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ABSTRACT: Degradation products of ultraviolet (UV-C, 254 nm) treated ascorbic acid (AA) are reported. Analysis by high-
performance liquid chromatography�mass spectroscopy (HPLC-MS) conducted in a 0.5%malic acid model juice system (pH 3.3)
demonstrated increased degradation of AA above untreated controls with concomitant increases in dehydroascorbic acid (DHA)
and 2,3-diketogulonic acid (DKGA) levels. Electron spin resonance (ESR) spectroscopy studies, conducted in phosphate buffer
(pH 7.0) to increase detection sensitivity, demonstrated that ascorbyl radical (AA•) formation occurs simultaneously with AA
degradation. Consistent with a previous study in which UV treatments were shown to accelerate dark storage degradation, AA•

radicals continued to form for up to 200 min after an initial UV treatment. Results from this study suggest that the mechanism for
UV-induced degradation is the same as the general mechanism for metal-catalyzed oxidation of AA in juice.
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’ INTRODUCTION

Ascorbic acid (AA) is an endogenous component of many
plant-based foods and is often added as a vitamin C supplement
or to serve as an antioxidant to minimize losses in color, flavor,
and nutrients during processing and storage.1,2 AA degradation
in foods primarily occurs through an initial one-electron transfer
from ascorbyl anions to yield ascorbyl radicals. This reaction is
followed by a subsequent one-electron transfer to yield dehy-
droascorbic acid (DHA).2 Because both reactions are reversible,
AA and DHA have vitamin C activity in the human body. DHA,
however, is a relatively unstable compound and is rapidly and
irreversibly hydrolyzed to 2,3-diketogulonic acid (DKGA), which
has no vitamin C activity. AA degradation in foods is influenced
by matrix pH, dissolved oxygen concentration, the presence of
transition metal catalysts, and oxidative enzyme activity.1

AA degradation in foods is accelerated by exposure to visible
light and polychromatic UV radiation, particularly when photo-
sensitizing agents are present, including riboflavin,3,4 food dyes,5

methionine,6 and some sweeteners.7 Juice and juice model system
studies have shown that exposure to disinfectant UV-C (254 nm)
light also increases AA degradation.8�10 We recently reported
the effect of individual juice constituents on UV-C-induced AA
degradation.11 Degradation occurred more rapidly at higher UV
dose levels, pH levels, and malic acid concentrations and more
slowly at higher solution absorbance levels. Among the sugars
tested, the addition of fructose at levels typically found in apple
juice increased AA degradation, whereas glucose and sucrose did
not. Following UV-C treatment, AA degradation continued for
up to 30 h during dark storage and occurred more rapidly after a
higher initial UV dose levels and at a higher storage temperature.

Because the ascorbyl radical is a terminal radical produced by
the reaction of AA and reactive oxygen species (e.g., superoxide,
perhydroxyl, hydroxyl radicals, singlet oxygen), it is a useful
marker of oxidative stress in biological systems.12 The relatively
long half-life of ascorbyl radicals (ca. 50 s) makes it easily detect-
able by electron spin resonance (ESR) spectroscopy without the

need for spin trapping techniques.12 ESR has, therefore, been
used extensively to study ascorbyl radical formation in biological
systems13�15 including animal16 and plant tissues.17 However, to
our knowledge, there are no ESR studies showing the effect of
UV-C radiation on ascorbyl radical formation in foods or food
model systems.

Ultraviolet (UV-C) processing is an emerging alternative to
heat pasteurization for reducing microbial levels in food pro-
ducts. It is particularly suited to juice processing because it is
comparatively lower in cost, has minimal effects on product
flavor, and is adaptable to continuous processing methods.18�20

Significant reductions in spoilage10,21,22 and human pathogenic
microorganisms22�24 have been demonstrated through the use
of UV processing. The incentive for commercialization of UV
juice technology increased when the U.S. Food and Drug
Administration mandated a 5-log pathogen reduction require-
ment for all juice processors.25 Many smaller scale operations
that did not pasteurize before the regulation came into effect have
since purchased UV treatment equipment, most notably the
CiderSure UV system (FPE, Rochester NY), which has been
proven effective in achieving the pathogen reduction standard.23,26

Understanding the chemical reactions in foods subjected to
UV-C processing is, therefore, important as this technology
moves forward.

