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We report on the combined use of fluorescence correlation spectroscopy (FCS) and1H and13C NMR spectroscopy
to detect thesizeandtypeof peptide secondary structures in a series of poly-Z-L-lysine functionalized polyphenylene
dendrimers bearing the fluorescent perylenediimide core in solution. In dilute solution, the size of the molecule
as detected from FCS and1H NMR diffusion measurements matches nicely. We show that FCS is a sensitive
probe of the core size as well as of the change in the peptide secondary structure. However, FCS is less sensitive
to functionality. A change in the peptide secondary conformation fromâ-sheets toR-helices detected by13C
NMR spectroscopy gives rise to a steep increase in the hydrodynamic radii for number of residuesn g 16.
Nevertheless, helices are objects of low persistence.

I. Introduction

Dendrimers are macromolecules that combine high structural
precision with a compact molecular structure and high end-group
functionality.1 These unique structural features of dendrimers
have been used recently in biomedical applications both for the
development of advanced diagnostic tools as well as for
therapeutic purposes.2,3 With respect to the latter, dendrimers
have been employed as carriers for controlled drug delivery, in
gene transfection, in boron neutron-capture therapy, and as novel
antimicrobial peptides.2 Central to this problem is the design
of multiple antigen peptides (MAP), i.e., the attachment of
several polypeptides to nanoparticles to form synthetic molecules
of high immunological value.4-6 The use of synthetic branched
oligolysine carriers for attaching multiple copies of antigens has
been explored.2-6 However, these carriers do not exhibit well-
defined spatial conformations, and that could have an unfavor-
able effect on the presentation of antigens on the immune
system.3 On the other hand, dendrimers bearing polypeptides
with predetermined secondary structures are useful for the design
of MAPs.

Recently, the synthesis of polyphenylene dendrimers (PPDs)
as unique shape-persistent multifunctional molecules has been
reported1 as well as the synthesis of peptide-functionalized PPDs
that could be used as improved MAPs.7 Their properties in the
solid state have been examined by X-rays and NMR, and a
striking dependence of the polyphenylene self-assembly driven
by the polylysine length was found.8 Moreover, it was shown
that poly-L-lysines can adopt a different secondary structure as
compared to their linear analogues when attached to polyphe-
nylene cores. Here we exploit that the PPDs can be synthesized
using the strongly fluorescent perylenediimide core that
offers the possibility of optical detection. Then, fluorescence
correlation spectroscopy (FCS),9 which is capable of investigat-

ing the dynamics of single molecules in solution, can be
employed for the characterization of the peptide-functionalized
PPDs. The method is based on detecting the fluctuations of the
fluorescent light intensity in a small observation volume, usually
formed by the focus of a confocal microscope. Due to minimal
requirements on sample amounts and its high sensitivity, FCS
has found widespread applications, probing quantities such as
diffusive behavior,10,11 reaction kinetics,12 and intracellular
particle concentrations.13

Here we report on combining FCS and13C NMR spectros-
copy to detect thesizeandtypeof peptide secondary structures
in poly-Z-L-lysine functionalized PPDs bearing the fluorescent
perylenediimide core in DMSO solutions. The reason for using
this solvent instead of a more biologically relevant one is the
solubility of the compounds. For this purpose we employ
polyphenylene cores of the first and second generation substi-
tuted with a series of poly-Z-L-lysines with degrees of polym-
erization in the range from 14 to 84 of the GgFfNn type, where
G, F, and N stand, respectively, for generation, lysine func-
tionality, and peptide degree of polymerization with values in
the range of 1e g e 2, 4 e f e 16, and 14e n e 84. We
study their hydrodynamic properties as a function of the core
size, functionality, and polypeptide length. In parallel, we
employ diffusion-ordered NMR spectroscopy (DOSY) to com-
pare with the FCS size in dilute DMSO solutions and13C NMR
to investigate the polypeptide secondary structure. DOSY has
the advantage that it can yield diffusion coefficients for all1H
resonances in the NMR spectrum, but measurements are limited
to relatively concentrated solutions because of the lower
sensitivity of the method.14 In this respect, FCS is superior in
that it is highly sensitive toward very dilute solutions, but NMR
allows us to study the diffusion of the solvent as well. We show
that FCS is a sensitive probe of the core size and of the change
in the peptide secondary structure but less sensitive to func-
tionality. These results could be helpful in the design of efficient
MAPs.
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II. Experimental Section

