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Abstract
The photochemistry of Fe(III) coordinated to natural uronate-containing polysaccharides has been investigated quantitatively 
in aqueous solution. It is demonstrated that the photoreduction of the coordinated Fe(III) to Fe(II) and oxidative decarboxy-
lation occurs in a variety of uronate-containing polysaccharides. The photochemistry of the Fe(III)-polyuronic acid system 
generated a radical species during the reaction which was studied using the spin trapping technique. The identity of the radi-
cal species from this reaction was confirmed as CO2

•− indicating that both bond cleavage of the carboxylate and oxidative 
decarboxylation after ligand to metal charge transfer radical reactions may be taking place upon irradiation. Degradation of 
the polyuronic acid chain was investigated with dynamic light scattering, showing a decrease in the hydrodynamic radius of 
the polymer assemblies in solution after light irradiation that correlates with the Fe(II) generation. A decrease in viscosity of 
Fe(IIII)-alginate after light irradiation was also observed. Additionally, the photochemical reaction was investigated in plant 
root tissue (parsnip) demonstrating that Fe(III) coordination in these natural materials leads to photoreactivity that degrades 
the pectin component. These results highlight that this Fe(III)-polyuronic acid can occur in many natural systems and may 
play a role in biogeochemical cycling of iron and ferrous iron generation in plants with significant polyuronic acid content.
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OS	� Oxidized Starch
HA	� Hyaluronic Acid
GA	� Gum Arabic
NMR	� Nuclear magnetic resonance
QY	� Quantum yield
EPR	� Electron paramagnetic resonance
SEM	� Scanning electron microscopy
EDTA	� Ethylenediaminetetraacetic acid
Mw	� Molecular weight
LED	� Light emitting diode

1  Introduction

The coordination of Fe(III) occurs in a variety of natural 
systems, and perhaps the most well-known Fe(III) coordi-
nating species are siderophores [1, 2]. Certain siderophores 
employ α-hydroxy acid groups that strongly coordinate a 
single Fe(III) ion [3, 4]. Alternatively, some marine plants 
also coordinate Fe(III), though Fe(III) coordination in giant 
kelp (Macrocystis pyrifera), and brown algae (Ectocarpus 
siliculosus) is achieved via carboxylate containing poly-
saccharides (polyuronates) [5, 6]. The photochemistry of 
Fe(III)-carboxylates has been widely described for a number 
of natural systems, including siderophores [1–3, 7] and com-
plexes of Fe(III) with small molecules like citrate or oxalate 
[8–14], and the photochemistry is known to impact many 
biogeochemical processes [15–18]. The photoreactivity of 
the Fe(III)-coordination complexes is possible due to their 
favorable optical properties, presenting a ligand-to-metal 
charge transfer (LMCT) absorption band at a relatively low 
energy (i.e. in the UV–visible region) which in turn allows 
access to non-luminescent, short-lived, and highly reactive 
excited states [12, 19–21].

It is well documented that the photoreduction of Fe(III)-
α-hydroxy acids primarily leads to the generation of organic 
radical species which is consequently followed by a rapid 
decarboxylation process [8, 11, 13, 20, 20–24]. The decar-
boxylation step may lead to the formation of either carbon-
centered radicals (CCR) or carbon (IV) oxide anion radical 
which are both often short-lived (Scheme 1). We have also 
now reported the photoreactivity of Fe(III)-polyuronate 
hydrogels [19], which mimic the coordination of Fe(III) in 
macroalgae Macrocystis pyrifera and Ectocarpus siliculo-
sus, [25] and show similar photochemistry to the α-hydroxy 
acids. To the best of our knowledge, there are no reports 
on the structural characterization of the radicals generated 
via Fe(III)-polyuronate photochemistry, for example using 
electron paramagnetic resonance (EPR) spectroscopy.

In this paper we apply the spin trapping technique to track 
these reactions using the common nitrone spin trap 5,5-dime-
thyl-1-pyrroline N-oxide (DMPO). The spin trapping reac-
tion is typically used when radicals are too short lived or 

not produced in a high enough concentration to be observed 
directly by EPR. The reaction can be run for some time to 
build up stable spin adducts created when the radical of inter-
est adds across the double bond of the nitrone (Scheme 2). This 
allows us to interrogate the generated radicals, and confirm the 
photochemical pathway in the Fe(III)-polyuronate system. We 
also show the scope of the photoreaction, characterizing the 
photochemistry for many different Fe(III)-polyuronic acids.

