
RESEARCH PAPER

Pharmaceutical Excipients Enhance Iron-Dependent
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ABSTRACT
Purpose To evaluate the effect of excipients, including sugars
and amino acids, on photo-degradation reactions in pharma-
ceutical buffers induced by near UV and visible light.
Methods Solutions of citrate or acetate buffers, containing
1 or 50 μM Fe3+, the model peptides methionine enkeph-
alin (MEn), leucine enkephalin (LEn) or proctolin peptide
(ProP), in the presence of commonly used amino acids or
sugars, were photo-irradiated with near UV or visible light.
The oxidation products were analyzed by reverse-phase
HPLC and HPLC-MS/MS.
Results The sugars mannitol, sucrose and trehalose, and the
amino acids Arg, Lys, and His significantly promote the oxi-
dation of peptide Met to peptide Met sulfoxide. These exci-
pients do not increase the yields of hydrogen peroxide, sug-
gesting that other oxidants such as peroxyl radicals are respon-
sible for the oxidation of peptide Met. The addition of free
Met reduces the oxidation of peptide Met, but, in citrate buff-
er, causes the addition of Met oxidation products to Tyr res-
idues of the target peptides.
Conclusions Commonly used excipients enhance the light-
induced oxidation of amino acids in model peptides.
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ABBREVIATIONS
ABTS 2,2′-azino-bis(3-ethylebenzothiazole-6-sulfonic

acid) diammonium salt
Arg Arginine
DTPA Diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
FA Formic acid
Gly Glycine
His Histidine
HPLC High-performance liquid chromatography
HRP Horseradish peroxidase
LC Liquid chromatography
LEn Leucine enkephalin
Leu Leucine
Lys Lysine
mAbs Monoclonal antibodies
MEn Methionine enkephalin
Met Methionine
MS Mass spectrometry
Phe Phenylalanine
ProP Proctolin peptide
Q-TOF Quadrupole time of flight
TFA Trifluoroacetic acid
Thr Threonine
tR Retention time
Tyr Tyrosine
UV Ultraviolet

INTRODUCTION

Pharmaceutical proteins and peptides are susceptible to light-
induced degradation (1–3). The wavelengths of light that
pharmaceutical products are exposed to vary between visible
and near UV light, which some authors refer to as ambient
light (4, 5). Amino acid residues do not significantly absorb
near UV or visible light, except for some oxidation products of
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Trp residues, e.g. N-formylkynurenine, kynurenine, and 3-
hydroxykynurenine (6–9). The exposure of proteins to ambi-
ent light can occur during manufacturing, packaging, visual
inspection of products, storage, and patient administration (5,
10–13). Such light exposure can induce protein degradation,
including the formation of post-translational modifications
and aggregates (4, 5). As a potential consequence of such type
of modifications, several side effects have been reported, in-
cluding the reduction of clinical efficacy or adverse immuno-
genic responses (14–17). There are also reports of aesthetic
changes in drug products, such as cloudiness, change of color,
or the formation of visible particles (18–22).

Mechanistically, the processes leading to protein photo-
degradation during near UV and visible light exposure are
not well established. Recently, we evaluated pharmaceutical
buffers for their propensity to promote oxidation mechanisms
via the photo-Fenton reaction under near UV and visible light
(23). Specifically citrate buffer generated a variety of reactive
species (Scheme 1), leading to multiple oxidation products of
Met- and Tyr-containing model peptides, while acetate and
succinate promoted only the formation of Met sulfoxide (23).
Here, we have extended our studies to the role of additional
excipients, specifically sugars and amino acids, in oxidation
reactions induced by near UV and visible light in pharmaceu-
tical buffers.

In order to design a stable formulation with an adequate
shelf life, it is frequently necessary to addmultiple excipients to
formulations (24). These excipients function to improve the
physical and chemical characteristics of the drug and consti-
tute a vehicle for drug delivery (25). Studies have demonstrat-
ed that a combination of excipients can have a synergetic
effect on the stabilization of formulations (26–28). However,
some excipients are not inert and can afford changes in the
stability of a formulation (23).

Excipients are classified with respect to their effects on for-
mulations. For parenteral formulations, these categories are
buffers, tonicifiers or osmolites, surfactants, solubilizers, pres-
ervatives, and stabilizing agents. Chelating agents (e.g., EDTA
or DTPA) are frequently used to prevent oxidation promoted
by transition metals. Moreover, amino acids and sugars or
polyols are generally used to prevent aggregation, and/or ox-
idation (24).

Parenteral protein formulations are usually formulated in a
pH range between 4 to 7,making the selection of buffer a critical
factor. The most commonly used buffers are citrate, succinate,
acetate, phosphate, tris(hydroxymethyl)aminomethane (Tris),
Gly, andHis (25, 29). The selection of buffer ultimately depends
on the stability profiles of the respective proteins (26).

Sugars and amino acids, especially Arg, His, Gly, Lys, and
Met, are commonly used stabilizers in parenteral formulations

Scheme 1 Photo-Fenton reaction in citrate buffer.
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(26), where positively charged amino acids can stabilize proteins
by electrostatic interactions with acidic amino acid side chains
(26, 30–35). However, Arg, Gly, and Lys can both stabilize or
denaturate proteins, depending on their concentration and the
nature of the proteins (30). Arg can increase protein solubility,
and prevent protein unfolding and aggregation induced by heat
or light (36). Lys tends to be less of a stabilizer compared to the
other amino acids (30, 37). Met has been used as an antioxidant
due to its ability to react with hydrogen peroxide (H2O2) and
other reactive oxygen species (11, 28, 38).

Sugars stabilize proteins by increasing the protein-water
potential, preferred hydration of proteins, and by increasing
the activation energy for protein unfolding (39–41). Sugars
also diminish protein aggregation during freeze-thaw and
freeze-drying cycles (42, 43). However, depending on their
structure, sugars can also promote protein degradation, for
example via glycation (44).