Samples.Polyphenylene dendrimers (PPDs) are highly branched,
monodisperse macromolecules consisting exclusively of benzene rings
which impart shape persistence as well as chemical and photochemical
inertness.1 In previous work7 it has been demonstrated that by applying
either a priori or posteriori functionalization one can introduce a defined
number of functional groups at the center, within the dendritic branches
and/or at the periphery of the dendrimer. In addition, the PPDs can be
synthesized not only as all-carbon structures but also using strongly
fluorescent perylene dyes as a core. This approach requires both a
suppression of chromophore-chromophore interactions by dendroni-
zation and a controlled multifunctionalization of the chromophore.15

Recently, a dendrimer with a perylenediimide core bearing poly-
(ethylene oxide) chains has been applied as a support for metallocene
catalysts in polyolefin synthesis. The fluorescent core enabled a detailed
study on the fragmentation of the catalyst particles inside the polyole-
fin.16

The detailed synthesis of the poly-Z-L-lysine functionalized PPDs,
described here, is published elsewere.7 Briefly, the poly-ε-benzyloxi-
carbonyl-L-lysine chains were grafted directly from the surface of first-
and second-generation, amino-functionalized PPDs consisting of pen-
taphenylbenzene units and a rigid perylenediimide core. The grafting
of the protected polypeptides from the surface of the dendrimer was
achieved via ring-opening polymerization ofε-benzyloxicarbonyl-L-
lysine N-carboxy-anhydride (Lys(Z)-NCA). This reaction scheme

permits control of the polypeptide length via the amount of the Lys-
(Z)-NCA added to the reaction. The resulting starlike polylysines
possess different numbers of poly-ε-benzyloxicarbonyl-L-lysine chains
of variable length as shown in Figure 1. The molecular characteristics
of the PPDs of the GgFfNn type are given in Table 1. The emissive
core of the dendrimer facilitates a study of the diffusion behavior of
conjugates by FCS.

Fluorescence Correlation Spectroscopy (FCS).We used a com-
mercial FCS setup (Carl Zeiss, Jena, Germany) consisting of the module
ConfoCor 2 and an inverted microscope model Axiovert 200. For our
experiments we employed a Zeiss plan neofluar 40×/0.9 multi-
immersion objective. We used glycerol as immersion liquid because
its refractive index is close to that of DMSO. The chromophores were
excited with a He-Ne laser at 543 nm, and the emission was collected
after filtering with a LP560 long-pass filter. For detection, an avalanche
photodiode enabling single-photon counting was used. The eight-well,
polystyrene chambered cover-glass (Lab-Tek, Nalge Nunc International)
was used for the sample cells for the DMSO solutions of the
polyphenylene cores and the poly-Z-L-lysine functionalized PPDs. These
cells had bottom slides with high optical quality surface and thickness
of 0.17 mm. Solutions with typical concentration of about 10-7 M were
used in all experiments. While such concentrations are a bit too high
for optimal contrast in the measured autocorrelation curves, they were
necessary in order to compensate for the relatively weak fluorescence
efficiency of the PPDs. For each solution, 20 measurements with total
duration of 10 min were performed. The obtained autocorrelation curves

Figure 1. Polyphenylene scaffold of dendrimers of the first (top) and second (bottom) generation. X is either H or R. The repeat unit of the
protected lysine (R) is also shown.
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were fitted with the so-called biophysical model function as described
later, in order to determine the characteristic diffusion times of the
labeled PPDs. Furthermore, fluorescently labeled silica nanoparticles
(Kisker, Germany) with hydrodynamic radius in DMSO of about 42
nm, as measured with dynamic light scattering (DLS), were used for
calibration of the confocal observation volume.