These results will provide information on how the photo-
active Fe(III)-polyuronates are playing a role in biogeochem-
ical cycling of iron and generation of bioavailable Fe(II). 
Fe(III)-polyuronic acids have been shown to play a role in 
iron uptake in plants, [26, 27] This could uncover a new 
role for Fe(III)-carboxylate photochemistry in other natural 
systems, and implicate plants as important participants in 
photochemical iron cycling as well.

2 � Experimental

2.1 � Materials

Low viscosity sodium alginate from brown algae (AlgM, 
Mw 45,000 g/mol) (Lot A112), Pectin from citrus peel 

Scheme 1   Photolysis of Iron(III) in the presence of polyuronates gen-
erates a radical

AN
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nitrone 
spin trap

nitroxide spin 
adduct

radical

Scheme 2   Example of a generic radical (R) reacting with DMPO to 
produce a stable nitroxide. The atoms responsible for hyperfine split-
ting AN and AH are indicated



257Photochemical & Photobiological Sciences (2021) 20:255–263	

1 3

with 74% galacturonic acid (Lot SLBN9007V Mw 
25,000–50,000), Gum Arabic from acacia tree Mw 250,00, 
2,2,6,6–Tetramethylpiperidin-1-oxyl (TEMPO) 98%, 
Sodium chlorite, Ferric chloride hexahydrate 99%, mor-
pholine (99%) and 5,5-Dimethyl-1-pyrroline N-oxide 97% 
(DMPO), were all purchased from Sigma-Aldrich and used 
as received. Only freshly prepared solutions of Fe(III) 
chloride were used to ensure minimal precipitation of iron 
oxides/hydroxides. Medium viscosity alginate (AlgI) and 
high-guluronate alginate (AlgG), product codes IL-6F and 
IL-6G respectively, were kindly supplied by Kimica Corpo-
ration, Japan (Mw 97,000). Poly-D-galacturonic acid 95%, 
Mw 25,000–50,000  g/mol (Lot. 81325) was purchased 
from Sigma-Aldrich and prepared as the sodium salt by 
neutralization with NaOH. This material is referred to as 
“pectate”. Hyaluronic acid sodium salt from Streptococcus 
equi, (Mw 1,500,000–1,800,000 g/mol) was purchased from 
either Sigma-Aldrich or Acros. Soluble potato starch and 
Hydroxylamine hydrochloride were used as received from 
Mallinckrodt. Xanthan Gum (Mw 1,800,000–3,600,000) 
was purchased from Now Foods and used as received. Noni 
fruits (Morinda citrifolia) were harvested when slightly soft, 
from Wai’anae, Hawaii in April 2015 and stored at − 18 °C 
until extraction of the polysaccharide. Sodium hypochlorite 
(10–13% chlorine content) and 1,10 Phenanthroline (99% 
pure) were used from Aldrich chemical company. Ethanol 
(200 proof) was purchased from Pharmco-Aaper. Acetone, 
Methanol and Sodium Hydroxide were purchased from 
EMD Millipore corporation 99% pure. Deuterated dichlo-
romethane was purchase from Cambridge (99% pure) and 
was used as received.

2.2 � Methods

2.2.1 � Electron paramagnetic resonance (EPR)

Aqueous samples of the Fe(III)-polyuronates with DMPO 
were prepared in the dark in a 1:5 molar ratio respectively. 
The concentration of the solution is a 0.9 mM Fe(III) and 1% 
by weight polyuronate. Photo-integrity of samples were pre-
served after preparation by wrapping sample vials securely 
with aluminum foil. Samples were then taken immediately 
for analysis with EPR. A 0.1 mL aliquot of sample was bub-
bled with N2 for 15 min placed in a quartz capillary and air 
sealed. The capillary tube was then inserted into a TE011 
resonant cavity of the EPR machine. A JEOL JES-X3 spec-
trometer connected with an X-band (9.5 GHz) microwave 
bridge and 100 kHz modulation was used to carry out steady 
state experiments under ambient conditions. All experiments 
were conducted scanning over a sweep of 15 mT with modu-
lation amplitude set to 0.1 mT. EPR spectra were recorded at 
different time intervals upon photolysis with a 405 nm LED 

light source coupled to the cavity. Spectra were simulated 
using Easyspin  [28] from which the hyperfine coupling con-
stant of the nitrogen nucleus (AN) and β-protons (AHβ) were 
obtained.

