Poly(propylene imine) dendrimers can bind to PEGylated albumin at PEG and albumin
surface. Biophysical examination of a PEGylated platform to transport cationic
dendritic nanoparticles.
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Abstract

Cationic dendrimers are considered one of the best drug transporters in the body. However, in
order to improve their biocompatibility, modification of them is required to reduce toxicity. In
this way many dendrimers may lose their original properties, e.g. anti-cancer. To improve
biocompatibility of dendrimers, it is possible to complexation them with albumin as is very
often in drug delivery. However, the interaction of dendrimers with albumin lead to protein
structure disruption or not complexation at all. Therefore, investigation the interaction between
cationic poly-(propylene imine) dendrimers and PEG-albumin by fluorescence, circular
dichroism, small angle X-ray scattering SAXS, transmission electron microscope were done.
Results have shown that cationic dendrimers bind to PEGylated albumin at PEG and albumin
surfaces. The obtained results for Sk-PEG indicates a preferential binding of the dendrimers to
PEG. For 20k-PEG binding of dendrimers to PEG and protein could induce a collapse of the
PEG chain onto the protein surface. This opens up new possibilities to the use of PEGylated
albumin as a platform to carry dendrimers without changes the albumin structure and improve
the pharmacokinetic properties of dendrimers without further modification.

1. Introduction

Dendrimers are now seen as one of the most promising tools in the field of nanobiotechnology
. They show great potential in gene therapy, drug delivery, medical imaging and as
antimicrobial and antiviral agent 23. Dendrimers are monodisperse, multi-functionalized and
hyperbranched polymers of nanometers in size. The structural features and the high density of
their chemical reactive sites on the outer shell enhances their use in biology and medicine *.

Dendrimers are used as a drug carrier, but have they also have anticancer and antimicrobial
potential >, The main problem of cationic dendrimers is toxicity due to their surface charge 7.
However, the excess of cationic surface group helps them to overcome membrane barriers °
and promotes their use as an anticancer agent, but on the negative side they can be toxic to
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normal healthy cells and cause other side effects. The modification of a dendrimer surface, e.g.
with polyethylene glycol or sugar, leads to a decrease in toxicity 12,

Due to their cationic surface, dendrimers tend to aggregate and cannot be easily transported
through the circulatory blood system because of their activation of the immune system. If they
are considered as drugs or drug carrier, they have to be protected by something that makes them
non-toxic and non-immunogenic, for instance albumins. There are many reports of the
interactions between dendrimers and albumin, both bovine serum albumin (BSA) and human
serum albumin (HSA) 13-13,

Nowadays, researchers are trying hard to develop advanced, effective and, at the same time,
secure drug delivery systems. The therapeutic efficiency of a drug is dependent on the
availability of the target site and drug concentration, which both need to be effective and non-
toxic. Therapeutic drugs are very often low-molecular weight molecules with rapid renal
clearance and short plasma circulatory times. On the other side, many therapeutic drugs, e.g.,
nanoparticles or synthetic polymers, tend to aggregate and accumulate in human organs 6.
Therefore, drug delivery technology requires new methods to overcome these barriers. The
perfect candidate to achieve these goals could be albumin. Albumin is not a drug itself, but it
can be considered as a carrier for transporting drugs in the blood, i.e. of exogenous as well as
endogenous compounds, it seems quite natural to use albumin to improve drug delivery of
pharmaceutics !”-!%. Albumin is the most abundant plasma protein with a molecular weight of
66.5 kDa, comprising 584 amino acids with strong negative charge. In recent years, albumin
has emerged as a versatile carrier for therapeutic and diagnostic agents, primarily for diagnosing
and treating diabetes, cancer and infectious diseases!®. Several drugs are based on albumin, e.g.
taxol albumin nanoparticle Abraxane for treating metastatic breast cancer 22!, The conjugation
of albumin with other nanoparticles and therapeutic drugs enhance distribution and
bioavailability of these molecules 2>2%, Currently, albumin is considered as a best carrier for
many anticancer drug-nanoparticles, which normally can cause serious damage of the
surrounding healthy cells. Modification with albumin brings many benefits, >2° e.g. its
complexes tend to accumulate in solid tumors !’