Dynamic Light Scattering (DLS). For the DLS experiment, we
used a commercial instrument (ALV-5000 GmbH/Langen, Germany),
and an ALV-5000E correlator was employed to measure the correlation
function of scattered light. The measurements were carried out in the
angular range of 30° < θ < 150° at room temperature. A Kr-ion laser
was used as the light source (wavelengthλ ) 647.1 nm). A cylindrical
cell having an i.d. of 18 mm was placed in a thermostated bath. All
solutions were filtered directly into the cylindrical cell through 0.45
µm membrane filters (Millipore).

Diffusion-ordered NMR spectroscopy (DOSY)experiments17 were
performed at 318 K in DMSO-d6 at concentrations of 10-3 and about
10-7 M, corresponding to the13C NMR and FCS experiments,
respectively. A Bruker AVANCE 700 NMR spectrometer equipped
with dual z-gradient probe head with 55.2 G cm-1 gradient strength
was used. Stimulated-echo sequence incorporating bipolar gradient
pulses and a longitudinal eddy current delay (BPP-LED) was employed.
The gradient strength was incremented in 32 steps from 2% up to 95%
of the maximum gradient strength. Typical diffusion time and diffusion
gradient pulse were 200 and 2.5 ms, respectively. The DOSY diffusion
coefficients for the dilute solutions can be found in the Supporting
Information.

13C Solution-State NMR.The compounds investigated are insoluble
in water. Thus, prior to the NMR experiments DMSO solutions of the
respective dendrimers with a concentration of 10-3 M were prepared.
In some cases, initial heating to 50°C was needed to enhance solubility.
The NMR measurements were conducted on a Bruker AMX 500
spectrometer at ambient temperature. For all experiments 100 k scans
were recorded using a composite pulse decoupling scheme and a recycle
delay of 3 s. The spectra were baseline corrected, and a broadening of
10 Hz was applied. The13C chemical shifts are referenced to external
TMS.

III. Results and Discussion

FCS is based on detecting and analyzing the fluorescence
light emitted by chromophores diffusing through a small and
fixed observation volume elementV, usually formed by a laser
focused into the sample of interest using confocal optics. From

the measured temporal fluctuations of the fluorescence intensity,
δI(t), an autocorrelation function

corresponding to the probability that a chromophore inside the
volume V at time t will still be inside at timet + τ can be
evaluated. Subsequently, this measured autocorrelation function
shows a decay related to the free 3D diffusion and can be fitted
to the so-called biophysical model function18

whereN* is the average number of fluorescent molecules in
the observation volumeV, τD is the lateral diffusion time that
a molecule stays in this volume, andS ) z0/r0 is the ratio of
axial to radial dimensions ofV (S ≈ 10 in our experiment).
For a molecule with hydrodynamic radiusRH much smaller than
the detection volume (RH , r0), the diffusion coefficientD
can be determined from the diffusion timeτD, as D )
r0

2/4τD. Subsequently, the hydrodynamic radius of spherical
molecules can be calculated from the Stokes-Einstein (SE)
relation:

wherekB is Boltzmann’s constant,T is the temperature, andη
is the viscosity of the solution. For nonspherical molecules eq
3 does not apply. If the molecule can be approximated as a rod
or as an ellipsoid the diffusion coefficient can be calculated
from19

wherex is the ratio of the molecular length to its diameter and
u ) 0.312+ 0.565/x + 0.1/x2.

In Figure 2, top, the experimentally obtained correlation
functions and their fits using eq 2 are shown for the pure
polyphenylene core of the first generation and for the corre-
sponding poly-Z-L-lysine functionalized PPDs with different
polypeptide number of residues (n from 14 to 84). The
correlation curves are shifted to longer times with increasing
poly-Z-L-lysine length. Also increasing the core size for the first-
and second-generation dendrimers shifts the correlation curves
to longer times (Figure 2, bottom).

