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Protein aggregation, which is triggered by various factors, is still one of the most prevalent problems
encountered during all stages of protein formulation development. In this publication, we present novel
excipients, tryptophan-mPEGs (Trp-mPEGs) of 2 and 5 kDa molecular weight and suggest their use in
protein formulation. The synthesis and physico-chemical characterization of the excipients are described.
Possible cytotoxic and hemolytic activities of the Trp-mPEGs were examined. Turbidity, 90� static light
scatter, intrinsic fluorescence, fluorescence after staining the samples with Nile Red and fluorescence
microscopy were used to study the inhibitory effect of the Trp-mPEGs on the aggregation of salmon cal-
citonin (sCT) in different buffer systems and at various molar ratios. Aggregation of sCT was reduced sig-
nificantly with increasing concentrations of Trp-mPEG 2 kDa. A 10-fold molar excess of Trp-mPEG 2 kDa
suppressed almost completely the aggregation of sCT in 10 mM sodium citrate buffer (pH 6) for up to
70 h. Trp-mPEG 5 kDa also reduced the aggregation of sCT, though less pronounced than Trp-mPEG
2 kDa. Low aggregation of sCT was measured after approximately 10 days in 10 mM sodium citrate buf-
fer, pH 5, with a 10-fold molar excess of Trp-mPEG 2 kDa. This paper shows that Trp-mPEGs are potent
excipients in reducing the aggregation of sCT. Trp-mPEGs are superior to dansyl-PEGs concerning the sta-
bilization of sCT in a harsh environment, wherein sCT is prone to aggregation. Trp-mPEGs might therefore
also be used for stabilization of other biopharmaceuticals prone to aggregation.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction gation, and which vary from drug to drug, suppression or reduction
Biologics gained considerably increased market share during
the last decade [1–3]. However, chemical and physical degradation,
among which aggregation is one of the main concerns, limit the ra-
pid commercialization of protein-based pharmaceuticals [4]. Dur-
ing their manufacturing and formulation processes, proteins are
subjected to various stresses, which may lead to aggregation of
the biopharmaceutical drug. Processing steps, e.g., freeze drying,
pumping, agitation, shear stress, changes in temperature and envi-
ronmental conditions like buffers, formulation pH or additives, or
packaging materials are a few parameters that may affect the sta-
bility of a protein [4–6]. Due to the many factors triggering aggre-
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in aggregation is most often obtained experimentally by testing
various parameters, such as different buffer systems or formulation
pH values, under accelerated aggregation conditions [4,7].

For many proteins, aggregation starts by the formation of par-
tially unfolded intermediates. The fraction of unfolded intermedi-
ates is usually relatively small but favors protein association,
because of an increased amount of exposed hydrophobic patches
[8–10]. Native monomers may also aggregate, if ‘sticky’ patches
are present on the protein’s surface. Aggregation can then proceed
through hydrophobic or electrostatic forces between those patches
[9,11].

Covalent conjugation of poly(ethylene glycol), commonly re-
ferred to as PEGylation, has been successfully applied to reduce
the aggregation of biopharmaceuticals [12–14]. The protective ef-
fect of PEG on protein aggregation may be explained by sterical
shielding of hydrophobic patches on the protein’s surfaces. Further
benefits that may be obtained by PEGylation are an increased half-
live in vivo and a decreased in vivo immunogenicity of the biophar-
maceutical [15–17]. These positive attributes led to the successful
approval of different PEGylated biopharmaceuticals that hold
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important therapeutic value in the treatment of severe diseases
like cancer (Oncaspar�), hepatitis C (PEGintron�) or severe com-
bined immunodeficiency disease (Adagen�) since the beginning
of the 1990s [18].

However, several challenges concerning covalent PEGylation re-
main, which are (i) the chemical reaction needed in order to attach
the PEG-polymer and (ii) the loss of in vivo bioactivity observed
after PEGylation. Although various techniques have been developed
for covalent PEGylation, none has been found that circumvents the
chemical reaction and subsequently needed purification. These
additional processes during the preparation of the final drug prod-
uct represent additional stresses for biopharmaceuticals and may
lead to aggregation, resulting in a partial or complete loss of
in vivo bioactivity and increased in vivo immunogenicity.

In order to reduce the imposed stresses on biopharmaceuticals
during formulation, we presented in a recent publication the new
method of stabilization against aggregation by hydrophobic inter-
action through ‘‘non-covalent PEGylation’’ [19]. The concept is
based on non-covalent interaction between the hydrophobic head-
group of a newly synthesized PEG derivative and hydrophobic
patches on the surface of biopharmaceuticals. A sterical shielding
of the latter by the PEG moiety shall be obtained. Protein/protein
interactions should thus be rendered less probable, and conse-
quently aggregation of the biopharmaceutical in liquid formula-
tions should be reduced. A patent application related to this
technology has recently been filed [20].

In the previous publication, we were able to show that aggrega-
tion of salmon calcitonin (sCT) in liquid formulations was reduced
after the addition of dansyl-PEGs of varying molecular weights
[19]. In this publication, we present the preparation and physico-
chemical characterization of PEG conjugates with the amino acid
tryptophan (Trp) as hydrophobic headgroup. Although in our stud-
ies no hemolysis was observed for both the Trp-PEGs and the dan-
syl-PEGs, Trp holds the advantage of being used as nutritional
supplement for humans [21]. The influence of the monovalent
Trp-mPEG polymers of 2 and 5 kDa on the aggregation of sCT
was evaluated by performance of accelerated aggregation studies.
Trp-mPEGs were superior to dansyl-PEGs in stabilizing sCT against
aggregation in a harsh environment, in which sCT in the absence of
stabilizing excipients aggregates very fast.
2. Materials and methods

2.1. Materials

The chemicals employed to prepare the buffer solutions, Nile
Red (9-diethylamino-5H-benzo[a]phenoxazine-5-one), anhydrous
toluene and trifluoroacetic acid (TFA) were supplied by Sigma–
Aldrich (Sigma–Aldrich Chemie GmbH, Buchs, Switzerland). The
used buffers were constituted of: (i) acetic acid–sodium acetate,
pH 5; (ii and iii) citric acid–sodium citrate, pH 5 and pH 6, respec-
tively; (iv) sodium phosphate monobasic–sodium phosphate
dibasic, pH 8. Anhydrous DMSO, anhydrous dichloromethane,
and L-tryptophan were purchased from Fluka (Sigma–Aldrich
Chemie GmbH, Buchs, Switzerland). Chloroform was supplied by
Chimie-Plus (Chimie Plus Laboratoires, Denicé, France). Concen-
trated HCl and anhydrous Na2SO4 were obtained from Riedel de
Haën (Sigma–Aldrich Laborchemikalien, Seelze, Germany). Dieth-
ylether, dichloromethane, anhydrous triethylamine, iso-propanol,
and p-nitrophenyl chloroformate were provided by Acros (Acros
Organics BVBA; Geels, Belgium). The mPEG-OH 2 kDa and 5 kDa
were obtained from Iris Biotech (Iris Biotech GmbH, Marktredwitz,
Germany). All solvents and compounds used were of analytical
grade. The salmon calcitonin was provided by Therapeomic
(Therapeomic Inc., Basel, Switzerland). UV transparent 96-well or
384-well Costar� Corning microplates and UV–Vis transparent
and pressure sensitive Corning� Universal Optical sealing tape
were purchased from Corning (Corning Life Sciences, Schiphol,
The Netherlands).

2.2. Characterization of tryptophan-PEGs

All polymers were dissolved in deuterated DMSO and analyzed
on a Varian VXR 300 MHz spectrometer (Varian, Switzerland) to
obtain 1H NMR and 13C NMR spectra. MALDI-TOF mass spectrom-
etry was performed on an Axima CFR + Shimadzu mass spectrom-
eter, using 2-(4-hydroxyphenylazo)-benzoic acid (HABA) as
matrix. A Perkin-Elmer 100 FT-IR spectrometer (Perkin-Elmer,
Switzerland) was used to measure FTIR spectra in the range of
4000–400 cm�1. The used pellets were made of 1% w/w of product
in KBr. UV spectra were obtained on a Varian Cary 50 spectropho-
tometer (Varian, Switzerland). The tryptophan-mPEGs were fur-
ther analyzed for their specific optical rotation properties
according to European Pharmacopeia 5.6 using a Perkin-Elmer
241 Polarimeter.