Our data will show that amino acids and sugars can enhance
the oxidative degradation of various model peptides (methio-
nine- and leucine-enkephalin, and proctolin peptide) in iron-
containing citrate and acetate buffer during the exposure of
formulations to small doses of near UV or visible light. We
selected iron concentrations of 1 and 50 μM, where 1 μM is
in the range of iron levels reported for some formulations of
monoclonal antibodies (1–9 μM) (45, 46), and 50 μM was
selected for mechanistic purposes. The guideline for elemental
impurities of the International Council for Harmonisation
(ICH), ICHQ3D, sets no specific limits for the permitted daily
exposure (PDE) to iron (47). We applied light doses between 9
and 35 Whm−2, where 35 Whm−2 correpond to ca. 2 h expo-
sure to UV A light of combined indoor lighting and window-
filtered daylight in a home or clinical environment (48).

MATERIALS AND METHODS

Materials

Methionine enkephalin (MEn, YGGFM) and leucine enkeph-
alin (LEn, YGGFL) were from Bachem (Bubendorf,
Switzerland). Proctolin peptide (ProP, RYLPT) was from
Genescript (Piscataway, NJ). Sodium citrate tribasic dihy-
drate, ferric chloride hexahydrate (FeCl3 × 6 H2O), sodium
acetate anhydrous, 13C5-L-methionine (13C5-L-Met), 13C2-
citric acid (C2,C4), ethylenediaminetetraacetic acid (EDTA),
18O2 (stable isotope-labeled oxygen, 97%), sodium borohy-
dride (NaBH4), catalase from bovine liver, horseradish perox-
idase (HRP), sucrose, D-mannitol, D(+)-trehalose, L-histidine
(L-His) monochloride monohydrate, L-arginine (L-Arg) hy-
drochloride, and L-glycine (L-Gly) were purchased from
Sigma (Saint Louis, MO). Diethylene-triaminepentaacetic ac-
id (DTPA), L-lysine (L-Lys) hydrate, and L-methionine (L-
Met) were purchased from Aldrich (Milwaukee, WI). 2,2′-

Azino-bis (3-ethylebenzothiazole-6-sulfonic acid) diammo-
nium salt (ABTS) was from Fluka (Saint Louis, MO). All
chemicals used were analytical grade.

Peptide Photo-Irradiation

Solutions were prepared at a final volume of 400 μL, contain-
ing 500 μM peptide in water or 10 mM buffer (unless other
specified concentration), pH 6.0, 1.0 or 50 μM Fe3+, and
either 50 mM amino acids or 120 mM sugars. Photo-
irradiation was performed in a Rayonet© reactor (The
Southern New England Ultraviolet Company, Branfort,
CT), using near UV (RPR-3500 Å, λmax = 350 nm; band-
width 305–416 nm) or visible light lamps (RPR-4190 Å,
λmax = 419 nm; bandwidth 380–480 nm).

HPLC Analysis

The analysis of the oxidation products was achieved by
reverse-phase HPLC. The photo-irradiated solutions (50 μL)
were injected onto a C18 Vydac column (250 mm, I.D.
4.6 mm, 5 μm; Grace, Columbia, MD), maintained at 35°C
in a column heater (CTO-20A; Shimadzu, Columbia, MD).
Mobile phase A was 0.1% TFA in water, and mobile phase B
consisted of acetonitrile with 0.1%TFA. The separation of the
oxidation products was performed with a linear gradient
changing mobile phase B from 7% to 35% within 30 min,
delivered by two pumps (LC-20AT; Shimadzu, Columbia,
MD), and the elution was monitored with a UV-detector
(SPD-10Av; Shimadzu, Columbia, MD) set at λ= 214 nm.

HPLC-MS/MS Analysis

The HPLC-MS instrument consisted of a nanoAcquity
UPLC coupled to a Xevo Q-TOF mass spectrometer
(Waters Corp, Milford, MA). Mobile phase A was 0.1% for-
mic acid in water, and mobile phase B was acetonitrile con-
taining 0.1% formic acid (FA). Solutions of the photo-
irradiated peptides were diluted in water containing 0.1%
FA, and 2 μL were injected onto a CSH C18 nanocolumn
(150 mm, I.D. 75 μm, Waters Corp, Milford, MA).
Separation of the products was performed with a linear gra-
dient increasing mobile phase B from 10 to 40% within
30 min. The MSe data were acquired within a mass range
between 50 to 2000 Da, with a ramp collision energy from
20 to 30 V and the cone voltage was set at 40 V. Data analysis
was achieved with the MassLynx™ Software (Waters Corp;
Milford, MA).

Detection of H2O2

Solutions of 600 μL, containing water or 10 mM buffer,
pH 6.0, 1 or 50 μM Fe3+, and either 50 mM amino acids or
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120 mM sugars, were photo-irradiated with near UV lamps
(RPR-3500 Å, λmax = 350 nm, 9.7 Whm−2) in a Rayonet©
reactor. Aliquots (50 μL) were drawn before and after photo-
irradiation. The aliquots were placed in a 96 well plate and
were incubated in the dark for 10 min, after the addition of
5 μL of water or an aqueous solution containing
0.75 mg mL−1 of catalase. The H2O2 concentration was mea-
sured by the addition of 300 μL of an aqueous solution of
ABTS (final concentration 0.5 mM) and HRP (final concen-
tration 10 μg mL−1) (49). The absorbance of the solutions was
measured at λ= 415 nm in a plate reader (Infinite M200 Pro
Tecan; Mannedorf, Switzerland) maintained at 25°C. The
absorbance readings were compared with a calibration curve
of standard solutions of H2O2 (0–100 μM) prepared in the
respective buffers, for which the concentrations were separate-
ly measured by absorbance at λ= 240 nm (εH2O2, 240nm =
43.6 M−1 cm−1) (8).

RESULTS

Photo-Irradiation with near UV Light

Photo-Irradiation of MEn in the Presence of Amino Acids

Solutions of 500 μM MEn in either water, 10 mM acetate, or
10 mM citrate, pH 6.0, containing 1 or 50 μM Fe3+ and
50 mM amino acids, were photo-irradiated with near UV light
(25.2 Whm−2) in a Rayonet© reactor. Representative HPLC
traces are displayed in Fig. 1. Control samples were prepared as
described above and placed in the dark for 2 h (Fig. S1).