2.2.2 � Irradiation

All irradiation was performed with a ThorLabs 405 nm LED 
light source with light intensity 50 mW cm−2 unless stated 
otherwise.

2.2.3 � Synthesis of partially oxidized starch (OS)

Potato starch, 1 g, was suspended in 100 mL deionized water 
and gelatinized at 90–95 °C. Next, the solution was cooled 
down to 20 °C before adding 10 mg TEMPO and 390 mg 
KBr. The pH was adjusted to 10.7 with 6 M NaOH. Then, 
the NaOCl solution (45 mL, 10–13% chlorine) was added 
drop wise in a 60 min period to the starch/TEMPO solution. 
While the hypochlorite was added, the pH was constantly 
measured and adjusted to 10.7 by the dropwise addition of 
0.5 M NaOH. Finally, the solution was neutralized with HCl 
and the reaction quenched by adding 10 mL ethanol. The 
product was precipitated with methanol, centrifuged and lyo-
philized. A degree of oxidation of 82% was calculated for the 
ratio of areas of the 1H NMR peaks at 4.60 and 4.40 ppm, 
corresponding to the anomeric proton H–C [1] of glucuronic 
acid and anhydroglucose, respectively.

2.2.4 � Extraction of noni polysaccharide

The purification of the polysaccharide from Noni (Morinda 
citrifolia) was performed following a reported procedure 
[29]. Briefly, ripened noni fruits were strained to separate 
the pulp from the seeds. Then, fruit juices were centrifuged, 
and any pulp was discarded. The polysaccharide was pre-
cipitated from this aqueous juice solution by the addition 
of 4 volumes of 200 proof ethyl alcohol and further centri-
fuged (Thermo Scientifc Sorvall Biofuge Primo centrifuge 
Rpm 3000 for 3 min). The supernatant was discarded, and 
the white solid was again dissolved in minimum amount of 
de-ionized water to re-dissolve the white solid. This pre-
cipitation process was repeated two more times (addition 
of ethanol and centrifugation) before lyophilizing the final 
white product. The yield of noni polysaccharide was 0.3% 
by mass of the seedless pulp. The polysaccharide isolation 
was confirmed by NMR (Fig. S1).

2.2.5 � Photochemistry of Fe(III)‑polysaccharides

The photo-chemical study of the Fe(III)-polysaccharides was 
based on a method reported previously [19]. Briefly, solu-
tions of the polysaccharide were prepared in deionized water 
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and mixed with FeCl3 solutions to achieve a final concen-
tration of 1% by weight in the polysaccharide, and 0.9 mM 
Fe(III). Since some solutions were too viscous under these 
conditions, we also prepared samples that were 0.25% by 
weight of the polysaccharide and 0.225 mM in Fe(III). Sam-
ples were irradiated in 1 cm quartz cuvettes equipped with a 
magnetic stirrer under air atmosphere, at room temperature. 
The quantum yield (Φ, QY) for each system was determined 
by measuring the moles of Fe(III) reduced to Fe(II) per mol 
of photons absorbed by the sample (Eq. 1).

where nFe(II) is the moles of ferrous iron produced during 
the photoreaction, determined by recording the absorbance 
of a 1,10-phenathroline complex at 510 nm; I0 is the moles 
of photons hitting the sample as determined by ferrioxalate 
actinometry (I0 = 3.7 × 10–8 Einsteins/s), [30] and Abs is the 
optical density of the sample at the irradiation wavelength 
(405 nm).

2.2.6 � Dynamic light scattering

For these experiments 0.25% by weight polysaccharide 
solutions with a 0.225 M concentration of Fe(III) were pre-
pared by slowly mixing previously filtered (0.2 μm syringe 
filter) solutions of the polysaccharide and metal ion. Ali-
quots (2 mL) were irradiated for increasing periods of time 
at 405 nm (50 mW cm−2) under constant stirring. Then, 
100 µL aliquots of the irradiated sample were diluted to a 
final volume of 1 mL and the samples were analyzed by 
dynamic light scattering. Measurements were performed 
using a Nanostar dynamic light scattering instrument (Wyatt 
Technology). A total of 10 scans were recorded per meas-
urement, and measurements were obtained in triplicate for 
each sample.