In association with albumin, dendrimers may change the albumin structure or due to high
molecular mass they cannot be attached to albumin surface and be transported in blood.
Therefore, we tested whether it is possible to complexing dendrimers with albumin by the latter
being modified by polyethylene glycol (PEG). PEGylation of proteins is used to improve bio-
compatibility of drug proteins and decrease immunogenicity 2’. We have combined dendrimers
with PEG-Albumin through electrostatic interactions to use the protective character of.

The main aim has been to examine the effect of PEG length on interactions between cationic
dendrimers and albumin, specifically BSA. The nature of the PEG in albumin-dendrimer
complex may be important when we consider using PEGylated albumin as a platform to carry
dendrimers. Polypropylene imine dendrimers (in the following dendrimers, see Figure 1) were
chosen as a polycationic dendrimer model.

2. Experimental section
2.1. Materials

Methoxypolyethylene glycol maleimide-PEG 5,000 was purchased from Sigma Aldrich, and
methoxypolyethylene glycol maleimide-PEG 20,000 was purchased from creative PEGWork.
BSA and other chemicals were of analytical grade. Fourth generation (G4) poly(propylene
imine) dendrimer with a diamino-butane core and peripheral primary amine groups was
obtained from SyMo-Chem (Eindhoven, The Netherlands).

2.2 PEGylation of BSA



About 1.5 mol of solid mPEG-maleimide reagent was added per mol of protein to 5 ml 20
mg/mL BSA and the solution mixed at room temperature overnight. All solutions were made
in 10 mmol/L phosphate-buffered saline (PBS) at pH 7.4. To stop reactions, samples were
acidified with one drop of 0.1 mol/L HCI. The samples were separated using size exclusion
chromatography (SEC) BioGel (Bio-Rad) Column with PBS. The column was equilibrated with
1 CV of 10 mmol/L PBS pH 7.4 and samples were eluted (1 CV) with flow rate of 1 ml/min.
All purification was carried out using Bio-Rad chromatography system (Bio-Rad, USA).
PEGylated proteins were monitored, collected and detected by SDS PAGE. In the following
experiments, we used Sand 20k Da maleimide PEGs.

2.3 Protein-dendrimer complex formation
In each experiment dendrimers were directly added to the protein solution in a molar ratio of
1:4 and were analyzed without further purification.

2.4 Fluorescence quenching of BSA and PEG-BSA

BSA, 5k-PEG-BSA and 20k-PEG-BSA were dissolved in PBS at 10 pmol/L. The excitation
wavelength of 290 nm was used and the emission spectra were recorded at 340 nm, using slit
widths of 10 nm. Next, dendrimers were added (up to 1:4 molar ratio) and fluorescence spectra
were recorded.

2.5 Circular dichroism (CD) measurements

The CD spectra were measured with a Spectrometer Jasco J-815 (Japan). The cuvette with a 1
cm path length, and 10 mmol/L PBS pH 7.2 as a running buffer were used. BSA, 5k-PEG-BSA
and 20k-PEG-BSA were dissolved at 0.1 mmol/L. Molar ratio of dendrimer/protein ranged
from 1 to 8. The spectrometer was continuously purged with dry nitrogen before and during the
experiment. The spectra were recorded from 200 to 260 nm. All spectral data were presented
as a mean residue ellipticity or molar ellipticity (0).

2.6 Small Angle X-ray Scattering (SAXS) analysis

SAXS experiments used a SAXSpace (Anton Paar) at Forschungszentrum Jiilich at a
wavelength of A=0.154 nm, and the covering scattering vectors Q from 0.1 to 6 nm
(Q=4mnsin(0/2)/A, where 0 is the scattering angle). SAXS data were treated and radially averaged
by the respective instrument software. Empty cells and buffer values were subtracted as
background and finally normalized for BSA concentrations. The coherent scattering intensity
of particles in solution with background contributions bgr is given by the equation:

I(Q) = (N/V)S(Q)F(Q) + bgr (1

with the number of particles N in the volume V. The interparticle interactions are subsumed in
the structure factor S(Q). The data were extrapolated to zero concentration to extract the BSA
form factor. BSA solutions with and without dendrimers in PBS at pH 7.4 were measured for
their protein concentration in the range from 5 to 30 mg/ml at 20°C. The BSA: dendrimer molar
ratio was always 1:4. The radius of gyration (Rg) describes the size of protein-dendrimer
complex.