2.3. Synthesis of mPEG-p-nitrophenyl carbonate 2 kDa

The method was adapted from [21]. In short, 1.76 mmol of dried
mPEG-OH 2 kDa were dissolved in anhydrous dichloromethane
and 5.27 mmol of p-nitrophenyl chloroformate and 3.52 mmol of
dry triethylamine were added (1:3:2 ratio). The pH was adjusted
to a value between 7.5 and 8, and the reaction was left to proceed
at room temperature for 24 h. The reaction was stopped by adding
several drops of TFA until the solution became colorless; then,
dichloromethane was partially evaporated and precipitation from
cold diethylether was performed. The solid collected by filtration
was twice redissolved in dichloromethane, precipitated from cold
diethylether, and collected by filtration. A white powder was ob-
tained and dried under vacuum.

1H NMR (300 MHz, DMSO-d-6): 3.23 ppm, PEG CH3AOA (s);
3.50 ppm, PEG AOACH2A (m); 7.55 ppm, p-nitrophenyl-aromate
(d); 8.31 ppm, p-nitrophenyl-aromate (d). 13C NMR (300 MHz,
DMSO-d-6): 58.06 ppm, PEG CH3AOA; 69.52 ppm, PEG AOACH2A;
122.59 ppm, p-nitrophenyl-aromate; 125.34 ppm, p-nitrophenyl-
aromate; 144.21 ppm, PEG AOACH2AC@O; 151.99 ppm, aromatic
C5H4@CANO2; 155.27 ppm, PEG ACH2AOCOA. FTIR: 3435; 2888;
2739; 2678; 2493; 1967; 1769; 1617; 1594; 1527; 1468; 1360;
1343; 1281; 1242; 1113; 1060; 963; 841; 663; 529 cm�1. MS
(MALDI-TOF): m/z 2201 (M+).

2.4. Synthesis of tryptophan-mPEG 2 kDa

The method was adapted from [22]. In anhydrous DMSO,
0.018 mol L-tryptophan was dissolved and the pH was adjusted
to a value of �8.3. Then, 1.76 mmol of dried mPEG-p-nitrophenyl
carbonate 2 kDa was added. The pH was maintained at a value of
approximately 8.3, and the reaction was left to proceed at room
temperature for 4 h. The reaction was stopped by cooling to 0 �C
and adjusting the pH to a value of 3 with 2 M HCl. The aqueous
phase was extracted with chloroform. The obtained organic phase
was dried over anhydrous Na2SO4 and partially evaporated. Precip-
itation from cold diethylether was performed and the solid col-
lected by filtration. The solid was once reprecipitated from cold
diethylether, and twice from cold iso-propanol. A white powder
was obtained and dried under vacuum.

1H NMR (300 MHz, DMSO-d-6): 3.17 ppm, Trp indoleA
CH2ACH2A (d); 3.24 ppm, PEG ACH3AOA (s); 3.51 ppm, PEG
AOACH2A (m); 4.17 ppm, Trp indoleACH2ACH2A (q); 6.98 ppm,
Trp-indole (t); 7.06 ppm, Trp-indole (t); 7.16 ppm, Trp-indole (s);
7.32 ppm, Trp-indole (d); 7.51 ppm, Trp-indole (d); 10.82 ppm
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Trp ACOOH (s). 13C NMR (300 MHz, DMSO-d-6): 54.78 ppm, Trp
indoleACH2ACH2A; 58.58 ppm, PEG CH3AOA; 63.28 ppm, Trp
indoleACH2ACH2A; 69.70 ppm, PEG AOACH2A; 110.02 ppm,
Trp-indole; 111.33 ppm, Trp-indole; 117.79 ppm, Trp-indole;
120.80 ppm, Trp-indole; 123.65 ppm, Trp-indole; 126.88 ppm
Trp-indole; 136.17 ppm, Trp-indole; 156.26 ppm, PEG ACH2A
OCOANHA; 173.87 ppm, ACOOH. FTIR: 3412; 2886; 2741; 2695;
2167; 1970; 1721; 1526; 1467; 1413; 1360; 1343; 1280; 1242;
1110; 963; 842; 745, 529 cm�1. MS (MALDI-TOF): m/z 2266 (M+).
½a�20

D ¼ �0:005.
2.5. Synthesis of mPEG-p-nitrophenyl carbonate 5 kDa

The reaction was performed as described for the mPEG-p-nitro-
phenyl carbonate 2 kDa. In this reaction, 0.68 mMol of dried mPEG-
OH 5 kDa, 2.03 mmol of p-nitrophenyl chloroformate and
1.36 mmol of dry triethylamine were used, and a white powder
was obtained.

1H NMR (300 MHz, DMSO-d-6): 3.23 ppm, PEG CH3AOA (s);
3.50 ppm, PEG AOACH2A (m); 7.55 ppm, p-nitrophenyl-aromate
(d); 8.31 ppm, p-nitrophenyl-aromate (d). 13C NMR (300 MHz,
DMSO-d-6): 58.27 ppm, PEG CH3AOA; 69.70 ppm, PEG AOACH2A;
122.62 ppm, p-nitrophenyl-aromate; 125.33 ppm, p-nitrophenyl-
aromate; 145.93 ppm, PEG AOACH2AC@O; 152.10 ppm, aromatic
C5H4@CANO2; 154.76 ppm, PEG ACH2AOCOA. FTIR: 3447; 2889;
2741; 2694; 2603; 2494; 1971; 1769; 1642; 1526; 1468; 1360;
1343; 1281; 1242; 1219; 1113; 1060; 963; 842; 529 cm�1. MS
(MALDI-TOF): m/z 4698 (M+).
2.6. Synthesis of tryptophan-mPEG 5 kDa

The reaction was performed as described for tryptophan-mPEG
2 kDa. In this reaction, 0.68 mmol of dried mPEG-p-nitrophenyl
carbonate 5 kDa and 6.78 mmol of L-tryptophan were used. A
white powder was obtained.

1H NMR (300 MHz, DMSO-d-6): 3.21 ppm, Trp indoleA
CH2ACH2A (d); 3.24 ppm, PEG ACH3AOA (s); 3.51 ppm, PEG
AOACH2A (m); 4.18 ppm, Trp indoleACH2ACH2A (q); 6.96 ppm,
Trp-indole (t); 7.02 ppm, Trp-indole (t); 7.14 ppm, Trp-indole (s);
7.32 ppm, Trp-indole (d); 7.51 ppm, Trp-indole (d); 10.81 ppm
Trp ACOOH (s). 13C NMR (300 MHz, DMSO-d-6): 54.85 ppm, Trp
indoleACH2ACH2A; 58.04 ppm, PEG CH3AOA; 63.46 ppm, Trp
indoleACH2ACH2A; 69.72 ppm, PEG AOACH2A; 110.83 ppm,
Trp-indole; 111.34 ppm, Trp-indole; 117.99 ppm, Trp-indole;
120.90 ppm, Trp-indole; 124.11 ppm, Trp-indole; 127.04 ppm
Trp-indole; 136.62 ppm, Trp-indole; 156.24 ppm, PEG ACH2A
OCOANHA; 173.68 ppm, ACOOH. FTIR: 3438; 2885; 2741; 2695;
1969; 1719; 1647; 1467; 1360; 1343; 1281; 1242; 1112; 1060;
963; 842; 746; 529 cm�1. MS (MALDI-TOF): m/z 4772 (M+).
½a�20