2.2.7 � Circular dichroism

CD spectra for alginates were recorded as previously 
reported [19]. In brief, 0.8 mg/mL alginate solutions were 
prepared using DI water and the readings were collected 
every 0.5 nm with an integration time of 1 s using an AVIV 
62DS circular dichroism spectrophotometer at 25 °C (Fig. 
S2) and percent mannuronate (%M) in alginate was calcu-
lated based on a previously reported method [31].

2.2.8 � Viscosity determination with oscillatory rheology

Alginate solutions of 1% by weight were used for the 
viscosity measurements. TA Instruments Discovery HR-2 

(1)�
Fe(II) =

nFe(II)

I
0

(

1 − 10−Abs
)

rheometer with a 50 mm parallel plate geometry was used 
on flow sweep mode at 25 °C. The viscosity was meas-
ured with the change of shear rate from 1 to 1000 s−1 
and the linear range for the viscosity between 10 and 
100 s−1 regions was averaged to obtain the viscosity. A 
FeCl3 solution with 0.9 mM concentration was prepared 
and alginate was dissolved in 1% by weight. Irradiations 
were performed using a 405 nm LED source at 50 mW 
cm−2 power for different time intervals and the change in 
viscosity was measured using the same conditions men-
tioned above.

2.2.9 � Modulus determination of parsnip root tissue

Parsnip was cut into 2 mm thick slices, and 8 mm disks were 
punch cut from the tissue using a dermal punch. The samples 
were soaked in 0.1 M FeCl3 solution for 2 h in the dark. 
Samples were irradiated using a 405 nm LED lamp (Thor-
labs). The intensity of light at the surface of the specimen 
(irradiance) was 145 mW cm−2, as measured with a S121C 
photodiode power sensor (Thorlabs). A series of iron-con-
taining samples was kept always in the dark and used as a 
thermal control. Elastic moduli were measured using a TA 
instruments Discovery HR-2 rheometer using 8 mm parallel 
plate geometry. The samples were compressed at 1 Hz with 
an axial strain of 5%, at 25.0 °C. Fe(III)-containing parsnip 
specimens were measured immediately after stopping the 
irradiation experiments.

3 � Results and discussion

3.1 � Fe(III)‑Polysaccharide photochemical radical 
generation

To determine the identity of the radical generated in the 
photolysis of Fe(III)-polyuronic acid systems, the radical 
spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was 
used with the polyuronic acid alginate. The EPR spectra of 
Fe(III)-alginate with DMPO showed no signal in the ini-
tial analysis before the irradiation process which indicated 
that no photoreduction had taken place on the coordinated 
polyuronic acid under dark conditions (Fig. 1a). After an 
irradiation into the observed LMCT band (Fig. S3) with a 
405 nm light source for 60 s, a six peak EPR signal was 
observed. Computer simulation of the spectra (Fig. 1b) 
was obtained and the hyperfine splittings measured: AN 
and AHβ were 15.4 Gauss and 18.5 gauss respectively for a 
DMPO spin adduct. The hyperfine splitting corresponds to 
the generation of a carbon (IV) oxide anion radical (CO2

•−) 
as confirmed by the NIH spin trap database.[32] Previous 
works have reported similar spectra from the trapping of 
this radical [21, 22, 33–35]. The rotational correlation time 
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of the spin adduct was also calculated to be 1.682 ns. This 
correlation time of the spin adduct in aqueous solution tends 
to be higher than what is usually expected with small moiety 
trapped radicals because of the slightly higher viscosity of 
the polysaccharide solution as indicated earlier during the 
preparation step. Continuous photolysis after 900 s showed 
a decay of the EPR signal (Fig. 1a). This is indicative of the 
instability of the spin adduct under prolonged photolysis. 
This can be ascribed to the formation of much more reactive 
and unstable aminyl radical derivative from the nitroxide 
spin adduct which is produced via intermolecular nitronyl 
O–atom abstraction under further photolysis as shown in 
Scheme S1 [34].