In earlier studies on the photodegradation of AA in solution,
the wavelengths usedwere often combinations of visible light and
UV radiation or otherwise not adequately defined. The objective
of this study was to determine the effects of UV-C (254 nm)
disinfectant radiation, currently used in commercially available
juice treatment systems, on AA degradation and product forma-
tion using ESR and HPLC-MS detection.
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’MATERIALS AND METHODS

Reagents. DHA, ethylenediaminetetraacetic acid (EDTA), formic
acid, malic acid, and mono- and dibasic sodium phosphate were pur-
chased from Sigma-Aldrich (St. Louis, MO). AA and acetonitrile (HPLC
grade) were purchased from Fisher Chemicals (Pittsburgh, PA). 2,20-
Azobis(2-methylpropanimidamide hydrochloride) (AAPH)was obtained
from Wako Chemicals (Richmond, VA).
Sample Preparation and UV Treatment. AA was added to

37.3 mM (0.5%) malic acid (pH 3.3) or 10 mM phosphate buffer (pH
7.0). Treatments were carried out by adding AA solution (30.0 mL) to
an uncovered plastic Petri dish (100 mm � 10 mm) and exposing it to
UV radiation at appropriate time intervals. At each sampling point,
0.6 mL of treated solution and an equal volume of untreated solution
that had been held in the dark for the same time interval were analyzed.
Samples for HPLC-MS analysis were immediately frozen at�15 �C and
analyzed the following day. Samples for ESR analysis were analyzed
immediately.

All experiments were carried out using the benchtop batch colli-
mated beam UV reactor described earlier by Tikekar and others.11 The
reactor consisted of three UV-C lamps (254 nm, 10 W, Atlantic
Ultraviolet Inc., Hauppauge, NY) mounted within a shielded horizon-
tal cylindrical holder fitted over a vertical tube (100 mm diameter �
100 mm length). Collimation was achieved by painting the inside
surface of the vertical tube with UV-absorbing black paint. On the basis
of the length of the tube, the calculated maximum incident angle was
no greater than 20�. Incident intensity (1.4 mW/cm2) was measured
by placing a radiometer (model UVP-J225, UVP LLC, Upland, CA) at
the bottom of the tube at a length equal to the distance between the
light source and the surface of the sample. Variation of incident
intensity over the entire sample surface area was <1%. This slight
error was neglected because the sample was continuously stirred with a
mechanical stir bar (300 rpm).
HPLC andMS Analysis.HPLC-MS was used for the simultaneous

determination of AA, DHA, and DKGA concentrations in the malic acid
reaction medium. Analyte separation was achieved using a reverse

phase/cation exchange column (Primesep-D, 4.6 mm� 150mm, particle
size = 5 μm, SIELC Inc., Prospects Heights, IL). The HPLC system
(Shimadzu Scientific Instruments, Columbia, MD) consisted of a con-
troller (SCL-10A), a binary pump system (LC-10AD), a UV�visible
detector (SPD-10A), and an autosampler (SIL-10AD). The mobile
phase consisted of water/acetonitrile/formic acid (95:5:0.95; v/v/v)
adjusted to pH 1.8 (solvent A) and acetonitrile (solvent B). A linear
gradient mode was used to achieve the following mobile phase condi-
tions: 100% A/0% B at 0 min to 80% A/20% B in 10 min. The flow rate
was maintained at 1 mL/min. The MS system (Micromass Quattro
Micro triple quadrupole, Waters Inc., Milford, MA) was run in negative
single ion monitoring mode to identify and quantify DHA (m/z 173),
AA (m/z 175), and DKGA (m/z 191). MS operating parameters were as
follows: capillary voltage, 3.2 kV; cone voltage, 25 V; source tempera-
ture, 100 �C; desolvation temperature, 250 �C; gas flow, 500 L/h; cone
gas flow, 50 L/h. The flow rate to the MS was split 1:4 to achieve a
250 μL/min flow. A representative HPLC-MS chromatogram is shown
in Figure 1. Quantification of AA and DHA acid concentrations was
based on external standard curves prepared from authentic standards.
Because an authentic DKGA standard was not available, relative changes
in DKGA concentration were plotted.