D ¼ �0:002.
2.7. Sensitivity of tryptophan-mPEGs to solvent polarity

In 0%, 25%, 50%, 75% and 100% ethanol, 0.04 mM solutions of
tryptophan-mPEGs were prepared. The dielectric constants are
78.54 for water and 24.3 for ethanol 96%. The solutions were ana-
lyzed by intrinsic fluorescence and UV–Vis absorbance at 25 �C,
using a Fluoromax spectrofluorometer (Spex, Stanmore, UK), and
temperature-controlled Cintra 40 spectrophotometer (GBC, Mel-
bourne, Australia), respectively. For tryptophan-mPEG 2 kDa and
5 kDa, the fluorescence emission spectra were recorded between
290 and 450 nm after excitation at 280 nm using bandwidths of
0.3 mm at the excitation and 1 mm at the emission side. The inte-
gration time used was 0.01 s.
2.8. Studies of potential of self-association of tryptophan-PEGs

Fluorescence emission of solutions below 0.6 mg/ml and
dynamic light scattering at concentrations above 0.1 mg/ml were
used to analyze self-association of the Trp-mPEGs. Aqueous poly-
mer solutions of 1 mg/ml were further diluted to obtain solutions
at concentrations between 0.6 mg/ml and 0.1 lg/ml, and their fluo-
rescence emission spectra were measured using an excitation
wavelength of 280 nm. In order to obtain a sufficiently high
fluorescence signal, slit widths were adapted depending on the
concentration. Dynamic light scattering (DLS) at an angle of 173�
(backscatter) at 25 �C was employed to analyze solutions with
concentrations above 0.08 mg/ml by using a Zetaziser Nano ZS
(Malvern Instruments), equipped with a 4 mW He–Ne laser that
operates at 633 nm. The micellization of Tween 20� was followed
as a control experiment for DLS measurements.

2.9. High throughput spectroscopic analysis

The method was adapted from [22]. The four different buffer
solutions, (i) 10 mM sodium acetate buffer, pH 5; (ii and iii)
10 mM sodium citrate buffer, pH 5 and 6, respectively; and (iv)
10 mM sodium phosphate, pH 8, were prepared using sterile fil-
tered 100 mM buffer stock solutions. A stock solution of 12.5 mg/
ml salmon calcitonin in purified MilliQ™ Millipore water was
freshly prepared. The final solutions tested contained 2.5 mg/ml
sCT in 10 mM buffer. Each sample was prepared in duplicate and
to one of each duplicate, Nile Red (1 lM in final formulation)
was added. Each formulation was measured in triplicate. Table 1
shows the different molar ratios and respective concentrations of
sCT and Trp-mPEGs.

All sCT solutions were prepared in 96- or 384-well Costar�

Corning microplates. Afterward, the plates were sealed using UV–
Vis transparent and pressure sensitive Corning� Universal Optical
sealing tape.

Every 7.5 min, a cycle of the following was measured at 26 �C
with a Tecan Safire™ microplate reader (Tecan Group Ltd., Männe-
dorf, Switzerland): (i) UV–Vis absorbance at 500 nm (turbidity);
(ii) fluorescence emission of the hydrophobic dye Nile Red; and
(iii) intrinsic Trp fluorescence emission.

The fluorescence emission of Trp over time was determined at
360 nm after excitation at 280 nm using bandwidths of 5 and
12 nm for excitation and emission, respectively. The fluorescence
emission of Nile Red was studied over time at 620 nm after excita-
tion at 550 nm using bandwidths of 12 nm for both excitation and
emission. After 3 days, the intrinsic Trp fluorescence emission
spectra (300–400 nm) and Nile Red fluorescence emission spectra
(590–700 nm) were recorded using the same settings as during
the kinetics. The data output of the XFluor� software of the Tecan
Safire™ microplate reader is in Microsoft� Excel™ format. To facil-
itate high throughput data analysis, visual basic macros were
developed by the authors.

2.10. Interaction of Trp-mPEG 2 kDa with salmon calcitonin (sCT) at
different molar ratios in 10 mM sodium citrate buffer, pH 5

2.10.1. Steady-state fluorescence and anisotropy
sCT (12.5 mg/ml) and Trp-mPEG 2 kD (37.17 mg/ml) stock solu-

tions were freshly prepared in 10 mM sodium citrate buffer, pH 5.
The tested solutions were (i) 2.5 mg/ml sCT and 18.59 mg/ml Trp-
mPEG 2 kDa (1:10 molar ratio protein to excipient), (ii) 2.5 mg/ml
sCT and 1.86 mg/ml Trp-mPEG 2 kDa (1:1 molar ratio protein to
excipient), and (iii) 2.5 mg/ml sCT in 10 mM sodium citrate buffer,
pH 5.

Steady-state fluorescence measurements were performed using
a Fluoromax spectrofluorometer (Spex, Stanmore, UK) at 25 �C in a



Table 1
Solutions tested by high throughput spectroscopic analysis. Different molar ratios and
the respective concentrations of sCT and Trp-PEGs used.

Sample Molar
ratio

Concentration (mg/ml)

sCT:Tryptophan-
mPEG 2 kDa

1:0.5 2.5 mg/ml sCT; 0.93 mg/ml Trp-mPEG 2 kDa
1:1 2.5 mg/ml sCT; 1.86 mg/ml Trp-mPEG 2 kDa
1:2 2.5 mg/ml sCT; 3.72 mg/ml Trp-mPEG 2 kDa
1:5 2.5 mg/ml sCT; 9.29 mg/ml Trp-mPEG 2 kDa
1:10 2.5 mg/ml sCT; 18.59 mg/ml Trp-mPEG 2 kDa

sCT:Tryptophan-
mPEG 5 kDa

1:1 2.5 mg/ml sCT; 4.36 mg/ml Trp-mPEG 5 kDa
1:5 2.5 mg/ml sCT; 21.79 mg/ml Trp-mPEG 5 kDa
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thermostated cuvette holder. The tyrosine fluorescence of sCT was
monitored with a 0.01 s integration time at emission wavelengths
between 290 and 450 nm, using an excitation wavelength of
275 nm and 280 nm. Bandwidths of 1 mm and 2 mm were used
for excitation and emission, respectively, while an optical filter
(10% light transmission) was placed at the emission site in front
of the detector.

To measure the tryptophan fluorescence, the samples were ex-
cited at 295 nm using the same settings and filter arrangement as
for tyrosine. Nile Red fluorescence was measured between 590 and
750 nm using an excitation wavelength of 550 nm and slits of
1 mm and 2 mm for excitation and emission, respectively.

Steady-state anisotropy measurements were performed using
the above described Fluoromax spectrophotometer with prism
polarizers and anisotropy was calculated as described in [24].
The anisotropy value for tyrosine was calculated from fluorescence
spectra between 300 and 320 nm, using an excitation wavelength
of 275 nm, with one second integration time per 1 nm increment
and excitation and emission slits of 1 and 2 mm, respectively.
The anisotropy value for Nile Red was calculated from fluorescence
spectra between 610 and 630 nm, using an excitation wavelength
of 550 nm, with 2 s integration time per 1 nm increment. The exci-
tation and emission slits were 1 and 2 mm, respectively.

2.10.2. 90� light scattering
The intensity of scattered light at a 90� angle was determined as

described by Capelle et al. [23] using the Fluoromax spectrofluo-
rometer (Spex, Stanmore, UK). The light scatter was measured be-
tween 450 and 700 nm using synchronized excitation and
emission monochromators. Slits of 2 mm at the excitation and
emission side and an integration time of 0.01 s were used. An opti-
cal filter (10% light transmission) was put in front of the detector.

2.10.3. Fluorescence lifetime measurements
Time-correlated single-photon counting (TCSPC) was used to

determine fluorescence lifetimes on an IBH 5000U fluorescence
lifetime spectrophotometer (Glasgow, United Kingdom) equipped
with a 279 nm (Tyr and Trp) or 560 nm (Nile Red) NanoLED as exci-
tation sources and a monochromator at the emission side. Linear
and non-linear least-square fittings were performed using DAS6
software (IBH, Glasgow, United Kingdom) to analyze the data.
The average lifetimes were calculated using the equation given in
[25]:

s ¼
P

iais2
iP

iaisi

where s is the calculated fluorescence decay time and a the
pre-exponential factor.