The photo-irradiation of MEn in citrate buffer containing
50 μM Fe3+ generated all the products which we described
previously (23). Briefly, the first peak with a retention time (tR)
of 15.6 min corresponded to Met sulfoxide (product A) (Fig.
1a). The other products were three isomers of hydroxypheny-
lalanine (product B, peaks 2, 3 and 6; tR = 16.9, 18.2 and
20.9 min, respectively), a modified Tyr residue with a mass
increase of 28 Da, referred to as product C (peak 4, tR =
20.1 min), and 3,4-dihydroxyphenylalanine (product D, peak
5, tR = 20.5 min). All these oxidation products from MEn are
listed in Table I. The unmodified MEn eluted with tR =
22 min and the MS/MS spectrum is shown in Fig. S2.

When 50 mM Gly were added to a solution containing
500 μM MEn in 10 mM citrate, pH 6.0, and 50 μM Fe3+,
photo-irradiation produced similar yields of products B, C,
and D but significantly higher yields of product A (Fig. 1a,
green trace). The addition of Arg, Lys, and His reduced the
yields of products B, C, andD, and further increased the yields
of product A (Fig. 1a, red, light blue, and blue traces). The
addition of Met significantly lowered the yields of products A,

B, C, and D, but a new peak with tR = 28.5 min was observed
(Fig. 1a, yellow trace). This product is referred to as product H
(see below).

The photo-irradiation of citrate solutions containing 1 μM
Fe3+ (Fig. 1b, black trace), led to the formation of products A,
B, C, and D. While the yield of product A was higher, the
yields of products B, C, and D were lower compared to those
obtained with 50 μM Fe3+ (Fig. 1b, black trace). At 1 μM
Fe3+, the addition of Gly showed no increase in product yields
over citrate alone (Fig. 1b, green trace). Arg and His signifi-
cantly decreased the yields of products B, C, and D, while the
yield of product A significantly increased (Fig. 1b, red and
blue traces). Interestingly, 1 μM Fe3+ solutions containing
Lys generated the highest yield of product A (Fig. 1b, light
blue trace), and significant yields of two new products eluting
with tR 12.9 min and 14.2 min, referred to as product I (see
below). These new products were also detected upon the ad-
dition of Gly and Arg but at lower yields. Met containing
solutions showed no oxidation peaks, except for a small yield
of product H (see insert in Fig. 1b).

In acetate buffer, containing 500 μM MEn and 50 μM
Fe3+, we observed low yields of product A as the only oxida-
tion product (Fig. 1c, black trace). The addition of Gly and
Arg resulted in a small increase in the yields of product A (Fig.
1c, green and red traces), while Lys and His caused a more
significant increase in the yield of product A, where His
revealed the highest yield (Fig. 1c, light blue, and blue
traces). The addition of Met abolished all peptide oxidation
products (Fig. 1c, yellow trace).

In acetate solutions containing 500 μM MEn and 1 μM
Fe3+ we detected low yields of product A (Fig. 1d, black trace).
Upon the addition of Gly, Arg, or His, the yields of product A
increased (Fig. 1d, green, red, and blue traces, respectively).
The addition of 50 mM Lys promoted the highest yields of
product A, as well as the formation of two additional peaks
with tR 12.9 min and 14.2 min, corresponding to product I
(Fig. 1 d, light blue trace). The addition of Met abolished all
peptide oxidation products (Fig. 1d, yellow trace).

Similarly to acetate solutions, the photo-irradiation ofMEn
in water containing 50 μM Fe3+, did not produce significant
yields of oxidation products (Fig. 1e, black trace). However,
the addition of Gly or Arg promoted the formation of product
A (Fig. 1e, green and red traces), while Lys and His further
increased the yields of product A. The addition of Met abol-
ished all peptide oxidation products (Fig. 1e, yellow trace).

The photo-irradiation of MEn in water containing 1 μM
Fe3+ resulted in no oxidation products (Fig. 1f, black trace).
The addition of Gly or His generated slightly higher yields of
product A (Fig. 1f, green and blue traces). However, the ad-
dition of Arg and especially Lys resulted in significantly higher
yields of product A (Fig. 1f, light blue, and blue traces).
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Moreover, the addition of Lys generated product I (Fig. 1d,
light blue). In the presence of Met no peptide oxidation prod-
ucts were detected (Fig. 1f, yellow trace).

Characterization of Product H and Effect of Experimental
Variables on the Formation of Product H

We photo-irradiated solutions containing 500 μM MEn in
10 mM citrate, pH 6.0, 50 mM Met and 50 μM Fe3+, with
near UV light (25.2 Whm−2). HPLC-MS/MS analysis of
product H revealed a molecular ion with m/z 660.29
(Fig. 2a), corresponding to a Δmass = 86 a.m.u. compared to
the molecular ion of unmodified MEn (m/z = 574.3). An
immonium ion of the N-terminal Tyr residue modified by
the addition of 38 a.m.u. (Y + 38) was detected, and the ad-
dition of 38 a.m.u. was further corroborated by the ions b2,
a2, b3, and b4. No ions were detected, which would indicate a
product formed by the addition of 86 a.m.u. to the N-terminal
Tyr residue. The Phe or Gly residues were not modified as
indicated by the presence of the immonium ion of unmodified
Phe, the b2, b3, and b4 ions, and the internal fragment GF. A
fragment with m/z 612.28 was detected (Fig. 2a), which could
be generated by the loss of 48 a.m.u. (consistent with the
cleavage of CH3SH) from the molecular ion (m/z = 660.29).
Such a loss of 48 a.m.u. was not detected for unmodifiedMEn

Fig. 1 Chromatograms of MEn photo-irradiated in solutions containing amino acids. Solutions of 500 μM of MEn were prepared in either water,
10mM citrate, or 10mM acetate, pH 6.0, containing 50 (a, c, and e) or 1 (b, d, and f) μM Fe3+ and no (black trace) or 50mM amino acids: Gly (green), Arg (red),
Lys (light blue), His (blue), or Met (yellow). Samples were photo-irradiated with near UV light (25.2 W h m−2). HPLC chromatograms were monitored by UV
detection at λ=214 nm. Each trace represents the average of three independent experiments.