2.7 Microfluidics-based electrophoresis

Microfluidics-based electrophoresis (SDS-PAGE, non-reducing conditions) used an Agilent
2100 Bioanalyzer with the Sensitive Protein 250 Lab Chip Kit, supplied by Agilent
Technologies, Waldbronn, Germany. BSA samples where labelled with fluorescent dye (part
of the Sensitive Protein 250 Lab Chip Kit, Agilent). After loading the gel-dye mix into the chip
using the chip-priming station, labeled samples and ladder were pipetted in the corresponding
wells on the chip. Finally, it was inserted in the Bioanalyzer and the run began. The data were
analyzed by Bioanalyzer 2100 Expert Software.

2.8 Transmission electron microscopy



The morphology of complexes of polypropylene imine dendrimers with BSA/PEG-BSA was
examined by TEM (JEOL-10, JEOL Ltd., Tokyo, Japan). The dendrimers were added to BSA
at a molar ratio of 1:4 (dendrimer to BSA). The complexes were placed on the carbon surface
of 200-mesh copper grid (Ted Pella, Inc., USA) for 10 min and drained with blotting paper.
Samples were negatively stained with 2% (w/v) uranyl acetate for 2 min, and viewed at a
magnification of 60,000x.

3. Results and discussion
3.1 Interactions between dendrimers and proteins.

A well-established method to examine the interactions of nanoparticles with proteins is
fluorescence quenching of tryptophan (Trp). BSA contains 2 Trp residues, one being located
on the protein surface (Trp134) and the other being buried inside of the protein (Trp213). The
intrinsic protein fluorescence gives us information about the local environment around the Trp
as specific interactions with the solvent or attached molecules change the fluorescent output. A
change of the local environment to be more hydrophobic or hydrophilic increases or decreases,
respectively, the fluorescence; an increase in pH increases the quantum yield as static
quenching®®.  Dynamic quenching due to collisions with solvent molecules reduces
fluorescence intensity. For HSA and BSA, 5 possible binding “sites” of cationic dendrimers
were found %°. In these sites, aspartic and glutamic acid form local regions with negative charge
(Figure 1). The possible sites are located on domain IB (3 sites) and domain IIB (2 sites). Trp
is localized in domain IB, making Trp fluorescence very sensitive to changes on the surface of
the IB domain. The mixing ratio between dendrimers and BSA was 4:1 molar. The fluorescence
intensity at 340 nm of BSA and PEG-BSA in PBS solution with dendrimers are shown in Figure
2. PEGylation increases the fluorescence intensity to 110% for Sk-PEG and 120% for 20k-PEG.
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Figure 1. Structure of bovine serum albumin with three different domains. Cys34 (place
where PEG is attached) and Trp134 are localized on the same domain (A). The chemical
structure of polypropylene(imine) dendrimers with amine terminated groups on the surface
and a molecular weight of about 3600 Da (B). G4 PPI dendrimers have a Rg of about 1.2 nm
and geometrical radius of about 1.3 nm 33!,

The changes are due to the ambivalent character of PEG showing both its hydrophilic to
amphiphilic tendencies dependent on molecular weight and binding environment 323, In the
present case, PEG seems to present a more hydrophobic environment to Trp, leading to a slight
increase in intensity, which might be due to PEG not binding to the surface, but to its wrapping
around the protein in a more extended configuration. However, addition of dendrimer leads to
3 different changes in fluorescence. Trp quenching in the presence of dendrimers alone was
decreased by 30%. There was only a small quenching of Trp fluorescence with SkPEG-BSA
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when dendrimers were added. The quenching with 20kPEG-BSA was the highest, at ~60%
compared to the non-treated PEGylated protein. The strong Trp fluorescence quenching is very
characteristic for almost all dendrimers-BSA interactions 33, Collisional quenching may be
due to interaction between species, where the greater the collision the more there is a decrease
in fluorescence intensity. However, the dendrimers of generation 4 are quite large with a
diameter ~2.6 nm, and negatively charged binding sites are small compared to the dendrimer
size. The internal flexibility in dendrimer structure may lead to coverage of a large surface,
including the Trp134 neighborhood that causes static quenching. The PEG attachment to the
domain IB also is involved in dendrimer-protein interactions. The presence of the PEG chain
should result in additional steric hindrance for the attachment of dendrimers to BSA, thereby
limiting the interaction with the IB domain. For 5k-PEG, the intensity decreasing effect of the
dendrimers seems to be fully compensated. For 20k-PEG-BSA, unexpectedly there was an even
stronger decrease of fluorescence intensity. The value of ~60% suggests nearly full quenching
of the Trp134 fluorescence contribution, the remaining intensity being mainly due to the Trp213
buried inside BSA. PEGylation here seems to strengthen the effect of adding dendrimer. As
discussed later, the dendrimer might enhance the hydrophilic/amphiphilic properties of PEG,
leading to an even more hydrophilic environment to Trp.
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Figure 2. BSA, 5kPEG-BSA and 20kPEG-BSA tryptophan residue fluorescence quenching by
poly(propylene imine) dendrimers. The molar ratio of proteins : dendrimers was 1:4. Values
are given relative to BSA taken as 100%.