2.10.4. UV–Vis measurements
UV–Vis absorbance was measured at 25 �C on a Cintra 40

UV–Vis spectrophotometer (GBC, Melbourne) equipped with a
thermostatted cuvette holder.
2.10.5. Brightfield and fluorescence microscopy
Aliquots of the samples were placed on Kova Glasstic slides (Hy-

cor, Garden Grove, USA) and observed by microscopy using an
Axiovert 200 microscope (Zeiss, Göttingen, Germany) equipped
with a Tungsten lamp and a Mercury discharge lamp. Observations
were done using 10�, 20�, and 40� A-Plan LD objectives (Zeiss,
Göttingen, Germany). The photos were taken using a cooled Retiga
1300C color CCD camera (QImaging, Burnaby, Canada) and pro-
cessed with Openlab version 3.1.7 software (Improvision, Coven-
try, UK).

For Nile Red microscopy, 1.5 ll of Nile Red stock solution
(100 lM in ethanol) was added to 50 ll sample and aliquots were
immediately measured. The final Nile Red concentration in the
tested solutions was 3 lM. For Nile Red fluorescence, a Zeiss filter
cube no. 15 was used (EX BP 546/12, BS FT 580, EM LP 590) addi-
tionally to the already described materials.

2.11. Evaluation of Trp-PEGs’ hemocompatibility cytotoxicity

The cell proliferation kit II (XTT assay) from Roche Diagnostics
(Basel, Switzerland) was used to determine the potential cytotox-
icity of the two polymers on HaCaT cells (immortalized human
keratinocyte cell line). Concentrations between 0.1 lg/ml and
20 mg/ml were tested. Defined numbers of 8 � 103 washed viable
cells per well were incubated with serial dilutions of the polymers
in 96-well plates (Nunclon TM D Surface by Nunc, Roskilde, Den-
mark) for a total of 24 and 48 h. Absorption at 490 nm was mea-
sured after 1, 3, 6, and 24 h by using a BioTek PowerWave XS
reader (Witec AG, Littau, Switzerland). As a positive control for
cytotoxicity, a 0.02% solution of SDS (sodium dodecyl sulfate)
was used. Cells incubated with medium only served as the negative
control. Calculated cell survival was normalized against the nega-
tive control. All measurements were performed in quadruplicate.

2.12. Evaluation of Trp-PEGs’ hemocompatibility

The same concentrations of the compounds tested in the cyto-
toxicity assay were used to assess the potential of hemolysis due
to membrane interactions and membrane lysis. After preparation
of serial dilutions of polymers in sterile 0.9% NaCl, full human
blood of a fasted volunteer (collected in citrate tubes) was added
to the samples at a 1:3 (v/v) ratio. The positive control consisted
of a 1% Triton X-100 solution and the negative control of 0.9% ster-
ile NaCl. All the samples were put into an incubator at 37 �C for 1
and 24 h under shaking. After centrifugation (10 min at 770g),
40 ll of the supernatant were diluted four times with sterile 0.9%
NaCl. After pipetting into a 96-well Costar� microplate (Product
Number 3635, Corning Life Sciences, Schiphol, The Netherlands),
the absorbance of released hemoglobin was measured at 575 nm
employing a Tecan Safire microplate reader (Tecan Group Ltd.,
Männedorf, Switzerland). All measurements were performed in
triplicates.
3. Results

3.1. Synthesis and characterization of the p-nitrophenyl carbonate
mPEGs and Trp-mPEGs

The successful activation by p-nitrophenyl chloroformate and
the successful conjugation of tryptophan to the mPEGs of 2 and
5 kDa molecular weight were analyzed by 1H NMR, 13C NMR, FTIR,
MALDI-TOF and UV (see Sections 2.3–2.6 of synthesis of the differ-
ent p-nitrophenyl mPEGs and Trp-mPEGs in Section 2). 1H NMR
indicated complete activation of mPEG-OH by p-nitrophenyl
chloroformate, since the triplet at 4.56 ppm originating from the
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hydroxyl group of mPEG-OH was no longer detected [26]. After the
conjugation of L-Trp to p-nitrophenylcarbonate-mPEG, FTIR spectra
revealed a shift of the ketone peak at �1769 cm�1 to �1721 cm�1,
indicating the successful conjugation of Trp (see Sections 2.3–2.6 of
synthesis of the different p-nitrophenyl mPEGs and Trp-mPEGs in
Section 2). MALDI-TOF indicated an increase in molecular weight
as expected for p-nitrophenyl carbonate mPEG 2 kDa (pnp-PEG
2 kDa) and Trp-PEG 2 kDa (Table 2). pnp-PEG 5 kDa and Trp-PEG
5 kDa represented a molecular mass below the one of non-conju-
gated mPEG-OH. This may result from the purification process dur-
ing the pnp-mPEG 5 kDa synthesis. The increase in molecular
weight observed from pnp-mPEG 5 kDa to Trp-mPEG 5 kDa was
again as expected. The degree of conjugation of Trp to PEG was
determined by UV spectroscopy as an orthogonal method to 1H
NMR. Hence, impurities and excess L-Trp remaining from the syn-
thesis can be excluded. A degree of conjugation of 98% was deter-
mined by UV spectroscopy for both Trp-mPEGs of 2 and 5 kDa
molecular weight, while 1H NMR again did no longer show the
AOH triplet from mPEG-OH at 4.56 ppm or peaks from p-nitrophe-
nol. Measurements of the specific optical rotation showed that a
racemization of the chiral C-atom of L-Trp occurred on successful
conjugation to mPEG.

3.2. Sensitivity of tryptophan-mPEGs to solvent polarity

Fig. 1A and C shows a blueshift of the fluorescence maximum
with increasing ethanol concentration for Trp-mPEG 2 kDa (from
357 nm in water to 343 nm in 100% ethanol). The fluorescence
intensity of the 2 kDa Trp-mPEG polymer first increased from
water to 25% ethanol concentration, then constantly decreased
from 25% to 100% ethanol concentration (Fig. 1A and B). A similar
shift in fluorescence maximum and change of fluorescence inten-
sity were observed for the Trp-mPEG 5 kDa (Fig. 1B and C).

3.3. Studies of potential of self-association of tryptophan-PEGs

Self-association of the Trp-mPEGs was tested by measuring the
changes in the intrinsic Trp fluorescence depending on concentra-
tion using the Trp sensitivity toward solvent polarity. An increase
in fluorescence intensity accompanied by a possible blueshift of
the emission maximum might be observed when Trp is included
into a more hydrophobic environment, e.g., a micellar core. The
dependency of fluorescence intensity on the concentration of
Trp-mPEG 2 kDa up to 1 mg/ml is shown in Fig. 2A. Low concentra-
tions tested are enlarged in the insert where a small kink was mea-
sured at 0.0009 mg/ml (Fig. 2A). Up to 0.08 mg/ml linearity in the
fluorescence versus concentration was observed. Fluorescence
quenching of Trp occurred for concentrations between 0.08 mg/
ml and 1 mg/ml. Therefore, different concentrations of the two
Trp-mPEGs were analyzed by dynamic light scattering (DLS) to test
for formation of large micelles. For Trp-mPEG 2 kDa, a linear in-
crease in the intensity of scattered light as a function of concentra-
tion was obtained for concentrations of up to 20 mg/ml (Fig. 2B).
Calculation of the mean hydrodynamic radii Rh (according to num-
Table 2
Masses of the used mPEG-OHs and the resulting Trp-PEGs measured by MALDI-TOF
mass spectrometry.