Table I Photoproducts of MEn

Product ID tR (min) Sequence m/z [M+H]+

A 15.6 YGGFM(+16) 590.22

B 16.9, 18.2, 20.9 YGGF(+16)M 590.22

C 20.1 Y(+28)GGFM 602.22

D 20.5 Y(+16)GGFM 590.22

E 22.5 Y(+56)GGFM 630.27

F 23 Y(+114)GGFM 688.33

G 23 Y(+100)GGFM 674.31

H 28.5 Y(+38)GGFM(+48) a 660.30

I 12.9, 14.2 Y(+16)GGFM(+16) 606.18

a The initial modification of Tyr may be by 86 a.m.u., decomposing during
mass spectrometry analysis leaving 38 a.m.u. at the Tyr residue and adding 48
a.m.u. to the C-terminal residue (see Discussion)
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(Fig. S2), indicating that modifications leading to product H
were responsible for this fragmentation. Interestingly, small
yields of fragment ions y2–48 and y3–48 were detected, sug-
gesting an apparent addition of 48 a.m.u. to the C-terminal
Met residue of MEn.

To evaluate whether the increase of 86 a.m.u. on MEn
originated from the photo-degradation of citrate or Met, we
employed 13C2-citrate (C2, C4) and

13C5-Met. Solutions were
photo-irradiated with near UV light (25.2 Whm−2) and ana-
lyzed by HPLC-MS/MS (Fig. 2b). We observed a molecular
ion with m/z 664.31, indicating a mass increase of Δmass = 4
a.m.u. as compared to experiments with 12C-citrate and 12C-
Met. The immonium ion of the modified N-terminal Tyr
residue was detected with an m/z = 177.11 a.m.u, (Fig. 2b),
which corresponded to an increase of 3 a.m.u. compared to
the same immonium ion generated in experiments with 12C-
citrate and 12C-Met. The ions b2, b3, and b4 ions showed an
increase of 3 a.m.u. each, indicating that three carbons were
incorporated into the modified Tyr residue. Further, we
detected a fragment ion [M + H]+-49, as compared to
[M+H]+-48 in experiments with 12C-citrate and 12C-Met,
as well as the fragment ions y3–49 and y2–49, consistent with
an increase of 1 a.m.u.

To evaluate which molecule was the source of the modifi-
cations, we photo-irradiated solutions of 500 μM MEn, con-
taining 50 μMFe3+ and a combination of either 10mM 13C2-
citrate (C2, C4) and 50 mM 12C-Met or 10 mM 12C-citrate
and 50 mM 13C5-Met. We observed that photo-irradiation of
solutions in 13C2- citrate and

12C Met resulted in a molecular
ion with an m/z = 660.29 a.m.u, identical to the molecular
ion obtained after of photo-irradiation in the presence of 12C-
citrate and 12C-Met (Fig. 2c). When we changed the combi-
nation to 12C2-citrate and

13C5-Met we observed the molec-
ular ion with m/z 664.31, revealing an increase by Δmass = 4
a.m.u. compared to 12C-citrate and 12C-Met (Fig. 2d). Once
again, the ions containing the modified Tyr showed an in-
crease of 3 a.m.u. while the fragment ions y3–49 and y2–49
are consistent with an increase of 1 a.m.u. at the C-terminus.

In a previous study (23), we demonstrated that ●OH radi-
cals, or their metal-bound equivalents/ hypervalent iron-oxo
species (50), were produced during the photo-Fenton reaction
and that these were responsible for the formation of oxidation
products, including products B and D (23). To evaluate if
these oxidants were involved in the formation of product H,
we photo-irradiated solutions of 500 μM MEn, in 10 mM
citrate, pH 6.0, 50 mM Met, and 50 μM Fe3+ containing
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Fig. 2 MS/MS analysis of product H obtained in solutions containing combinations of 12C- and 13C-labeled citrate and Met. Solutions
contained (a) 12C-citrate and 12C-Met, (b) 13C2-citrate (C2,C4) and

13C5-Met, (c) 13C2-citrate (C2,C4) and
12C-Met, and (d) 12C-citrate and 13C5-Met. Samples

were photo-irradiated with near UV light (25.2 Whm−2) and analyzed by HPLC-MS/MS.
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0.5, 1.0 and 2.0 M methanol, a scavenger of ●OH radicals.
The presence of 0.5 M methanol (Fig. S3, red trace), reduced
the yield of product H by 50% compared to the solution
without added methanol (Fig. S3, yellow trace). A further
increase in the concentration of methanol to 1.0 or 2.0 M
(Fig. S3, blue and black traces, respectively), decreased the
yield of product H to 33% of the original yield (Fig. S3),
suggesting that ●OH radicals are necessary for the formation
of product H.

The formation of product H showed a slight dependence
on citrate concentrations between 1.0 and 75 mM, with a
maximal yield around 50mM citrate (Fig. S4a). No significant
differences in the yields of product H were observed for Met
concentrations between 25 mM and 100 mM, but slightly
lower yields for 10 mM Met (Fig. S4b).

To evaluate whether atmospheric O2 was involved in the
formation of product H, solutions containing 500 μM MEn,
in 10 mM citrate, pH 6.0, 50 mMMet and 50 μMFe3+, were
first saturated with Ar for 30 min in the dark, and subsequent-
ly saturated with either 18O2 or

16O2 for 10 min. After photo-
irradiation with near UV light (25.2 Whm−2), HPLC-MS/
MS analysis revealed the formation of the ion with m/z =
660.29 a.m.u. in solutions saturated with either 16O2 or
18O2 (Fig. S5a and b, respectively), indicating that atmospher-
ic O2 was not incorporated into product H.Moreover, in both
solutions the immonium ions of modified Tyr showed an in-
crease of 38 a.m.u., and identical fragment ions [M+H]+-48,
([M+H]+-48)-H2O, y3–48 and y2–48 were observed. .

To evaluate whether the amino group was converted into a
Schiff base, photo-irradiated solutions containing 500 μM
MEn, in 10 mM citrate, pH 6.0, 50 mM Met and 50 μM
Fe3+ were subjected to reduction with 10 mM NaBH4 for
20 min at room temperature in the dark. We observed no
changes in the MS/MS spectrum (Fig. S6) compared to the
non-reduced samples (Fig. 2a), indicating that the modified N-
terminal Tyr residue did not contain a Schiff base.