The HPLC method previously developed in our laboratory11 was
used to determine reductions in AA concentration in pH 7.0 phosphate
buffer while simultaneous formation of ascorbyl radicals was followed
using ESR. A Waters HPLC system consisting of a pump (600), an
autosampler (71P), and a photodiode array (PDA) detector (2998) was
used. Separation was achieved using the same Primesep-D column de-
scribed above. The isocratic mobile phase consisted of a water/
acetonitrile/formic acid (95%) mixture (95:5:0.095 v/v/v) adjusted to
pH 1.80 with HCl.
ESR Spectroscopy. A Bruker-Biospin e-Scan R X-band ESR

system (Bruker Biospin Inc., Billerica, MA) was used for ascorbyl radical
measurements. Samples treated with UV in phosphate buffer (pH 7.0)
were analyzed after UV treatment by loading (ca. 1 mL) into 19-bore
quartz cells and placing them within the ESR cavity. Contrary to the use
of pH 3.3malic acid for the determination of AA, DHA, andDKGA, ESR
experiments were performed in pH 7.0 phosphate buffer because the
sensitivity of the ESR system was not sufficient to detect a signal re-
sponse above noise in both untreated and UV-treated samples in malic
acid. The settings for the detection of ascorbyl radicals were as follows:
center field, 3488.225 G; sweep width, 20 G; static field, 3468.236 G;
frequency, 9.77 GHz; attenuator, 2.0; power, 37.86 mW; modulator
frequency, 86 kHz; modulation amplitude, 0.69 G; modulation phase,
1.08�; offset, 1%; time constant, 327.68 ms; conversion time, 20.48 ms;
number of scans, 16. Because no significant line widening was observed
(av = 3.51 ( 0.19 G), peak intensity values were determined from
peak-to-peak heights determined according to the equation

peak intensity ¼ ðh1 + h2Þ=2 + jh3j ð1Þ
where h1 and h2 are the positive spectral arbitrary unit (AU) values for
the high-field peaks and h3 is the absolute AU value for the low-field peak
(Figure 2). Relative peak intensities, calculated to minimize signal re-
sponse variation between runs, were calculated by dividing treatment
peak intensities at each time interval by the average peak intensity for
untreated controls.

The method described by Buettner and Jurkiewicz was used to
generate a representative ESR ascorbyl radical spectrum.12 Ascorbyl
radicals were generated by mixing 250 mM AAPH in ultrapure water
(Sigma-Aldrich) with an equal volume of 4 mM AA. The addition of a
spin trap was not necessary due to the relatively long half-life of ascorbyl
radicals.12 Spontaneous formation of ascorbyl radicals by metal-
catalyzed oxidation reactions was minimized by adding 0.5 mM EDTA
to reaction solutions.27 The lower limit of detection for peak heights was
3.0 � 105 AU.

Figure 1. Representative HPLC-MS (negative single ion monitoring
mode) chromatogram of products formed after UV exposure of AA in
0.5% malic solution (pH 3.3) for 3 h: (a) AA; (b) DHA; (c) DKGA.
(AA0 = 400 mg/L.)
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’RESULTS AND DISCUSSION