Compound Observed m/z (M+)

mPEG-OH 2 kDa 2080
p-Nitrophenyl carbonate-mPEG 2 kDa 2201
Trp-mPEG 2 kDa 2266
mPEG-OH 5 kDa 4839
p-Nitrophenyl carbonate-mPEG 5 kDa 4698
Trp-mPEG 5 kDa 4772
ber distribution) for the different concentrations of Trp-mPEG
2 kDa resulted in values between 1.0 and 1.5 nm. For Trp-mPEG
5 kDa, a linear increase in the intensity of scattered light as a func-
tion of concentration was observed, as well (Fig. 2C). The calculated
mean hydrodynamic radii Rh remained stable for all concentrations
at a value of around 1.5 nm. As a control, the critical micelle con-
centration (CMC) of Tween 20� in water was correctly detected
by DLS measurements (data not shown).

3.4. High throughput spectroscopic analysis

Nile Red fluorescence intensity at 620 nm and turbidity at
500 nm over time were measured for sCT and mixtures of different
molar ratios of sCT and Trp-mPEG 2 kDa in 10 mM sodium citrate
buffer, pH 6. Reduced turbidity and Nile Red fluorescence intensity
were observed for the various samples in the following order: (i)
sCT; (ii) sCT:Trp-mPEG 2 kDa = 1:1 and (iii) sCT:Trp-mPEG
2 kDa = 1:5; (iv) sCT:Trp-mPEG 2 kDa = 1:10. With increasing
amounts of Trp-mPEG 2 kDa, the lag phase of sCT aggregation
was prolonged (Fig. 3A and B). Increasing lag phases were mea-
sured in the following order: (i) sCT; (ii) sCT:Trp-mPEG
2 kDa = 1:1 and (iii) sCT:Trp-mPEG 2 kDa = 1:5; (iv) sCT:Trp-mPEG
2 kDa = 1:10. The Nile Red fluorescence intensity remained low
and did not change for up to 64 h for the sample (Trp-mPEG
2 kDa concentration is 18.59 mg/ml). After 64 h, a small increase
in Nile Red fluorescence intensity was observed. Turbidity for this
solution did not change during the 74 h of the experiment although
an increased absorbance of �0.1 at 500 nm was observed directly
at the beginning of the kinetics. The control solution containing
18.59 mg/ml Trp-mPEG 2 kDa showed a similar absorbance.

The influence of Trp-mPEG 5 kDa on the aggregation of sCT was
studied. The Nile Red fluorescence intensity at 620 nm and turbid-
ity at 500 nm over time of sCT and mixtures of sCT with of Trp-
mPEG 5 kDa at various molar ratios in 10 mM sodium citrate buf-
fer, pH 6, were measured (Fig. 4A and B). Up to �25 h, turbidity re-
mained similar for all samples tested (Fig. 4B). After 25 h, a
decrease in turbidity in the following order was observed: (i)
sCT; (ii) sCT:Trp-mPEG 5 kDa = 1:1; and (iii) sCT:Trp-mPEG
5 kDa = 1:5. Nile Red fluorescence over time during the 74 h of
experiment was similar for sCT and the mixture of sCT and Trp-
mPEG 5 kDa at a 1:1 ratio, although turbidity at 500 nm after
74 h was reduced for this mixture compared to sCT alone (Fig. 4A
and B). The slope of the Nile Red fluorescence curve of the mixture
of sCT and Trp-mPEG 5 kDa at a ratio of 1:5 was less pronounced
compared to sCT and sCT:Trp-mPEG 5 kDa = 1:1. A plateau was
reached for sCT:Trp-mPEG 5 kDa = 1:5 after about 17 h (Fig. 4A).
The aggregation after 74 h for this solution was reduced compared
to sCT alone and sCT:Trp-mPEG 5 kDa = 1:1, as observed by Nile
Red fluorescence and turbidity measurements (Fig. 4A and B).

3.5. Interaction of Trp-mPEG 2 kDa with salmon calcitonin (sCT) at
different molar ratios in 10 mM sodium citrate buffer, pH 5

No significant changes over time were seen in the fluorescence
emission intensity of Tyr at 314 nm for the sCT sample in 10 mM
sodium citrate buffer, pH 5. The tyrosine anisotropy remained con-
stant during the aggregation of the sCT solution in 10 mM sodium
citrate buffer, pH 5 (data not shown). Over time, a small increase in
tyrosine lifetime was observed for this sample (Table 3). The 90�
light scatter of sCT at 48 h showed only a small increase (data
not shown), but was significantly increased after 72 h and in-
creased further up to 216 h (Table 3). The UV–Vis absorbance of
sCT at 500 nm slightly decreased after 24 h and then steadily in-
creased up to 216 h (Table 3). Aggregates were observed for sCT
after 48 h by fluorescence microscopy with Nile Red staining
(Fig. 5G). The aggregation continued to increase for sCT as seen
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by the Nile Red photomicrographs from 72 and 216 h (Fig. 5J and
M) and resulted in a strongly aggregated sample after 216 h
(Fig. 5M). Significant increase in Nile Red fluorescence emission
and a blueshift of its emission maximum were detected for this
sample after 72 h (Table 4).

When Nile Red fluorescence intensity is too low (<2.5 � 106),
neither Nile Red anisotropy nor mean fluorescence lifetime can
be measured (e.g., for 0–48 h of sCT). With the significant increase
in Nile Red fluorescence intensity after 72 h, anisotropy and mean
fluorescence lifetime of Nile Red could be measured. Both param-
eters increased from 72 h to 216 h (Table 4).

The fluorescence intensity of Trp in the sCT:Trp-mPEG
2 kDa = 1:1 sample decreased from 0 to 72 h and increased at
216 h. The lifetime of Trp in this mixture was stable for up to
48 h, then slightly increased up to the 216-h timepoint (Table 3).
The Nile Red fluorescence emission at 630 nm for this solution
slowly increased up to 72 h, but was too low to measure Nile
Red anisotropy and mean fluorescence lifetime (Table 4). After
216 h, a strong increase in Nile Red fluorescence emission at
630 nm was detected. The Nile Red anisotropy for sCT:Trp-mPEG
2 kDa = 1:1 at 216 h was comparable to the value obtained for
sCT after 216 h, while the mean fluorescence lifetime of Nile Red
after 216 h was lower compared to sCT (Table 4). After 216 h, the
Nile Red fluorescence emission intensity at 630 nm, the 90� light
scatter, and UV–Vis absorbance at 500 nm for the mixture of
sCT:Trp-mPEG 2 kDa = 1:1 were lower than for sCT alone (Fig. 6A
and B, Tables 3 and 4). Nile Red microscopy showed some aggre-
gates after 48 h for sCT:Trp-mPEG 2 kDa = 1:1 (Fig. 5H). After
72 h, the amount of aggregates for sCT:Trp-mPEG 2 kDa = 1:1
(Fig. 5K) was much smaller compared to sCT alone (Fig. 5J). Strong
aggregation was observed for sCT:Trp-mPEG 2 kDa = 1:1 after
216 h by Nile Red microscopy (Fig. 5N).

After 24 h, a small increase in Trp fluorescence intensity was
observed for sCT:Trp-mPEG 2 kDa = 1:10, which then constantly
decreased up to 216 h (Table 3). The 90� light scatter of this sample
was stable until 48 h, then increased after 72 h and further in-
creased after 216 h. The 90� light scatter of sCT:Trp-mPEG
2 kDa = 1:10 at 216 h was significantly lower than the values mea-
sured at this time point for sCT alone and sCT:Trp-mPEG
2 kDa = 1:1 (Fig. 6A). The UV–Vis absorbance of sCT:Trp-mPEG
2 kDa = 1:10 at 500 nm decreased between 0 and 24 h, then re-
mained stable until 72 h, and increased slightly after 216 h (Table
3). The mean Trp lifetime of the mixture of sCT:Trp-mPEG
2 kDa = 1:10 decreased after 24 h, then remained 7.25 ns up to
72 h, and decreased again after 216 h (Table 3). The Nile Red fluo-
rescence for this sample slightly increased after 24 h, decreased
again after 72 h, and remained stable until 216 h (Table 4). The Nile
Red fluorescence intensity after 216 h was the smallest for (i)
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sCT:Trp-mPEG 2 kDa = 1:10, followed by (ii) sCT:Trp-mPEG
2 kDa = 1:1, and then by (iii) sCT (Fig. 6B). The Nile Red fluores-
cence emission up to 216 h of the sCT:Trp-mPEG 2 kDa = 1:10 mix-
ture was very low, and therefore, neither Nile Red anisotropy nor
the mean Nile Red lifetime could be measured (Table 4). Nile Red
fluorescence microscopy did not detect any aggregates up to
216 h (Fig. 5C, F, I, L, and O).