3.2 Secondary structure changes of protein due to interactions with dendrimers

To observe whether the change in fluorescence is correlated to a change in the local secondary
structure around the Trp residues, CD measurements were taken. It is known that PEG
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attachment neither changes the secondary structure of proteins nor the domain structure of hinge
proteins 337, In these measurements, the BSA, 5k-PEG-BSA and 20k-PEG-BSA were mixed
with dendrimers to measure the respective changes in secondary structure of BSA (Figure 3).
Only small changes due to either PEGylation or titration with dendrimers were found, and we
conclude that the changes are not significant.
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Figure 3. CD spectra of BSA, 5k-PEG-BSA and 20k-PEG-BSA mixed with poly(propylene
imine) dendrimers — PPI.

3.3 Shape and size of PEGylated albumin complexed with dendrimers.

Dendrimer molecules attached to BSA can be observed by small angle scattering as a
characteristic change in the scattering pattern. Figure 4 shows SAXS form factors as extracted
from measurements of a concentration series for BSA and PEGylated BSA without and with
dendrimers at a molar ratio 1:4. There was no significant contribution in SAXS shape in Q
range >1.2 nm! for all samples that were tested. Small deviations at the highest Q might be due
to incomplete background subtraction. The results suggest there were no protein structural
changes due to PEGylation or addition of dendrimers in accordance to the CD results. The only
visible changes were seen at low Q in a range between 0.2 and 1.2 nm-1. In the Guinier region
(up to 0.5 nm™!) there are changes in the forward scattering intensity I and the radius of gyration
Rg as a measure of complex size (Table 1). PEGylation increases forward scattering intensity
Io only slightly whereas adding dendrimers makes Ip much stronger. The increase in Iy for all
complexes with dendrimers indicates a clear binding of dendrimers; free dendrimers under the
present conditions make no significant contribution. In general, the forward scattering Io of a
compound particle depends on the displaced solvent volume V; and the average contrast relative
to the solvent p; of each compound i as Io=(ZVipi)>. In first-order, by neglecting additional
interactions one would expect a similar increase in XVip; for addition of dendrimers in all
samples if they bind only to the protein surface without altering BSA or PEG conformation,
which would otherwise lead to a change in the displaced volume. An increase in ZV;p; of 0.0068,
0.0125 and 0.025 for dendrimer addition to BSA, 5k-PEG-BSA and 20k-PEG-BSA was
recorded, which indicates that, as well as the dendrimer contribution Vgp4, the displaced volume
of PEG or dendrimers seems to change due to a more complex interaction between charged
dendrimers and PEG, assuming that the dominating the protein contribution is not changed. A
detailed modelling considering the water structure around the protein, PEG and dendrimers has
not been possible.

Table 1. Forward scattering intensity 10 and Radius of gyration Rg with dendrimers and
without.

Iy (a.u.) Radius of gyration Rg (nm)
BSA 0.0400 2.77 +£0.06
BSA + PPI Dendrimers 0.0428 2.88 £0.08
5k PEG-BSA 0.0407 3.00 £ 0.05
5k PEG-BSA + PPI Dendrimers 0.0459 3.20+0.08
20k PEG-BSA 0.044 3.19+£0.11
20k PEG-BSA + PPI Dendrimers 0.0552 3.49+0.05
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Figure 4. SAXS form factors as extracted from concentration series measurements for BSA,
5k-PEG-BSA and 20PEG-BSA with and without PPI dendrimers. The BSA characteristic
linear region between 1-2.5 nm-1 for all samples indicated preservation of protein structure.
Changes were observed mainly between 0.2 and 1.2 nm-1 and represent a change in the
radius of gyration due to dendrimers and PEG. Data are scaled by a factor of 10 for better
visibility.