The lifetime of the spin adduct was slightly longer after 
900 s photolysis when the light source was changed to a 
390 nm LED lamp with similar intensity (Fig. S4). Similarly, 

EPR spectra of Fe(III)-pectate showed signals for spin 
trapped adduct corresponding to CO2

•− radical genera-
tion after photolysis for 480 s, which rapidly decayed away 
(Fig. 2). These results implicate pathway B from Scheme 1, 
as the photochemical pathway observed in the Fe(III)-poly-
uronic acid systems, where bond cleavage of the carboxylate 
leads to generation of the free CO2

•− which can be stabilized 
by the iron ions nearby due to the bent geometry. Unlike 
in Fe(III) α-hydroxy acid systems, where CO2 generation 
is observed after ligand to metal charge transfer followed 
by homolytic bond cleavage as in pathway A, in this alter-
native pathway the generation of the radical occurs before 
ligand to metal charge transfer, and additional reaction of 
the [Fe(II)–COO•] radical intermediate to form CO2 is not 
needed. It should be noted, that in the solid state, CO2 gen-
eration was observed for the Fe(III)-alginate system, but it 
was never quantified, and in solution no gas bubbles have 
been observed [19]. It is likely then, that for the polyuronic 
acid systems in aqueous gels pathway B predominates, and 
in the solid state, entropic effects could favor pathway A.

3.2 � Scope of Fe(III)‑Polyuronic acid photochemistry

In order to show the scope of the Fe(III)-polyuronate photo-
chemistry in natural polysaccharide systems, the efficiency 
of the photochemical reaction of different polysaccharides 
was evaluated by quantitatively measuring the amount of 
Fe(II) produced upon irradiation with light (405 nm, 50 
mW cm−2). The results presented in Table 1 show the quan-
tum yields (ΦFe(II)) for the photoreduction of Fe(III) in the 
various uronate-containing polysaccharide samples. For all 
of the polyuronic-acid contacting polysaccharides that we 
investigated, a photochemical reaction was observed, even 
for an isolated pectic polysaccharide from Noni fruits and 
potato starch that had been oxidized to have some glucuronic 
acid content (Table 1).

The fourfold dilution of the Fe(III)-polysaccharide solu-
tion resulted in a decrease in the photochemical quantum 
yield (QY) for all systems. It is important to note that, 
although the polysaccharide concentration expressed in 
w/v % did not necessarily yield the same Fe(III) to uronate 

Fig. 1   a Spin trapping experiment of photolyzed Alginate M with 
405 nm light source at different time intervals. b EPR spectra simula-
tion of photolyzed alginate after 60 s

Fig. 2   Results of a spin trapping experiment during photolysis of the 
Fe(III)-pectate system using 405 nm light source
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molar ratio for all systems, it did for polysaccharides with 
the same uronate content such as AlgG, AlgI, AlgM, and 
Pectate (~ 56:1 iron-to-carboxylate). Interestingly, the con-
centration effect was very important for some systems such 
as AlgG, for which the yield was 92% lower after dilution, 
while it did not have the same effect for systems such as 
AlgM, which was only 14% lower (Table 1). Focusing on 
the 0.25% alginate solutions we observed that the QY for 
the different alginate systems trended with the mannuro-
nate content, consistent with what was previously observed 
for Fe(III)-alginate systems at a higher concentration [36]. 
Furthermore, regardless of the concentration of the solu-
tion, the highest quantum yield of the series was observed 
for AlgM, and the lowest one was observed for hyaluronic 
acid. The different values of QY within the same family of 
uronic acids indicated that epimeric composition was not the 
most important factor. The quantum yields also did not trend 
with the carboxylate content (e.g., pectin, with only 74% 
free uronates was more reactive than pectate, with 100% 
uronate content). Based on these and previous results, we 
suggest that these differences in quantum yield were due 
to differences in the interaction of the polysaccharide with 
Fe(III) ions, where changes in the polysaccharide structure, 
as well as Fe(III) concentrations affects the type of coordina-
tion in the solutions. We previously showed by Mossbauer 
spectra, that there were differences in the Fe(III) species 
when the Fe(III)-AlgM gels were compared to the Fe(III)-
pectate gels [25]. The dominant iron species detected in both 
the alginate and pectate hydrogels was Fe(III)-oxo hydroxo 
nanoclusters [25]. There were differences, however, in the 
overall speciation of alginate vs. pectate gels, where algi-
nate gels showed 60% Fe(III) oxo hydroxo nanoclusters and 
20% Fe(III)-hydroxo carboxylate bridged dimers [25]. The 
pectate gels showed 80% Fe(III) oxo hydroxo nanoclusters 
and only 5% Fe(III)-hydroxo carboxylate bridged dimers.