The fits to the experimentally measured autocorrelation curves
shown in Figure 2 can be used in the evaluation of the diffusion
times resulting in diffusion coefficients and hydrodynamic radii
of the polyphenylene cores and the respective poly-Z-L-lysine
functionalized PPDs. As the observation volume depends
strongly on the specific optical setup and cannot be measured
directly, suitable calibration procedures have to be devised first.
FCS calibration in aqueous environment typically relies on the
straightforward measurement of the characteristic diffusion time
of a dye molecule with known diffusion coefficient, i.e.,
rhodamine 6G. In organic media, however, no such simple
means is available. Most dye molecules tend to aggregate in
organic solvents, and in contrast to aqueous systems the
diffusion coefficients are barely known.20 Therefore, the ob-
servation volume was calibrated using fluorescently labeled
silica nanoparticles. As the nanoparticles are relatively large

Table 1. Molecular Characteristics and Hydrodynamic Radii of the
Poly-Z-L-lysine Substituted Polyphenylene Dendrimers

sample generation X nLys,UV
a nLys,GPC

b Mw/Mn
c RH (nm)d

G1F4N14 1 H 9 14 1.11 2.5
G1F4N54 1 H 50 54 1.16 6.2
G1F4N84 1 H 85 84 1.15 7.2
G1F8N12 1 R 9 12 1.09 2.9
G1F8N60 1 R 68 60 1.08 7
G1F8N74 1 R 76 74 1.10
G2F8N9 2 H 6 9 1.17 2.2
G2F8N22 2 H 28 22 1.42
G2F8N37 2 H 41 37 1.27 5.7
G2F16N16 2 R 14 16 1.26 4.6
G2F16N58 2 R 41 58 1.50
G2F16N68 2 R 89 68 1.42 7.6
G1 1 1.1
G2 2 1.7

a Number of peptide residues per chain obtained from UV. b Number
of peptide residues per chain obtained from GPC. c Polydispersity of the
peptide-dendrimer conjugates calculated from gel permeation chroma-
tography, obtained in DMF against polystyrene standards. d Obtained from
the Stokes-Einstein (SE) equation.

G(τ) ) 1 +
〈δI(t) δI(t + τ)〉

〈I(t)〉2
(1)

G(τ) ) 1 + 1
N*(1 + τ

τD)-1(1 + τ
S2τD

)-1/2
(2)

RH )
kBT

6πηD
(3)

DRod )
kBT

3πηL
ln(x + u) (4)
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their hydrodynamic radius and diffusion coefficient in DMSO
solution were easily measured with DLS.

The results on the hydrodynamic radii of the poly-Z-L-lysine
substituted PPDs, evaluated using the above FCS calibration
procedure and eq 3, are shown in Table 1. The hydrodynamic
radii of the pure polyphenylene cores were also measured and
found to be 1.1 and 1.7 nm for the first and second generation,
respectively. If on the other hand an ellipsoidal shape is assumed
(eq 4) for G1 and G2, then the lengthL can be slightly higher
than the radii obtained using eq 3. For example, assuming a
cylinder of lengthL and diameterd with an aspect ratio of 3
the calculated effective radius isL ) 1.4 nm as compared to
the 1.1 nm from the spherical model (and this value is closer to
the estimated polyphenylene core radius based on modeling).
The results for all compounds of Table 1 are summarized in
Figure 3, which displays a clear dependence of the obtained
hydrodynamic radii on the core and the polypeptide size. More
specifically, oligolysine-functionalized PPDs display smaller
hydrodynamic radii as compared to their poly-Z-L-lysine
counterparts. In particular, an abrupt increase inRH is observed
for n g 16. In Figure 3, the slope (dRH/dx) from the second-
generation poly-Z-L-lysine functionalized PPDs results in 0.058

nm/residue. We note that this value is lower than the expected
0.15 nm/residue found for polypeptides in theirR-helical
conformation. We will return to this point later with respect to
the NMR results. On the other hand, increasing the poly-Z-L-
lysine functionality has a small effect on the hydrodynamic radii
(compare for example G1F4N14 with n ) 14 with G1F8N12 with
n ) 12 or G1F4N54 with n ) 54 with G1F8N60 with n ) 60). In
addition, to have an independent estimate of the sizes involved
in the diffusion measurements, DOSY experiments were
performed for selected examples (G2F8N37 and G2F16N68) in
solutions similarly dilute as those used in FCS. As expected,
the results from DOSY confirmed the FCS values reported in
Table 1 and as Supporting Information.