The radius of gyration of PEGylated BSA increases the lengths of PEG and their configuration
around the protein. The R; of BSA is 2.77 nm, which increases to 3.0 nm in the case of 5 kDa
PEG, and 3.19 nm with 20 kDa PEG. Addition of dendrimers results in a clear increase in Ry
for all samples, with t smallest being for unPEGylated BSA, in correspondence to the smallest
increase in lo. Considering that the BSA surface has only a limited number of binding
sites/surface for the dendrimer, this result also suggests that dendrimers also bind to the PEG
attached to the protein. The binding mechanism of PEG to dendrimer cations may be due to
PEG’s ability to bind cations, such as K" or Na* 3. We can speculate that the charge of BSA
(-18 at pH 7.4 in PBS buffer) is compensated by dendrimer bound to the surface and repels
dendrimer bound to PEG, leading to a more extended configuration of PEG around the protein.
On the other hand, surface bound dendrimers might also bind PEG at a free dendrimer surface,
leading to an increased protection of the protein and PEG configurations closer to the protein
surface. It is important to note here the molecular weight of the PEG relative to dendrimer size.
For 5k PEG, it might be difficult to interact with more than one dendrimer with a molecular
weight of ~3.6k (even if their conformations are quite different). 20k-PEG might wrap one or
more dendrimers bound to the protein surface or bind to dendrimers that are unattached to the
protein surface.

3.4 Protective role of PEGylation in presence of dendrimers

PEGylation is used to increase bioavailability and protect proteins from digestion. To check
whether dendrimer addition and any special dendrimer PEG interaction alters protection from
proteolysis, we used trypsin that cuts BSA into a larger 50kDa and a smaller 12kDa fragment.
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BSA, 5k-PEG-BSA and 20k-PEG-BSA were tested under 3 different conditions: alone, with
added dendrimer in a 1:4 molar ratio, and adding dendrimers in a 1:4 molar ratio and trypsin.
The protein solution was examined by SDS-PAGE using microfluidics-based electrophoresis
with a Bioanalyzer Agilent 2100. Figure 5SA shows that after trypsin digestion 2 new peaks
appear at 12 kDa and 50 kDa as BSA fragments. This indicates that dendrimers do not protect
BSA against trypsin digestion. For 5k-PEG BSA, there were no fragments, indicating good
protection from digestion. In the case of 20k-PEG BSA, a minor peak at ~50k was seen that

might be due to a small fraction of non-PEGylated BSA. Apart from this, we found protection
from trypsin digestion.
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Figure 5. Bioanalyzer spectra obtained from SDS-PAGE microfluid-based electrophoresis.
Main peaks relate lower marker (5kDa, reference), BSA (65kDa) and BSA dimer (130kDay).
The peak at 8kDa comes from dye- labelled gel. PEGylated BSA shows a shift relative to BSA
with respect to the added PEG chain. For 20k-PEG BSA, a fraction of unlabelled BSA is seen.
The charged dendrimers seem to interact with the lower marker and the dye used for
labelling, making direct comparison of intensities difficult.

3.5 Microscopic view of PEGylated BSA with dendrimers.
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The effect of dendrimers and their complexes with unPEGylated and PEGylated albumin was
examined by TEM after drying the complex solution. Figure 6 A shows only the dendrimer
morphology. The images in Figure 6 B and C indicate the ability of dendrimers to create
complexes with BSA. The aggregate size of PPI alone varied from 50 to 200 nm. The images
show changes in shape and morphology of the complexes. The size of the complexes in both
cases was very large (>1,000 nm) showing that the complexes of dendrimer and BSA have a
high tendency to aggregate. However, it is noteworthy that the complex of PEGylated BSA
(20kDa PEG) and dendrimers looks more coarse-grained compared to the complex of non-
PEGylated albumin. Assuming an attractive interaction between PEG and the dendrimers, this
might bring aggregates closer together bridging the gap between BSA during the drying process,
resulting in more homogenous and denser aggregates (Figure 6 C).