This suggests that differences in the QY can be explained 
by changes in the Fe(III) speciation, where the speciation 
affects the overall stability of the radical. For example, the 
Fe(III)-hydroxo carboxylate dimer could stabilize the car-
boxylate for bond cleavage, and therefore stabilize formation 
of the CO2

•− radical. The greater dimer coordination in the 
more photoactive alginate with 65% M compared to pectate 
could account for the changes in the quantum yield.

To determine how the assembly of the polysaccharides 
was affected by the photoreaction, and quantify the break-
down of the polymer chain, the Fe(III)-polysaccharide solu-
tions were analyzed by dynamic light scattering (DLS). A 
clear and systematic decrease in the hydrodynamic radius 
(Rh) of the Fe(III)-polysaccharide assemblies was observed 
upon irradiation (Fig. S5). All systems behaved similarly. 
They all had a sharp initial drop in the particle size that 
reached a plateau (Fig. S5). The decrease in Rh was attrib-
uted to the decrease in molecular weight of the polysac-
charide, due to subsequent reaction after the radical gen-
eration (Scheme 1). This molecular weight decrease was 
due to the breakdown of the polysaccharide backbone to 
form more stable products from the more unstable alde-
hyde upon generation of the carbon (IV) oxide anion radi-
cal CO2

•− (Scheme1). In addition, the loss of carboxylate 
groups as CO2

•− during the photoreaction also contributed to 
an increase in hydrophobicity of the polyuronic acids which 
can change how the Fe(III)-coordination affects the overall 
assembly of the polysaccharides in solution [37].

Using the change in hydrodynamic radius after 60 s irra-
diations (ΔRh/min), we compared the rate of photo degrada-
tion of the aggregates for the different polysaccharides. The 
rate of decomposition for all the evaluated systems trends 
with the quantum yield of photoreduction of Fe(III) (Fig. 3). 
This suggests that changes in Fe(III)-speciation and polymer 
assembly correlated with the QY, and thus the degradation 
of the Fe(III)-polysaccharide assemblies depended on the 

Table 1   Quantum yields, (ΦFe(II) 
(± standard deviation, ± SD) for 
the photoreduction of Fe(III) for 
different polysaccharide systems 
at two different concentrations

The amount of Fe(III) per gram of polysaccharide was kept constant for all systems

Sample (ΦFe(II) ± SD) × 102 % of Uronate 
monomer found in 
polymer1% PS/ 0.9 mM Fe(III) 0.25% /0.23 mM Fe(III)

Alginate 35% M (AlgG) 1.8 ± 0.4 0.145 ± 0.007 100
Alginate 61% M (AlgI) 3.80 ± 0.04 0.58 ± 0.02 100
Alginate 65%M (AlgM) 10.9 ± 0.5 9.4 ± 0.3 100
Pectin 2.7 ± 0.1 1.5 ± 0.1 74
Pectate (Pect) 1.7 ± 0.1 0.66 ± 0.03 100
Xanthan Gum (Xant) – 0.11 ± 0.02 20
Gum Arabic (GA) 1.1 ± 0.2 0.9 ± 0.1 12–20
Noni – 1.4 ± 0.4 62
Hyaluronic acid 0.3 ± 0.4 0.036 ± 0.006 50
Oxidized Starch (OS) 1.7 ± 0.1 0.9 ± 0.3 82
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photoreaction. The degradation of the polysaccharides was 
also quantified using oscillatory rheology to look at viscosity 
changes. As expected, a decrease in viscosity of the solution 
was observed with increasing irradiation time, indicating a 

drop in the molecular weight of the alginate after irradiation 
(Fig. 4).