3.6. Evaluation of Trp-mPEGs’ cytotoxicity

A concentration of 20 mg/ml Trp-mPEG 2 kDa was cytotoxic
after 48 h of incubation with HaCaT cells (Fig. 7). All other concen-
trations of Trp-mPEG 2 kDa down to 0.0001 mg/ml and all concen-
trations of Trp-mPEG 5 kDa (20 mg/ml included) were non-toxic
after 48 h. The same results were observed after 24 h (data not
shown).

3.7. Evaluation of Trp-mPEGs’ hemocompatibility

All solutions of Trp-mPEG 2 kDa and 5 kDa were hemocompat-
ible. None of the tested solutions did lyse erythrocytes after a max-
imum of 24 h of incubation with full human blood (Table 5).
4. Discussion

In this study, we investigated the potential of Trp-mPEGs of 2
and 5 kDa to reduce the aggregation of sCT. Tryptophan (Trp), tyro-
sine (Tyr), and phenylalanine (Phe) are aromatic amino acids that
possess an intrinsic fluorescence. Out of these three, Trp has the
strongest molar extinction coefficient and its fluorescence spec-
trum depends on its local environment. Therefore, it is often used
as an intrinsic fluorescence probe to study protein conformation
and intermolecular interactions [27,28]. Besides its hydrophobic
nature, the fluorescence characteristics of Trp were further impor-
tant reasons to evaluate Trp as a hydrophobic headgroup for our
concept of non-covalent PEGylation. Furthermore, Trp is used as
a nutritional supplement, and its maximum recommended thera-
peutic dose in humans is 100 mg/kg bodyweight/day [21].

The sensitivity of Trp-mPEGs to changes in the polarity of the
environment was analyzed. As expected, with decreasing solvent
polarity, a blueshift of the emission maximum occurred for both
Trp-mPEGs (Fig. 1A and C) [25]. Changing from water to 25% etha-
nol solution caused an increase in fluorescence intensity, which
may be explained by a reduced water quenching (Fig. 1A and B)
[29]. Increasing the ethanol concentration from 25% to 100%, a con-
stant decrease in fluorescence intensity was observed. Since the
photophysics of tryptophan and its underlying indole structure
are complex, the exact reason for the observed decrease in fluores-
cence intensity is unknown. Several possible quenching mecha-
nisms might apply, such as quenching by the carbamate bond
between Trp and PEG, the free negatively charged carboxylate or
resonance energy transfer among the Trp residues [25,28–30].

Potential self-association of the Trp-mPEGs at low concentra-
tion was analyzed by using the sensitivity of Trp to changes in
environmental polarity (Fig. 2A). An increase in fluorescence



0

5000

10000

15000

20000

25000

30000

35000

0 12 24 36 48 60 72
time (hrs)

flu
or

es
ce

nc
e 

in
te

ns
ity

 a
t 6

20
 

   
   

   
   

   
  n

m
 (a

.u
.) 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

time (hrs)

ab
so

rb
an

ce
 a

t 5
00

 n
m

 (a
.u

.)

0 12 24 36 48 60 72

(A)

(B)
Fig. 3. Aggregation of salmon calcitonin in the presence of Trp-mPEG 2 kDa over
time at different molar ratios. (A) Nile Red fluorescence at 620 nm in 10 mM sodium
citrate buffer, pH 6. � salmon calcitonin; 4 sCT:Trp-mPEG 2 kDa = 1:1; N sCT:Trp-
mPEG 2 kDa = 1:5; - - - sCT:Trp-mPEG 2 kDa = 1:10. (B) Turbidity at 500 nm in
10 mM sodium citrate buffer, pH 6. � salmon calcitonin; 4 sCT:Trp-mPEG
2 kDa = 1:1; N sCT:Trp-mPEG 2 kDa = 1:5; - - - sCT:Trp-mPEG 2 kDa = 1:10; Trp-
mPEG 2 kDa 18.59 mg/ml.

0

5000

10000

15000

20000

25000

30000

0 12 24 36 48 60 72
time (hrs)

flu
or

es
ce

nc
e 

in
te

ns
ity

 a
t 6

20
 

   
   

   
   

   
   

nm
 (a

.u
.)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 12 24 36 48 60 72
time (hrs)

ab
so

rb
an

ce
 a

t 5
00

 n
m

 (a
.u

.)

(A)

(B)
Fig. 4. Aggregation of salmon calcitonin in the presence of Trp-mPEG 5 kDa over
time at different molar ratios in 10 mM sodium citrate buffer, pH 6. (A) Nile Red
fluorescence at 620 nm in 10 mM sodium citrate buffer, pH 6. - - - salmon
calcitonin; ––– sCT:Trp-mPEG 5 kDa = 1:1; 4 sCT:Trp-mPEG 5 kDa = 1:5. (B)
Turbidity at 500 nm in 10 mM sodium citrate buffer, pH 6. - - - salmon calcitonin;
––– sCT:Trp-mPEG 5 kDa = 1:1; D sCT:Trp-mPEG 5 kDa = 1:5.

C. Mueller et al. / European Journal of Pharmaceutics and Biopharmaceutics 79 (2011) 646–657 653
intensity accompanied by a possible blueshift of the emission max-
imum might be observed when Trp is included into a more hydro-
phobic environment like a micellar core. Above 0.0009 mg/ml of
Trp-mPEG 2 kDa, a steeper slope is observed in the curve showing
the dependency of the fluorescence intensity on increasing concen-
tration (Fig. 2A), which might indicate association of Trp-mPEG
molecules. Quenching occurred for solutions with concentrations
higher than 0.08 mg/ml (Fig. 2A). To test for association of larger
molecular complexes, like micelles, solutions above 0.08 mg/ml
were analyzed by dynamic light scattering (DLS). Formation of
aggregates or micelles was not detected for any of the Trp-mPEGs
by DLS, as can be seen by the linear increase in the intensity of
scattered light/count rates with concentration (Fig. 2B and C).
The hydrodynamic radii measured were ranging between 1 and
2 nm, similar to reported values in the literature [31], further
indicating the absence of large complexes or micelles.

Hydrophobic fluorophores such as Nile Red possess a weak fluo-
rescence in aqueous solutions. Being dissolved in apolar solvents or
bound to hydrophobic surfaces, the fluorescence of Nile Red is
strongly increased. Therefore, the fluorophore is used to follow
the aggregation of proteins [23,24,32,33] and for the detection of
micelles [34]. Figs. 3 and 4 showed only a weak fluorescence of Nile
Red at the beginning of the kinetics even in the presence of high
concentrations of Trp-mPEGs. Since no significant Nile Red fluores-
cence at various Trp-mPEG concentrations was detected, rather an
absence of large micelles or aggregates of Trp-mPEGs is indicated.
Therefore, the observed changes in fluorescence intensity of Trp-
mPEG 2 kDa at 0.0009 mg/ml might be due to the association of
two or three Trp-mPEG molecules, forming complexes that are
too small to include a Nile Red molecule.