Figure 6. Electron micrographs of PPI dendrimers (A) and dendrimer/protein mixtures
composed of PPI dendrimers and BSA (B) and PPI dendrimers and 20k-PEG-BSA (C). The
molar ratio (protein:dendrimers) of complexes was 1:4; bar =200 nm.

4. Conclusions

The interaction of dendrimers with PEGylated BSA shows a significant change compared to
BSA that suggests a strong additional interaction of dendrimers with PEG that leads to binding
of PEG to dendrimers. A major indication is found in the increased forward scattering of SAXS,
showing more than only additive contributions in the forward scattering. The change in
morphology of dried PEGylated BSA with dendrimers also supports the binding of dendrimers
to PEG. An important observation is the small decrease in fluorescence quenching for Sk-PEG
compared to the nearly complete quenching of Trp134. Since there was no change in the CD
spectroscopy and the high Q pattern in SAXS, we can exclude that possibility that changes of
the secondary structure or of the domain structure are responsible for the effects on fluorescence
quenching. The negligible quenching for 5k-PEG indicates a preferential binding of the
dendrimers to PEG, leaving the Trp134 environment relatively unchanged. For 20k-PEG
binding of several dendrimers to PEG and protein could induce a collapse of the PEG chain
onto the protein surface, leading to almost complete suppression of fluorescence. Collapse of
the PEG chain depends strongly on the molecular weight and salt concentration *. PEG
aggregates are still highly hydrated, presenting a hydrophilic environment to the Trp134 40,
We have focused on the mechanism of interaction between PEGylated albumin and
polypropylene imine dendrimers G4. The results clearly show that cationic dendrimers bind to
PEG and/or the protein surface. Exploiting the collapse of the PEG dendrimer complex on BSA
as a protective mechanism it might be possible to enhance dendrimer transport in the body
(Figure 7).
10
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Figure 7. Possible mechanism of interaction between dendrimers and PEGylated BSA.
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GRAPHICAL CONTENTS ENTRY

PEG-Albumin Platform

Cationic dendrimers bind to PEG-albumin

at PEG and albumin surface

Figure legends

Figure 1. Structure of bovine serum albumin with three different domains. Cys34 (place
where PEG is attached) and Trp134 are localized on the same domain (A). The chemical
structure of polypropylene(imine) dendrimers with amine terminated groups on the surface
and a molecular weight of about 3600 Da (B). G4 PPI dendrimers have a Rg of about 1.2 nm

and geometrical radius of about 1.3 nm

30,31
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Figure 2. BSA, SkPEG-BSA and 20kPEG-BSA tryptophan residue fluorescence quenching
by poly(propylene imine) dendrimers. The molar ratio of proteins : dendrimers was 1:4.
Values are given relative to BSA taken as 100%.

Figure 3. CD spectra of BSA, 5k-PEG-BSA and 20k-PEG-BSA mixed with poly(propylene
imine) dendrimers — PPI.

Figure 4. SAXS form factors as extracted from concentration series measurements for BSA,
5k-PEG-BSA and 20PEG-BSA with and without PPI dendrimers. The BSA characteristic
linear region between 1-2.5 nm-1 for all samples indicated preservation of protein structure.
Changes were observed mainly between 0.2 and 1.2 nm-1 and represent a change in the radius
of gyration due to dendrimers and PEG. Data are scaled by a factor of 10 for better visibility.

Figure 5. Bioanalyzer spectra obtained from SDS-PAGE microfluid-based electrophoresis.
Main peaks relate lower marker (5kDa, reference), BSA (65kDa) and BSA dimer (130kDa).
The peak at 8kDa comes from dye- labelled gel. PEGylated BSA shows a shift relative to
BSA with respect to the added PEG chain. For 20k-PEG BSA, a fraction of unlabelled BSA is
seen. The charged dendrimers seem to interact with the lower marker and the dye used for
labelling, making direct comparison of intensities difficult.

Figure 6. Electron micrographs of PPI dendrimers (A) and dendrimer/protein mixtures
composed of PPI dendrimers and BSA (B) and PPI dendrimers and 20k-PEG-BSA (C). The

molar ratio (protein:dendrimers) of complexes was 1:4; bar =200 nm.

Figure 7. Possible mechanism of interaction between dendrimers and PEGylated BSA.
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