We attempted to fractionate and enrich product H for
analysis by NMR. However, MS analysis of the collected frac-
tion revealed that product H decomposed during purification.

Photo-Irradiation of LEn in the Presence of Met

To evaluate if the C-terminal Met residue in MEn plays a role
in product formation, we tested the formation of product H′ in
LEn (here, product H′ differs from product H only with respect
to the substitution of Met by Leu). Solutions of 500 μMLEn in
10 mM citrate, pH 6.0, containing 50 mM Met and 50 μM
Fe3+ were photo-irradiated with near UV light (25.2 Whm−2)
and analyzed by HPLC-MS/MS. As for MEn, we observed a
product characterized by a mass increase of Δmass = 86 a.m.u.
compared to the unmodified LEn (Fig. S7). The MS/MS data
showed some similarity to the pattern of MEn, i.e. the addition
of 38 a.m.u. to the Tyr residue, corroborated by the immonium

ion of the modified Tyr residue with m/z 174.09 a.m.u. and
and the fragment ions a4 and b4, and fragments [M+H]+-48
and ([M+H]+-48)-H2O (Fig. S7a). However, in contrast to
MEn we did not detect fragments y2–48 and y3–48 for LEn.
No ion was observed indicating the addition of 86 a.m.u. to the
Tyr residue. The photo-irradiation of LEn in the presence of
12C-citrate and 13C5-Met revealed the same pattern as forMEn
(Figs. S7a and b).

Photo-Irradiation of ProP in the Presence of Met

An important question was whether photo-irradiation would
lead to the modification of a Tyr residue which is neither
located N- or C-terminal. For this, we prepared solutions of
500 μM ProP in 10 mM citrate buffer, pH 6.0, containing
50 mM Met and 50 μM Fe3+. Solutions were photo-
irradiated with near UV light (25.2 Whm−2) and analyzed
by HPLC-MS/MS. Photo-irradiation resulted in the forma-
tion of a new product (H*) with a molecular ion with m/z
735.39, consistent with the addition of 86 a.m.u. to ProP
(Fig. S8a). The ions b2, a2, and b3, as well as the internal
fragment Y(+38)L-CO (m/z 335.19) indicated that the addi-
tion of 86 a.m.u. occurred on the Tyr residue.

Experiments with 13C5-Met resulted in the addition of 90
a.m.u. to the Tyr residue (Fig. S8b), consistent with the incor-
poration of four carbon atoms fromMet, corroborated by the
ions b2, b3, b4, y2, and y4.

Importantly, the molecular ions of modified ProP showed a
neutral loss of 48 or 49, respectively, depending on whether
photo-irradiation had been carried out in the presence of 12C-
Met or 13C5-Met. However, no fragment was detected con-
taining Tyr(+38) or Tyr(+41), as was the case for MEn and
LEn. The differences between ProP on one hand and MEn
and LEn on the other hand are likely caused by the location of
Tyr, within the sequence vs. N-terminal, but potentially also
by the Pro residue in ProP. ProP contains the Pro residue in
the fourth position, restricting the flexibility of the backbone,
as was previously demonstrated in peptides containing Pro in
aqueous environments (51).

Photo-Irradiation of MEn in the Presence of Carbohydrates

We photo-irradiated solutions of 500 μM MEn, in 10 mM
citrate, pH 6.0, containing 120 mM mannitol, sucrose or tre-
halose, and 50 μM Fe3+ with near UV light (25.2 Whm−2).
The oxidation products were analyzed by HPLC. The addi-
tion of mannitol increased the yields of product A, but signif-
icantly decreased the yields of products B, C, and D, com-
pared to solutions without mannitol (Fig. 3a, green trace).
The addition of sucrose led to higher yields of product A, as
well as products E, F, and G (Fig. 3a, red trace). Product E,
with tR = 22.5 min, was characterized by the addition of 56
a.m.u. to Tyr. Products F and G coeluted at tR = 23 min.
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Product F was characterized by the addition of 114 a.m.u.
addition to the Tyr residue, while product G was character-
ized by the addition of 100 a.m.u. to the Tyr residue. Products
G and F also form in the absence of sucrose when the concen-
tration ratio of citrate:iron is >500 (23).

The addition of trehalose caused similar yields of prod-
uct A as sucrose but increased the yields of products E, F,
and G (Fig. 3, blue trace). Both sucrose- and trehalose-
containing solutions decreased the yields of products B, C,
and D with respect to the solution without sugars. As
products B, C and D are generated via hydroxylation of
MEn by •OH radicals (23), reduced yields of these prod-
ucts in the presence of large concentrations of carbohy-
drates are expected due to the competitive reaction of
•OH radicals with the carbohydrates.

To evaluate the formation of oxidation products at lower
concentrations of Fe3+, we prepared solutions of 500 μM
MEn in 10 mM citrate, pH 6.0, containing 1 μM Fe3+. We
observed a significant increase in the yields of product A in the
presence of mannitol, sucrose, or trehalose (Fig. 3b, green,
red, and blue traces, respectively), compared to citrate buffer

without carbohydrates (Fig. 3b, black trace). However, prod-
ucts B, C, and D were not observed.

In acetate buffer, containing 50 μM Fe3+, mannitol, su-
crose, and trehalose promoted a slight increase in the yields
of product A, compared to a solution without carbohydrates
(Fig. 3c). No other oxidation products were detected. When
the Fe3+ concentration was lowered to 1 μM Fe3+, only su-
crose promoted an increase in the yield of product A (Fig. 3d,
red trace).

The photo-irradiation of solutions containing 500 μMMEn,
120 mM carbohydrates, 50 μM Fe3+, and no buffer, demon-
strated the formation of small yields of product A (Fig. 3e,
green, red, and blue traces), while at 1 μM Fe3+, product A
was only generated in the presence of sucrose (Fig. 3f, red trace).