AA Degradation and Products Formation in Malic Acid
Buffer. We hypothesized that, similar to the known oxidative
degradation pathway of AA,1 UV degradation will yield DHA and
DKGA. Therefore, a HPLC-MS experiment was conducted to
identify these degradation products. UV-induced AA degrada-
tion and simultaneous formation of DHA and DKGA were stud-
ied in a 0.5%malic acid (pH 3.3) reaction medium. This medium
was chosen because it was identical to that used in our earlier
apple juice model system study in which the effects of individual
juice chemical constituents on UV-induced AA degradation were
determined.11 AA concentrations in UV-treated samples de-
creased significantly (p e 0.05) from 356 ( 18 to 206 (
26 mg/L after 4 h. At the same time, DHA concentration
significantly increased from 30( 4 to 186( 44 mg/L as DKGA
levels, measured by peak area, increased 5.5-fold (Figure 3).
AA levels in untreated samples held in the dark decreased
only slightly (<5%) over the course of the experiment, which is
in agreement with our earlier study.11 Although the absence
of a DKGA standard prevents comparisons of actual concentra-
tions for all compounds, the data strongly suggest that the
degradation mechanism for UV-induced AA degradation is
the same as that for the general oxidative degradation mechanism
for AA.1

Because the general mechanism for DHA formation includes a
one-electron transfer from the ascorbyl anion to form an ascorbyl
radical, we attempted to confirm ascorbyl radical formation
during UV treatments using ESR spectroscopy. However, the
sensitivity of the ESR system was not sufficient to detect a signal
response above noise in both untreated and UV-treated samples
prepared in 0.5% malic acid buffer (pH 3.3). Therefore, the
neutral pH phosphate buffer system of Buettner and Jurkiewicz
was used to follow radical formation during UV treatments and
post-UV dark storage.12

UV-Induced Ascorbyl Radical Formation in Phosphate
Buffer. The reference ESR spectrum of AA after the addition
of AAPH, a known ascorbyl radical (AA•) producer shown in
Figure 1, shows a characteristic doublet between 3484 and 3487
Ga with a hyperfine coupling constant (aH) of 1.8. This value is in
agreement with that (aH = 1.88) reported by Pietri and others for
the ascorbyl radical.13 The ascorbyl radical (AA•) spectra gener-
ated before and after UV treatment of AA in phosphate buffer for
60 min is shown in panels a and b, respectively, of Figure 4. The
coupling constant (aH) in this system was 1.8, thus confirming
that the observed doublet represents the signal for the ascorbyl
radical. In contrast to the poor peak intensity response in pH 3.3
malic acid (data not shown), a strong signal for ascorbyl radicals
was observed in pH 7.0 phosphate buffer. It is likely that higher
detectable levels of ascorbyl radicals observed at pH 7.0, com-
pared to pH 3.3, are due to the fact that the ascorbate oxidation
occurs more rapidly at higher pH values.1 Because an ascorbyl
radical formation step necessarily precedes formation of DHA
and DKGA,1 it is likely that AA in pH 3.3 malic acid exposed to
UV light also results in the formation of ascorbyl radicals,
although at comparatively lower concentrations.

Figure 3. Degradation of AA (C0 = 356( 18 mg/L) and formation of
DHA and DKGA in 0.5%malic acid (pH 3.3) after exposure to UV light.
Each data point represents the average of three replicate treatments (
standard deviation.

Figure 4. ESR spectra for ascorbyl radical (AA•) generated in pH 7.0
phosphate buffer before (a) and after (b) UV treatment for 60 min.

Figure 2. Representative ESR spectrum for ascorbyl radical (AA•)
generated in pH 7.0 phosphate buffer. aH = hyperfine coupling constant.
h1, h2, and h3 = AU values for peaks as shown.