In order to explore the origin of theRH(n) dependence shown
in Figure 3 and the abrupt increase of the hydrodynamic radii
for n g 16, we performed13C solution NMR and FTIR that are
sensitive probes of the peptide secondary structures. In the
former the different conformations can be distinguished due to
the differences in the13C chemical shifts, arising from variations
of the dihedral angles (Φ and Ψ).21 Thus, 13C solution-state
NMR spectroscopy has been employed to differentiate between
theR-helical andâ-sheet conformations. In the latter, the amide
I and II bands at 1655 and 1550 cm-1, respectively, associate
with R-helical conformations, whereas the band at 1630 cm-1

is the shifted amide I band (amide CdO stretch) component to
lower frequencies associated with theâ-sheet conformations.
From the above experiments and for the dilute concentrations
employed herein, only13C NMR could provide a definite answer
with regard to the peptide secondary structure.

In Figure 4,13C NMR spectra are plotted for some of the
solutions studied. ForR-helices chemical shifts of 175 and 57
ppm are expected21 for the amide CdO and the CR carbon,
respectively, which are indeed observed for poly-Z-L-lysines
with n g 16. For shorter peptides withn ) 14 andn ) 9,
however, chemical shifts at 172 and 53 ppm are detected for
these carbons, indicative ofâ-sheet secondary structures. In
comparison to a solution, where the compounds tumble fasts
on the NMR time scalesleading to effective averaging of the
anisotropic interactions and thus to sharp spectral lines, the
resonance peaks of the dendrimers appear broadened. The full

Figure 2. (Top): Effect of increasing the poly-Z-L-lysine length on
the correlation curves for the poly-Z-L-lysine functionalized polyphe-
nylene dendrimers (PPDs) of the first generation. Filled squares, pure
core of the first generation; circles, G1F4N14; triangles, G1F4N54;
rhombus, G1F4N84. (Bottom): Effect of increasing the core size on
the correlation curves for the functionalized PPDs with similar poly-
Z-L-lysine length. Filled squares, pure core of the first generation; filled
circle, pure core of the second generation; squares, G1F8N12; circles,
G2F16N16.

Figure 3. Dependence of the hydrodynamic radius (obtained from
the SE equation) on the number of lysine residues in the corona for
first- and second-generation poly-Z-L-lysine functionalized polyphe-
nylene dendrimers (PPDs). The dotted and dashed lines separate,
respectively, the polyphenylene cores from the coil/â-sheet conforma-
tions and from the R-helical poly-Z-L-lysines as detected by 13C NMR
spectroscopy. The solid line with a slope of 0.058 nm/residue is a
linear fit to the second-generation dendrimers with n g 16, whereas
the line for n < 16 is a guide for the eye. The estimated error is
approximately twice the symbol size.
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width at half-height of the peaks varies from 75 to 180 Hz with
the tendency of being sharper in the amide CdO region of the
expectedR-helical conformation in dendrimers having a degree
of polymerizationn > 16. The sharp resonance observed at 54.5
ppm in the aliphatic region of the13C spectrum of G2F16N16

has no counterpart in the amide CdO region. Thus, the peak
does not arise from a specific conformation inherent to the
sample studied but is most probably due to a dissolved
contamination. The broadening of the resonances and the broad
features spanning the whole range between 172-175 ppm and
52-55 ppm are most pronounced forn < 14 and can originate,
in principle, from a distribution of conformations in the peptide
chains as well as from aggregation. Here, a comparison of1H
and13C NMR is most informative. Aggregation would lead to
slowing down of the poly-Z-L-lysine dendrimers and interdigi-
tation of the peptide chains. The reduction of mobility would
result in broadening of the1H NMR spectra, which is not
observed. Moreover, we performed DOSY experiments on the
same concentrated solutions used in13C NMR. Use of the SE
equation with the measured solution viscosity (from rheometry)
provided no evidence in support of aggregation. Therefore, the
broadening of the13C resonances is ascribed to a distribution
of peptide conformations. Notice that, even for the longer poly-
Z-L-lysines, the resonances appear somewhat broadened; how-
ever, the predominant conformation forn g 16 is clearlyR-
helical.