Capelle et al. have shown that sCT strongly aggregates at room
temperature in 10 mM sodium citrate buffer, pH 6 [23]. Aggrega-
tion of sCT at different molar ratios of Trp-mPEG 2 kDa was re-
duced with increasing concentrations of Trp-mPEG 2 kDa as
shown by changes in Nile Red fluorescence and turbidity over time
(Fig. 3A and B). With increasing Trp-mPEG 2 kDa concentrations,
the slopes of the Nile Red fluorescence intensity over time got less,
indicating a decreased aggregation velocity (Fig. 3A). Turbidity
over time showed a prolongation in the onset of aggregation of
sCT with increasing Trp-mPEG 2 kDa concentration (Fig. 3B). In
the solution of sCT:Trp-mPEG 2 kDa = 1:10, a stable and low Nile
Red fluorescence suggested the absence of aggregation up to
64 h, while the turbidity remained stable during all of the 74 h of
the kinetics. The increased turbidity (�0.1) of this mixture at time
point 0 of the kinetics can be assigned to the high concentration of
Trp-mPEG 2 kDa. The reduction in sCT aggregation was also con-
centration dependent for Trp-mPEG 5 kDa, though to a lesser ex-
tent than for Trp-mPEG 2 kDa (Fig. 4A and B). Fig. 4B indicates a
reduction in aggregation velocity and in the final degree of aggre-
gation with increasing concentration of Trp-mPEG 5 kDa. Changes



Table 3
Aggregation of salmon calcitonin with Trp-mPEG 2 kDa in time at different molar ratios in 10 mM sodium citrate buffer, pH 5. UV–Vis absorbance at 500 nm, 90�light scatter at
450 nm (LS), fluorescence maxima (Imax) measured after excitation at 280 nm, and mean fluorescence lifetimes s measured in the emission maximum during the kinetics of sCT,
sCT:Trp-mPEG 2 kDa = 1:1, and sCT:Trp-mPEG 2 kDa = 1:10 at time points 0, 24, 72, and 216 h.

Sample Time (h) Absorbance (a.u.) LS (cps �106) Imax (a.u. �106) Lifetime s (ns)

sCT 0 0.08 0.05 2.7 1.48
24 0.03 0.05 3.0 1.50
72 0.07 0.36 2.9 1.50
216 0.17 2.80 3.1 1.52

sCT:Trp-mPEG 2 kDa = 1:1 0 0.04 0.07 57 7.91
24 0.07 0.06 55 7.91
72 0.07 0.18 48 7.94
216 0.13 1.74 50 7.96

sCT:Trp-mPEG 2 kDa = 1:10 0 0.16 0.23 63 7.36
24 0.06 0.23 65 7.23
72 0.06 0.28 54 7.27
216 0.09 0.50 44 7.10
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in Nile Red fluorescence over time did not reveal differences be-
tween the aggregation of sCT and sCT:Trp-mPEG 5 kDa = 1:1 as
clear as turbidity (Fig. 4A and B). For the mixture of sCT:Trp-mPEG
5 kDa = 1:5, the highest value of Nile Red fluorescence was already
reached after 17 h, as compared to 25 h observed by turbidity mea-
surements. However, a reduction in aggregation velocity and in the
final degree of aggregation was observed by both methods for
sCT:Trp-mPEG 5 kDa = 1:5. For both Trp-mPEG polymers, aggrega-
tion of sCT was decreased in a harsh environment, where sCT rap-
idly aggregates. This stabilization was also visible by eye: the wells
containing sCT:Trp-mPEG 2 kDa = 1:10 were clear while those con-
taining sCT solution were turbid. In our studies, Trp-mPEG 2 kDa
was superior to dansyl-mPEG 2 kDa in stabilizing sCT against
aggregation. Though aggregation of sCT was reduced with dan-
syl-mPEG 2 kDa, no suppression of aggregation was obtained as
was the case for Trp-mPEG 2 kDa in a 10-fold molar excess over
sCT. The headgroup used appears to be important for inhibiting
sCT aggregation.

The molecular weight of the used Trp-mPEG polymers also
appears to have an effect on the observed reduction in sCT aggre-
gation, as was also the case for the dansyl-PEGs. A significant
reduction in aggregation of sCT was obtained with Trp-mPEG
2 kDa at a 1:1 molar ratio. A reduction in aggregation of sCT to a
lesser extent was obtained with sCT:Trp-mPEG 5 kDa = 1:1. These
results are comparable to observations made with the dansyl-PEGs
and are contradictory to present covalent PEGylation, where pref-
erably few and high molecular weight PEGs (e.g., 20 or 40 kDa) are
employed [35]. Three possible explanations might apply: (i) the
interaction of the Trp headgroup with sCT is reduced due to sterical
hindrance caused by the PEG moiety, or (ii) with increasing molec-
ular weight of the PEG the hydrophilic–lipophilic balance of Trp-
mPEG is biased toward an increased influence of the PEG moiety
on aggregation, which is detrimental for the interaction between
the Trp headgroup and sCT [36], or (iii) with increasing molecular
weight of the PEG the hydrophobic interactions between sCT and
the dansyl-headgroup that allow sCT to remain in solution are de-
creased, and furthermore, increasing amounts of the solvation
water from the outer shell of sCT are removed. As a result, sCT
precipitates.

In our previous publication, we already presented that
sCT:mPEG-OH 2 kDa = 1:1 in 10 mM sodium citrate buffer (pH 6)
led to a similar aggregation as sCT in the absence of mPEG-OH.
However, increasing aggregation of sCT was observed in equimolar
mixtures with PEGs of increasing molecular weight. Similar obser-
vations were noticed during aggregation studies of Trp-PEGs (data
not shown).

Changes in surface tension, viscosity, solvent polarity, and zeta
potential of the protein might be induced by the addition of the
excipients, leading to the effects described above. However,
changes in surface tension can be excluded, since turbidity mea-
surements have also been performed at 850 and 975 nm before
and after the kinetic studies (data not shown). At these wave-
lengths, no absorbance of any of the compounds takes place, and
therefore, variations in surface tension due to the addition of the
excipients would have led to changes in the height and form of
the solution meniscus. This in turn results into differences in the
absorption signal in the multiwell plates. No differences in absor-
bance were observed between the various samples tested.

Furthermore, changes in solvent polarity due to the excipients
can be excluded: Nile Red, the dye employed during our studies,
is a fluorophore whose fluorescence intensity and also emission
maximum are both susceptible to changes in environmental polar-
ity. Since neither the situation of the emission maximum nor the
emission intensity of Nile Red were different between the fluores-
cence spectra of sCT alone and sCT with increasing amounts of Trp-
PEGs at T0, changes in environmental polarity due to our novel
polymers can be excluded. However, small changes in viscosity
or zeta potential of sCT due to the addition of Trp-PEGs cannot
be excluded.

In 10 mM sodium citrate buffer, pH 5, sCT was reported to
aggregate strongly [23]. Therefore, we investigated in this buffer
system more profoundly the aggregation at different molar ratios
of sCT:Trp-mPEG 2 kDa. Measurement of various parameters over
time all showed consistently increasing aggregation of sCT (Tables
3 and 4 and Fig. 5A, D, G, J, and M). No changes were measured in
the Tyr fluorescence emission and anisotropy, which suggested
that aggregation did not directly involve Tyr. However, the increas-
ing Tyr lifetime might indicate increasing conformational restric-
tions in the Tyr environment due to the aggregation.

Aggregation of sCT in the mixture of sCT:Trp-mPEG 2 kDa = 1:1
was already observed after 48 h, comparable to sCT without the
excipient. However, 90� light scatter, UV–Vis absorbance, Nile
Red fluorescence microscopy, Nile Red fluorescence emission, and
mean lifetime of Nile Red indicated sCT was less aggregated in
the presence of an equimolar amount of Trp-mPEG 2 kDa com-
pared to sCT alone at time points 48, 72 and 216 h (Tables 3 and
4 and Figs. 6A, B and 5B, E, H, K, and N). Therefore, it can be con-
cluded that Trp-mPEG 2 kDa at an equimolar amount stabilized
sCT against aggregation.