8247 dx.doi.org/10.1021/jf201000x |J. Agric. Food Chem. 2011, 59, 8244–8248

Journal of Agricultural and Food Chemistry ARTICLE

UV-Induced AA Degradation and Ascorbyl Radical For-
mation in Phosphate Buffer.AA degradation (C0 = 450 mg/L)
and concomitant ascorbyl radical (AA•) formation in pH 7.0 phos-
phate buffer during UV treatments for up to 330 min are shown
in Figure 5. AA degradation followed zero-order kinetics for up to
150 min (r = 0.991), after which the reaction rate increased. This
is in agreement with results from our earlier study,11 in which the
rate acceleration effect was attributed to greater penetration of
UV radiation into the reaction solution as AA levels decreased
and possibly generation of reactive side products. Relative peak
intensities for ascorbyl radicals significantly (pe 0.05) increased
between 0 and 60 min of UV exposure, after which no significant
(p > 0.05) change occurred up to 180 min. At longer treatment
times, AA levels became the limiting factor in radical formation as
evidenced by relative peak intensities that significantly (pe 0.05)
decreased for up to 330 min. Spectral intensities for samples held
in the dark during the same time intervals did not change
significantly (p> 0.05). Therefore, the data show that the amount
of AA remaining in treated samples was sufficient to generate
ascorbyl radicals at levels above untreated controls (relative peak
intensity > 1.0) for up to 270 min. At longer times, AA levels

decreased to an extent such that ascorbyl radical levels were
below that of untreated controls (<1.0).
Post-UV Treatment Degradation of AA in Phosphate

Buffer. Figure 6 shows relative peak intensities for ascorbyl
radicals (AA•) for up to 210 min of storage following UV treat-
ment of AA (AA0 = 600 mg/L). As expected, radical peak
intensities immediately after UV treatment (t = 0 min) were
higher than untreated controls (>1.0). Levels then significantly
(p < 0.05) decreased for up to 90 min, after which no further
significant decreases occurred. Relative peak heights remained
slightly above 1.0 during this period.
These results are consistent with our model system and juice

studies11 in which we reported that AA treated with UV light
continued to degrade during dark storage. Ascorbyl radicals
generated during UV treatment cannot explain this effect given
their relatively short half-lives.12 Spontaneous metal-catalyzed
aerobic oxidation may partially explain AA decreases and persis-
tent levels of ascorbyl radicals.28 However, our earlier data that
showed a significant positive relationship between initial UV
treatment dose and dark storage degradation rate suggests that a
more stable reactive compound was formed during UV exposure.
Hydrogen peroxide, a byproduct of metal-catalyzed aerobic
oxidation of AA,1,28 is also a known photodegradation byproduct
of AA29 and has been shown to accelerate oxidation of AA in
model systems30 and in juice products.31 It may therefore play an
important role in the post UV treatment persistence of ascorbyl
radicals observed in this study.
Conclusion.The results of this study provide insight into the

effects of UV-C disinfectant radiation on AA loss and degrada-
tion product formation in juice systems. HPLC-MS and ESR
data strongly suggest that UV-induced degradation of AA
proceeds by a similar mechanism as that for the general metal-
catalyzed oxidation pathway. Ascorbyl radicals generated upon
exposure to UV light persist during dark storage for a period
beyond that which would be expected given their known half-
lives. Further studies are needed to determine if formation of
stable intermediates, such as hydrogen peroxide, is enhanced
during UV treatments and if this is related to continued AA
degradation and ascorbyl radical formation during post-UV
dark storage. In the general mechanism for aerobic oxidation of
AA, DKGA is known to continue to degrade into other
compounds including furfural and 2-furoic acid.32 Although
we observed that DKGA levels continued to increase within the
UV treatment times studied, additional studies would be useful
to determine if these and other end products are formed and if
they have an effect on the quality of UV-processed juice
products. Further research is also necessary to refine ESR
techniques so that direct measurement of ascorbyl radicals
under lower pH conditions in malic acid buffer or in juice
systems can be determined.
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Figure 5. AA (C0 = 450 mg/L) degradation and ascorbyl radical (AA•)
formation in phosphate buffer following UV treatment. AA data points
represent the average of two replicate treatments. AA• data points
represent the average of three replicate treatments( standard deviation.
n.d. = below detection limit.

Figure 6. Relative ascorbyl radical (AA•) peak intensities after UV
treatment of AA (C0 = 600 mg/L) in pH 7.0 phosphate buffer for 60min
followed by dark storage for up to 200min. Each data point represents an
average of three replicate treatments ( standard deviation.
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