Therefore, the origin of the distinct increase in the hydrody-
namic radii forn g 16 is the change of the peptide secondary
structure from coil/â-sheet conformations to predominantly
R-helical conformations. A similar change of polypeptide
conformation was also observed in the bulk,8 where theR-helical
conformation dominates for poly-L-lysine functionalized PPDs
with intermediate degrees of polymerization (16< n < 37),
while the packing requirements of the chains determine the
mixed R-helical/â-sheet conformation detected in the longer
chain analogues. This change in secondary structure and the

consequences on the conjugates diffusion can be crucial in the
design of MAPs.

The distribution of different types of the secondary structures
for short oligopeptide chains withn < 14 deserves a comment.
Generally, one can envisage three possibilities for such behav-
ior: (i) local separation of dendrimers with purelyR-helical and
those with purelyâ-sheet conformations; (ii) coexistence of
purely R-helical and purelyâ-sheet conformations in different
peptide chains within the same dendrimer; (iii) coexistence of
different conformations in the same chain. Local separation (i),
however, does not seem likely for thermodynamic reasons.
Moreover it would lead to molecules with different hydrody-
namic radii in the FCS and DOSY solutionsssome with the
elongatedR-helical conformation and some with the more
compactâ-sheet secondary structure.22-24 No indication of this
was observed in the FCS and DOSY experiments. Coexistence
of R-helical andâ-sheet type conformations in different peptide
chains within the same dendrimer (ii) and coexistence of
different conformations in the same chain (iii) are difficult to
distinguish as both reflect a nonuniform distribution of confor-
mations.

As to the physical reason for the change in peptide conforma-
tion, we recall that an interconversion between the two main
peptide secondary conformations has been reported before in
different polypeptides. The parameters that can initiate such
changes include interactions with solvent molecules and method
of reprecipitation,22 temperature,23 number of residues,8,21,25

packing ability,8 and even mechanical force22 in the solid state.
We have shown recently8 that the packing ability and number
of residues were the main factors controlling the melt self-
assembly when the same PPDs were functionalized with poly-
L-lysine chains. In the present case of dilute solution all
parameters remain fixed except for the number of residues.
Therefore, theâ-sheet/R-helix transformation can be attributed
here solely to the stabilization of theR-helical conformation
due to the increasing poly-Z-L-lysine length.

IV. Conclusions

Fluorescence correlation spectroscopy and diffusion-ordered
NMR experiments have been employed to detect the effects
of the size, functionality, and peptide secondary structure
on the diffusion coefficient and hydrodynamic radius in a
series of poly-Z-L-lysine functionalized polyphenylene cores
bearing the fluorescent perylenediimide dye in DMSO solutions.
This allowed us to determine the size of the molecules at
very dilute concentrations. In parallel,13C NMR has been
employed to follow the peptide secondary structure in DMSO
solutions. We found that the change in the peptide secon-
dary structure from coil/â-sheet conformations toR-helices
detected by13C NMR spectroscopy is accompanied by an
abrupt increase in the hydrodynamic radii. It has been shown
that FCS is a sensitive probe of the core size and of the
change in peptide secondary structure but less sensitive to
functionality.
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Supporting Information Available. 1H NMR DOSY
spectra of the dilute G2F8N37 and G2F16N68. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.

Figure 4. 13C NMR spectra of four poly-Z-L-lysine substituted
polyphenylene dendrimers (PPDs) at the CR and amide CdO
resonances taken at 298 K. The vertical lines give the expected
chemical shifts for CR and amide CdO resonances for R-helices and
â-sheets (ref 20). Notice the change from coil/â-sheet conformations
to R-helical at n g 16.
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