The inhibition of sCT aggregation by Trp-mPEG 2 kDa is more
pronounced at a molar ratio of sCT:Trp-mPEG 2 kDa 1:10. The
90� light scatter and Nile Red fluorescence emission were signifi-
cantly reduced even after 216 h compared to sCT and sCT:Trp-
mPEG 2 kDa at a 1:1 ratio (Fig. 6A and B). Nile Red fluorescence
microscopy did not detect any aggregates up to 216 h (Fig. 5C, F,
I, L, and O). UV–Vis absorbance at 500 nm is in agreement with
the fluorescence and microscopy results (Table 3). For both solu-
tions, sCT:Trp-mPEG 2 kDa = 1:1 and sCT:Trp-mPEG 2 kDa = 1:10,
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microscopy. Nile Red photomicrographs taken at time points 0, 48, 72 and 216 h during the aggregation of sCT, sCT:Trp-mPEG 2 kDa = 1:1, and sCT:Trp-mPEG 2 kDa = 1:10.
Contrast and brightness of the photomicrographs were varied, to improve visibility of aggregates. (A) Time point 0: sCT 2.5 mg/ml. 11 s exposure time. (B) Time point 0:
sCT:Trp-mPEG 2 kDa = 1:1. 4 s exposure time. (C) Time point 0: sCT:Trp-mPEG 2 kDa = 1:10. 5 s exposure time. (D) Time point 48 h: sCT 2.5 mg/ml. 6 s exposure time. (E)
Time point 48 h: sCT:Trp-mPEG 2 kDa = 1:1. 5 s exposure time. (F) Time point 48 h: sCT:Trp-mPEG 2 kDa = 1:10. 3 s exposure time. (G) Time point 72 h: sCT 2.5 mg/ml. 7 s
exposure time. (H) Time point 72 h: sCT:Trp-mPEG 2 kDa = 1:1. 5 s exposure time. (I) Time point 72 h: sCT:Trp-mPEG 2 kDa = 1:10. 10 s exposure time. (J) Time point 216 h:
sCT 2.5 mg/ml. 4 s exposure time. (K) Time point 216 h: sCT:Trp-mPEG 2 kDa = 1:1. 3 s exposure time. (L) Time point 216 h: sCT:Trp-mPEG 2 kDa = 1:10. 8 s exposure time.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a decrease in Trp fluorescence intensity was observed over time
(Table 3). The sensitivity of the Trp emission to solvent polarity
is affected by hydrogen bonding to the imino group and the sur-
rounding electrical field of the solvent and solutes [25,37]. One
explanation for the decrease in Trp fluorescence intensity of
Trp-mPEG over time might be due to possible changes in hydrogen
bonding or changes in the surrounding electrical field of the
Trp-headgroup with progressing aggregation. However, increasing
concentration of the Trp-mPEG 2 kDa might also be an influencing
factor leading to increased resonance energy transfer.



Table 4
Aggregation of salmon calcitonin with Trp-mPEG 2 kDa in time at different molar ratios in 10 mM sodium citrate buffer, pH 5. Mean fluorescence lifetimes, anisotropy and
fluorescence intensity at 630 nm of Nile Red measured for sCT, sCT:Trp-mPEG 2 kDa = 1:1, and sCT:Trp-mPEG 2 kDa = 1:10 at time points 0, 24, 72 and 216 h. N.d. refers to not
detectable.

Sample Time (hours) Nile Red fluorescence intensity
at 630 nm (a.u. �106)

Anisotropy of
Nile Red (a.u.)

Mean lifetime s of
Nile Red (ns)

sCT 0 0.59 n.d. n.d.
24 1.01 n.d. n.d.
72 2.79 0.31 3.48
216 30.61 0.34 3.59

sCT:Trp-mPEG 2 kDa = 1:1 0 1.08 n.d. n.d.
24 1.13 n.d. n.d.
72 1.78 n.d. n.d.
216 19.22 0.35 3.51

sCT:Trp-mPEG 2 kDa = 1:10 0 1.42 n.d. n.d.
24 2.35 n.d. n.d.
72 1.83 n.d. n.d.
216 1.85 n.d. n.d.
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Fig. 6. Aggregation of salmon calcitonin in the presence of Trp-mPEG 2 kDa in time at different molar ratios in 10 mM sodium citrate buffer, pH 5. (A) 90� light scatter after
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Fig. 7. Cytotoxicity of Trp-mPEGs tested on HaCaT cells after 48 h of incubation.
Serial dilutions of Trp-mPEG 2 kDa, Trp-mPEG 5 kDa with positive (cells with 0.02%
SDS) and negative control (cells with medium only).

Table 5
Hemocompatibility of Trp-mPEGs. Different concentrations of Trp-mPEG 2 and 5 kDa were i
negative and positive control, respectively.

20 mg/ml 10 mg/ml 1 mg/ml 0.1 mg/ml 0.

Trp-mPEG 2 kDa 100.12 100.47 100.35 100.81 10
Trp-mPEG 5 kDa 100.26 100.76 100.28 100.68 10
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Since the Trp-mPEGs are composed of a hydrophilic and a
hydrophobic moiety, showing a detergent-like structure, destabili-
zation of cellular membranes due to solubilization appears possi-
ble. To investigate the potential application of the Trp-PEGs as
excipients for protein formulations, their cytotoxic and hemolytic
activities were examined. Since proteins and peptides are often in-
jected subcutaneously, immortalized keratinocytes were used to
assess cytotoxicity.

After 48 h of incubation of various concentrations of the two
Trp-mPEGs, only the solution of 20 mg/ml Trp-mPEG 2 kDa was
cytotoxic (Fig. 7). The same concentrations of both Trp-mPEGs
demonstrated no hemolytic properties in our assay (Table 5).
Aggregation of biopharmaceuticals is dependent on concentration
and elevated concentrations are known to increase aggregation
[4,5]. A concentration of 2.5 mg/ml of sCT was used as a model
for studying the inhibitory effect on the aggregation within a
reasonable time span. In marketed formulations, the highest
concentration of sCT is 0.37 mg/ml. Thus, toxic concentrations of
ncubated for 24 h with full human blood. 0.9% NaCl and 1% Triton X-100 were taken as

01 mg/ml 0.001 mg/ml 0.0001 mg/ml NaCI 0.9% Triton X 1%

0.27 100.61 100.72 100.00 0.00
0.18 100.27 100.54
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20 mg/ml Trp-mPEG 2 kDa would not be clinically applied, if a 1:10
ratio of sCT:Trp-mPEG 2 kDa was maintained.
5. Conclusions

In this study, monofunctional Trp-PEGs of 2 and 5 kDa were
synthesized and characterized by various techniques. These novel
excipients reduced and suppressed the aggregation of sCT in differ-
ent buffers dissolved in which sCT in the absence of excipients is
unstable and prone to aggregation. Stabilization of sCT by Trp-
mPEG 2 kDa was concentration dependent: with increasing Trp-
mPEG 2 kDa concentration, sCT aggregation decreased. Trp-mPEG
5 kDa also stabilized sCT against aggregation in a concentration
dependent manner in 10 mM sodium citrate buffer, pH 6, although
to a minor extent than the 2 kDa Trp-mPEG. Trp-PEGs were non-
hemolytic at all concentrations tested, while cytotoxicity was ob-
served for Trp-mPEG 2 kDa at 20 mg/ml concentration.

Ongoing studies may reveal whether further properties of cova-
lent PEGylation, such as reduced in vivo immunogenicity or im-
proved pharmacokinetics, are maintained by our approach.
Furthermore, a long-term study will investigate the effects of our
novel Trp-PEGs on the stability of sCT under various accelerated
aggregation conditions. Here, we presented novel excipients that
can be easily prepared at low costs. Trp-mPEGs might be used
for stabilizing aggregation prone and difficult to handle proteins
as a promising alternative to current formulation strategies. With
this approach, proteins might be formulated and marketed at high-
er concentrations, resulting in a more patient friendly and eco-
nomic drug product.
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