Formation of H2O2

We evaluated the photo-induced formation of H2O2 in water,
10 mM acetate or 10 mM citrate, pH 6.0, containing 1 or
50 μM Fe3+, and 50 mM amino acids or 120 mM sugars.
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Solutions of 10 mM citrate buffer, pH 6.0, containing
1 μM Fe3+ produced 98 μM H2O2 after photo-irradiation
with a dose of 9.7 Whm−2 of near UV light (Fig. 4a, white
column). A quantitative comparison of H2O2 yields in citrate
buffer containing amino acids and sugars shows that, except
for mannitol, all other excipients lowered the detectable yields
of H2O2 (Fig. 4a) The specificity of the assay for H2O2 was
evaluated by the addition of catalase (Fig. S9).

In 10 mM acetate or unbuffered water containing 1 μM
Fe3+, only low levels of H2O2 were detected (Figs. 4b and c).
Notably the addition of Lys or His to water promoted the
formation of small yields of H2O2 (Fig. 4c). When His was
replaced by imidazole in water, slightly higher yields of
H2O2 were generated (Fig. S10).

When the concentration of Fe3+was increased to
50 μM, no significant levels of H2O2 were detected after
photo-irradiation with 9.7 Whm−2 (Fig. S11). This obser-
vation is likely the result of reactions 1 and 3 (Scheme 1),
where Fe3+ is involved in the formation and decomposi-
tion of H2O2. Higher concentrations of Fe3+ increase the

transient levels of photo-generated Fe2+, which react
with H2O2 (23).

Importantly, especially in citrate buffer containing 1 μM
Fe3+, none of the additional excipients increased the levels of
H2O2 (Fig. 4a), suggesting that H2O2 formation is not key to
the formation of increased yields of product A in the presence
of these excipients.

Formation of Oxidation Products by Peroxyl Radicals

Since the excipients did not promote an increase of H2O2 in
citrate buffer, we decided to evaluate whether other oxidants
could be responsible for the general increase in the formation
of product A. A viable candidate would be the peroxyl radical,
which forms by oxygen addition to carbon-centered radicals.
For model studies, peroxyl radicals can be generated through
the thermal decomposition of azo-initiators such as AAPH
(52, 53). Therefore, 500 μM MEn in 10 mM citrate,
pH 6.0, containing 50 μM Fe3+, and different concentrations
of AAPH (0 to 100 mM) were incubated at 37°C for 2 h and
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Fig. 4 Detection of H2O2 in
solutions containing amino
acids or sugars. Solutions of
water, 10 mM citrate, or 10 mM
acetate, pH 6.0, containing 1 μM
Fe3+ were photo-irradiated with
near UV light (9.7 Whm-2).
Aliquots of 50 μL were taken after
photo-irradiation, placed in a 96
well plate, and incubated with 5 μL
of water or an aqueous solution
containing 0.75 mg mL-1 catalase.
After 10 min of incubation in the
dark, 300 μL ABTS and HRP solu-
tion were added to each well and
the absorbance was measured at
λ=415 nm in in plate reader
(Infinite M200 Pro; Tecan,
Mannedorf, Switzerland): (a) citrate
buffer, (b) acetate buffer, and (c)
water. Each column represents the
average of three independent
experiments.
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the oxidation products were analyzed by HPLC with UV
detection at λ= 214 nm (Fig. S12). Peroxyl radicals generated
by the thermal decomposition of AAPH generated mainly
product A, consistent with earlier studies on peroxyl radical
reactions with organic sulfides (54), with yields depending on
the initial AAPH concentration. The mechanism for the for-
mation of peroxyl radicals from AAPH is shown in Fig. S12.
Hence, peroxyl radical generation from excipients via the
photo-Fenton reaction may play an important role in the for-
mation of increased yields of product A.

Characterization of Product I

We observed the formation of two peaks with tR = 12.9 min
and 14.2 min, corresponding to product I (Table S1), during
the photo-irradiation of solutions of 10 mM citrate (± 50 mM
Gly, Arg, or Lys) (Fig. 1b) or acetate (+ 50 mM Lys) (Fig. 1d),
pH 6.0, containing 500 μM MEn, and 1 μM Fe3+. Product I
was also generated in water containing 1 μMFe3+ and 50mM
Lys (Fig. 1f).

The HPLC-MS/MS analysis detected molecular ions
with m/z = 606.18 a.m.u. for both peaks with tR =
12.9 min and 14.2 min (Figs. S13a and b, respectively),
corresponding to the addition of 32 a.m.u. to MEn. The
fragment ions b2, b3, b4, y1, y2, and y3 were consistent
with the addition of 16 a.m.u. to each Tyr and Met, i.e.
the formation of 3,4-dihydroxyphenylalanine and Met
sulfoxide. The observation of two peaks with tR = 12.9
and 14.2 min can be rationalized by the formation of
Met sulfoxide diastereomers.

Photo-Irradiation with Visible Light

Photo-Irradiation of MEn in the Presence of Amino Acids
and Sugars

Solutions of 500 μM MEn in 10 mM buffer, pH 6.0,
containing 50 mM amino acids, and 1 μM Fe3+, were
photo-irradiated with 34.6 Whm−2 visible light and ana-
lyzed by HPLC.

Similar yields of product A were generated in citrate buffer
alone and in citrate buffer containing 50 mM Gly or His.
However, the addition of 50 mM Arg or Lys promoted the
generation of higher yields of product A (Fig. 5a, red and light-
blue traces, respectively). The photo-irradiation of solutions
containing Met generated low yields of product H, as shown
in the inset of Fig. 5a, yellow trace.

Also in acetate solutions we did not observe the formation
of oxidation products in the absence of amino acids. However,
the addition of Gly or Arg generated low yields of product A
(Fig. 5b, green and red traces), while the addition of Lys sig-
nificantly increased the yields of product A (Fig. 5b, light blue
trace). No oxidation products were detected in the presence of

Met. Similar results were observed in water without added
buffer (Fig. 5c), suggesting that the excipients are responsible
for the generation of product A.

