus area and the number of fluorescent
photons collected by the objective. Dunn et al have shown
that the measured two-photon excited signal decays expo-
nentially with increasing focal depth for small (<1 µm)
fluorescent spheres embedded in turbid gels.12 The resulting
detector signal as a function of focal depthI(zf) was thus
fitted according to

wherezf is the focal depth from the top surface of the bead,
I0 is the fluorescence intensity atzf ) 0, and R is the
attenuation parameter. Figure 3 shows the average fluores-
cence intensity obtained for each section at increasing focal
depths for PEGA1900 beads with different dansyl loadings.
In each case,I0 was obtained by extrapolating to zero focal
depth. The parallel lines indicate that the observed fluores-
cence decay could be described well withR ) 0.009µm-1.
It might seem remarkable that increasing the focal depth
attenuates fluorescence while it is homogeneous in a lateral
direction, because the thickness of the bead transversed will
vary depending on whether the edge or in the center of the
bead is imaged. It must be that attenuation depends on the
path length from the glass surface to the focal point, whether
this path is entirely through the bead (central pixels) or partly
through the surrounding water (toward the edge). Similar
observations were described by Bradley et al.5d The bead
must have optical properties similar to the surrounding liquid,
probably because the interior of the bead is>90% water.

Optical effects, thus, clearly depend on the optical path
length that the photons need to travel through the sample.
Hence, detrimental signal attenuation is expected to be more
important when larger beads are studied.

To investigate such effects, different sizes (100, 150, and
250µm) of PEGA1900-NH2 beads were obtained by sieving,
with each fraction having a standard deviation of<10% from
the average value. This size range covers the range of
commonly used bead sizes in combinatorial chemistry.
Fractions were derivatized as described above with varying
ratios of1a/1b, and TPM measurements of the largest cross
sections of single beads were compared. For these, the signal
attenuation was corrected for using eq 1 withR ) 0.009
µm-1 and the radius of the bead under investigation. Figure
4 shows a plot of observed fluorescence versus the fluoro-
phore loading in each bead. Different labels indicate different
bead sizes.

When plotting the fluorescence intensity of differently
sized beads against the loading of fluorophores, a linear
relationship was observed with a slope of 0.96 and a
correlation coefficient ofR2 ) 0.99 (Figure 4). This
observation indicates that the corrected fluorescence intensity
is proportional to fluorophore loading, regardless of bead
size.

From the standard deviations in Figure 4, it follows that
variation between individual beads was significant, even
though some obvious extremes (very dark or very bright
beads) were excluded from these measurements. Similar
variations were observed for all sets of beads analyzed.
Hence, the conclusion is that individual PEGA1900 beads in
a sample are significantly different in their loading of reactive
groups.

In summary, we have shown for the first time that two-
photon microscopy can be used for the quantification of
relative fluorophore concentrations within PEGA1900 beads.
Within the common size and loading range of beads used in
combinatorial chemistry, the two-photon method gives
reliable quantification of fluorophores present. Attenuation
effects can be corrected for by taking into account an
exponential drop in fluorescence with depth. Individual
PEGA1900beads were found to have a homogeneous distribu-
tion of chemical groups within each bead.

Figure 2. TPM images of several optical slices of a 150-µm
PEGA1900bead loaded with dansyl chloride. The images reveal that
the distribution of chemical groups is homogeneous in the lateral
direction. Upon increasing the focal depth, fluorescence signal
attenuation is observed.

Figure 3. Measured TPM fluorescence as a function of focal depth
for 150-µm PEGA1900 with different dansyl loadings beads.
Diamonds represent 100% dansyl; squares are 75%; triangles, 50%;
and crosses, 25%. Note that the intercepts are not in the expected
proportions. This is caused by inhomogeneities within populations
of beads, as discussed further.

I(zf) ) I0 exp(-zfR) (1)

Figure 4. The relative fluorescence intensity obtained from pixel
intensity data is plotted against the dansyl loading of PEGA1900

beads of different sizes.15 Diamonds represent 100µm beads,
squares are 150µm, and triangles are 250µm. Regression line,y
) 0.96x - 0.016 withR2 ) 0.99. All bead sizes are normalized
against a single maximum intensity.
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