In addition, we monitored the generation of oxidation
products in solutions containing sugars that were exposed to
visible light (34.6 Whm−2). Solutions of 500 μM MEn in
10 mM citrate, pH 6.0, containing 120 mM mannitol, su-
crose, or trehalose displayed an increase in the yields of prod-
uct A for all sugars with higher yields for sucrose and trehalose
(Fig. 6a).
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Fig. 5 Visible light photo-irradiation of MEn in the presence of
amino acids. Solutions of 500 μM MEn in either water, 10 mM citrate, or
10 mM acetate, pH 6.0, containing 1 μM Fe3+ without (black trace) or with
50 mM Gly (green), Arg (red), Lys (light blue), His (blue), or Met (yellow)
were photo-irradiated with visible light (34.6 Whm−2), and analyzed by
HPLCwith UV detection at λ=214 nm: (a) citrate, (b) acetate, and (c) water.
Each trace represents the average of three independent experiments.
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In contrast to citrate buffer, no significant yields of oxida-
tion products were detected in either 10 mM acetate or water

containing 1 μM Fe3+ and either mannitol, sucrose, or treha-
lose (Figs. 6b and c).

Combination of Excipients with EDTA or DTPA

Solutions containing 500 μM MEn, 10 mM citrate, pH 6.0,
120 mM sucrose, 50 mM amino acids, 50 μM Fe3+, and
250 μM EDTA or DTPA, were photo-irradiated with near
UV light (25.2 Whm−2). After photo-irradiation, samples
were analyzed by HPLC with UV detection (λ= 214 nm).
When the added amino acid was Gly, we detected the forma-
tion of products A and E (Fig. 7, green traces), where the yield
of product A was slightly higher in the presence of EDTA
compared to DTPA. Similar yields of products A and E were
also detected when the added amino acid was Lys (Fig. 6,
orange traces). However, the addition of Met reduced the
formation of product A but promoted the formation of prod-
uct H. Moreover, products E, F, and G were detected (Fig. 7,
grey and black traces).

DISCUSSION

The present work shows that commonly used excipients can
promote or inhibit photo-degradation pathways in pharma-
ceutical buffers. Photo-degradation reactions were elucidated
with model peptides as oxidation targets such as MEn, LEn,
and ProP. In general, citrate promoted the oxidative degra-
dation of these peptides via the photo-Fenton oxidation. The
addition of selected amino acids (except Met) or carbohy-
drates (in citrate buffer) enhanced the oxidation yields specif-
ically of Met sulfoxide (product A). The addition of Met large-
ly prevented the photochemical formation of Met sulfoxide,
but, in citrate buffer, resulted in the generation of a Tyr mod-
ification (product H). Mechanistic features of the photo-
Fenton reaction in the presence of amino acids and carbohy-
drates will be discussed in the following.

Fig. 6 Visible light photo-irradiation of MEn solutions in the pres-
ence of sugars. Solutions of 500 μM MEn were prepared in water or
10 mM citrate, or acetate pH 6.0, containing 1 μM Fe3+ without (black trace)
or with added 120 mM sugars mannitol (green), sucrose (red), or trehalose
(blue). Samples were photo-irradiated with visible light (34.6 Whm−2), and
analyzed by HPLC with UV detection at λ=214 nm. (a) citrate, (b) acetate,
and (c) water. Each treace represents the average of three independent
experiments.
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Fig. 7 MEn photo-irradiated
in solutions containing a com-
bination of excipients. Solutions
of 500 μMofMEn in 10mM citrate,
pH 6.0, containing 1 μM Fe3+,
120 mM sucrose, 50 mM Gly, Lys
or Met, and 250 μM EDTA or
DTPA, were photo-irradiated with
near UV light (25.2 Whm−2) and
analyzed by HPLC with UV detec-
tion at λ=214 nm.
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Effect of Amino Acids

In citrate buffer, none of the added amino acids increased H2O2

formation (Fig. 4); however, except for Met, these excipients
caused an increase of the yields of Met sulfoxide (product A).
These data suggest that alternative oxidants are responsible for
product A formation. Based on our studies with model peroxyl
radicals from AAPH, we propose that amino acid-derived

peroxyl radicals cause the increased yields of product A.
Peroxyl radicals can be generated from the amino acids used
in this study via (i) reaction with ●OH radicals (55) or (ii) via
direct photo-induced ligand-to-metal charge transfer (LMCT)
(56) within amino acid-iron complexes, followed by decarboxyl-
ation and the addition of oxygen to an intermediary α-amino
radical (57). In citrate buffer, hydroxyl radicals are generated via
reactions 1–3 (Scheme 1) (23). Specifically, Arg, Lys, and His
provide multiple sites, for ●OH radical attack (58), where the
ensuing carbon-centered radicals will subsequently add O2 to
yield peroxyl radicals. However, •OH radical attack on amino
acids cannot be the only mechanism to yield peroxyl radicals.
This is evident from photo-Fenton oxidation reactions in acetate
buffer or water, reaction media which do not generate products
typical for •OHradical reactions (23).Here, direct LMCTwithin
amino acid-Fe3+ complexes (57) will lead to peroxyl radicals
according to reactions 8–10, displayed in Scheme 2.
Importantly, amino acids bind Fe3+ with high formation con-
stants (log K> 8.0) at acidic pH values (pH ≤ 3.35) (59). These
complexes represent chelates involving both the amino and the
carboxylate groups (59), where binding to the metal promotes
deprotonation of the amino group even at acidic pH (59, 60).

In general, the addition of Met prevented the genera-
tion of oxidation products from MEn, LEn and ProP.
This is due to the efficient reaction of thioethers with
reactive oxygen species such as hydrogen peroxide (61),
peroxyl radicals (54) and hydroxyl radicals (62) which ren-
der Met a suitable antioxidant. In acetate buffer and wa-
ter, no reactions of Met-derived products with our target
peptides were observed. However, in citrate buffer an
oxidation product of Met reacted with peptide Tyr resi-
dues, as discussed in more detail below.

Scheme 2 Photo-induced peroxyl radical formation via LMCT in amino
acid-Fe3+ complexes

Scheme 3 Reaction of trehalose
peroxyl radicals with Met
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Effect of Sugars

The presence of sugars enhanced the formation of product A
in citrate buffer, suggesting peroxyl radical formation via the
reaction of hydroxyl radicals generated from citrate.
Scheme 3 shows the reaction of a representative peroxyl rad-
ical from trehalose with Met. An important feature of the
reaction of peroxyl radicals with organic sulfides is the gener-
ation of alkoxyl radicals (54), which are powerful oxidants and
can carry out additional oxidation reactions.

Studies by Morelli et al demonstrated that the reactivity of
the different sugars towards oxidation by ●OH radicals
depended on the number of hydroxyl groups present in the
sugar molecule, rendering disaccharides more reactive than
monosaccharides (63). However, at the employed carbohy-
drate concentrations we expect that •OH radicals react quan-
titatively with the carbohydrates. The enhanced yields of
product A in the presence of sucrose and trehalose vs. manni-
tol (Fig. 3) are likely caused by different reactivities of the
individual peroxyl radicals and/or secondary reactions of
product radicals.

Specific Reactions of the Antioxidant Met in Citrate
Buffer

Of specific interest is the modification of peptide Tyr residues
when Met was present in citrate buffer. The photo-Fenton
reaction generates various oxidants including H2O2 and
●OH radicals (Scheme 1). Obviously, H2O2 can react with
free Met to generate Met sulfoxide, a product which we
detected by HPLC-MS/MS analysis (data not shown). The
●OH radical represents a one-electron oxidant, which will
initially add to the Met sulfur atom and trigger decarboxyl-
ation via an intermediary sulfur-oxygen three-electron bond-
ed radical cation (62). The resulting α-aminoalkyl radical will
react with oxygen and convert to 3-methylthiopropanal
(methional) (64). Methional is also generated via riboflavin-
photosensitized oxidation of Met (65). Methional can add to
Tyr via phenol-aldehyde condensation (66, 67) (Scheme 4;
reactions 12–15), which would lead to the net addition of 86
a.m.u. to the Tyr residue, as observed for ProP. It is possible
that the phenolic hydroxyl group subsequently adds to the
double bond, yielding a bicyclic product (reaction 15).

Scheme 4 Condensation of
methional to Tyr
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Methional contains four carbon atoms from the original Met
residue (one carbon atom is lost during decarboxylation of the
original Met). Hence, when 12C-Met was replaced by 13C5-
Met during the photo-Fenton reaction, the phenol-aldehyde
condensation with ProP caused a net addition of 90 a.m.u.

Interestingly, we did not detect any evidence for the addi-
tion of 86 (or 90) a.m.u. to the N-terminal Tyr residues in
MEn and LEn. However, for the addition products from all
peptides HPLC-MS/MS analysis detected a neutral loss of 48
(after photo-Fenton reaction in the presence of 12C-Met) or 49
(13C5-Met) a.m.u., consistent with the elimination of CH3SH.
Specifically, for MEn and LEn we detected the products of
such neutral losses, i.e. peptides containing Tyr(+38 a.m.u.).
These data suggest that the aldehyde-phenol condensation
products of especially N-terminal Tyr residues are unstable
during positive electrospray ionization, and eliminate
CH3SH, potentially via reaction with the N-terminal amino
groups. Interestingly, the fragment ions y2–48 and y3–48 of
product H, detected when MEn was photo-irradiated in the
presence of 12C-Met, suggest that duringMS analysis CH3SH
may somehow associate with the C-terminus of MEn. One
could speculate about a gas phase addition to the C-terminal
carboxylic acid of Met in MEn, generating a 2-(alkylamino)-
1,4-bis(methylthio)butane-1,1-diol derivative, but such struc-
ture would certainly not be stable in aqueous solution.
Because of the fragments y2–48 and y3–48 (or y2–49 and
y3–49 when product H was generated from MEn in the pres-
ence of 13C5-Met) the sequences of product H from MEn in
Fig. 2 are given as Y(+38)GGFM(+48) and Y(+41)GGFM(+
49), respectively. We have kept a similar notation for product
H′ from LEn (Fig. S7), since we detected fragment ions con-
taining Y(+38) and Y(+41), respectively.

We note that during the photo-sensitized oxidation of Met
by riboflavin, methional was observed to undergo further deg-
radation to CH3SH and propenal (68). Technically, propenal
could add to the Tyr residue, but a subsequent elimination of
water to generate an addition product Tyr(+38) would be
difficult. Moreover, no propenal adduct of ProP was detected.

Robustness of the Formulation

The literature offers some criteria regarding the acceptable
yields of aggregation, oxidation, and charge variants present
in a protein formulation (69). The excipients used should sta-
bilize or ensure minimal modifications in pharmaceutics pro-
duced during manufacturing and storage, which is considered
formulation robustness (70). Under our experimental condi-
tions, an increase in the number of excipients (i.e., by addition
of amino acids or carbohydrates, and EDTA or DTPA) used
for protein formulation was not necessarily helpful to the sta-
bility of the model peptides, as demonstrated in Fig. 7.
Especially the addition of EDTA or DTPA to protein formu-
lations aims at reducing metal-catalyzed oxidation. However,

even EDTA or DTPA chelates of iron are not necessarily
redox-inert and can react with various substrates, including
hydrogen peroxide (71–76). Moreover, in iron chelates of
EDTA and DTPA the amino and carboxylate groups are
amenable to LMCT analogous to the reactions shown for
citrate in Scheme 1 and for amino acids in Scheme 2.
Earlier we had shown that EDTA and DTPA were able to
promote the photo-Fenton oxidation ofMEn in acetate buffer
(23). Hence, under conditions of light exposure EDTA and
DTPA may enhance rather than prevent the oxidation of
formulation constituents.

CONCLUSIONS

In citrate buffer, photo-Fenton processes lead to iron-
dependent oxidative modifications of target peptides during
the exposure to near UV and visible light. Here, the addition
of selected excipients such as Arg, Lys, mannitol, sucrose or
trehalose changes the product patterns, generating higher
yields of Met sulfoxide. In acetate buffer or water, specifically
the addition of Lys or His promote Met oxidation depending
on the concentration of ferric iron. Not surprisingly, the addi-
tion of free Met protects the target peptides against photo-
Fenton oxidation. However, in citrate buffer an oxidation
product of free Met, methional, can modify peptide Tyr res-
idues via a condensation reaction.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material available
at https://doi.org/10.1007/s11095-021-03042-8.
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