3.3 � Fe(III)‑polysaccharide photochemistry 
in natural materials

Many natural materials contain high amounts of uronic 
acid-containing polysaccharides like pectins, and Carrano 
and co-workers have shown that these polysaccharides are 
involved in Fe(III) coordination in marine plants similarly to 
the Fe(III)-alginate [5, 6, 25]. We wanted to investigate the 
Fe(III)-carboxylate photochemistry in these materials. For 
an example biomaterial scaffold, we chose Parsnip (Pastin-
aca sativa), which has a uronic acid content as high as 10% 
(dry basis) and little natural pigment or chromophores to 
interfere with the photochemistry [38]. These parsnip mate-
rials were soaked in 0.1 M FeCl3 to ensure Fe(III) coordi-
nation, and irradiated. Electron Microscopy of the parsnip 
materials showed that irradiation caused a noticeable disor-
ganization of the cellular structure (Fig. 5a, b and), while 
keeping a rather defined structure for each individual cell 
(Fig. S6a, b). These results suggested a primary degradation 
of the middle lamella, where high pectin (polyuronic acid) 
content is known to be important in cementing adjacent cell 
walls together [39, 40].

Observation of the irradiated plant tissue before treating 
the sample with EDTA (Fe(III)/Fe(II) present) indicated a 
clear separation of the cell walls previous to the removal 
of the iron (Fig. S6c), proving that the observed changes 
were due to the irradiation process and not to the effect of 
Fe(III) chelating. Mechanical testing of the Fe(III)-loaded 
parsnip tissue indicated a systematic weakening of the cel-
lular structure as the material was exposed to 405 nm LED 
light. The observed drop in elastic modulus confirms the 
photo degradation of the studied pectin-rich tissue, cor-
responding to breakdown of the pectin chain (Fig. 5c). 
Our results indicated that the photochemistry of Fe(III)-
polyuronates occurred not only in isolated and purified 

Fig. 3   Change of hydrodynamic radius (Rh) of Fe(III)-polysaccharide 
suspensions after irradiation (blue circles) with 405  nm light (50 
mW) for 60 min compared to the QY for the different polysaccharides 
(black triangles)
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Fig. 4   Change of viscosity upon irradiation with 405  nm LED (50 
mW cm−2) for 0.9 mM Fe(III) 1% Alg I solutions

Fig. 5   SEM Image of 2 mm thick parsnip tissues soaked in 0.1 M FeCl3 for 2 h in dark a before and b after irradiation with 405 nm LED (145 
mW cm−2) c changes in elastic modulus (E′) with irradiation time for Fe(III)-parsnip root tissue
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uronate-containing polysaccharide solutions, but also in 
natural pectin-containing materials in plants. These results 
highlight that Fe(III)-polyuronic acid photochemistry can 
indeed play a role in biogeochemical iron cycling in soil 
via root tissues, and can be one mechanism responsible for 
degradation of the plant material.

4 � Conclusions

The Fe(III)-polyuronic acids are photoactive, and the photo-
reaction proceeds through two possible pathways that with 
generation of the CO2

•− radical (Pathway B) or Fe(II) and 
oxidative decarboxylation (Pathway A), with breakdown of 
the polysaccharide chain into, smaller assemblies and less 
viscose materials. The quantum yields for the photoreduc-
tion of Fe(III) were measured for a series of natural and 
synthetically modified uronate-containing polysaccharides 
in solution at two different concentrations. All the stud-
ied polysaccharide systems were able to reduce ferric ions 
under 405 nm LED light irradiation. The quantum yields 
were different depending on the specific polysaccharide, 
and these changes were attributed to changes in the Fe(III) 
coordination, which can stabilize the homolytic bond cleav-
age leading to a more efficient generation of the radical 
CO2

•− photoproduct (Pathway B) compared to LMCT with 
Fe(II) generation and subsequent oxidative decarboxylation 
(Pathway A). Our results show that this photoreaction can 
occur in plant tissues in the presence of Fe(III), and in poly-
saccharide hydrogels coordinated with Fe(III). Although our 
results present only degradation of the polyuronic-acid con-
taining natural materials, we envision more advanced experi-
ments such as the patterning of the materials with light, or 
even the use of the other radical reactive species to further 
modify and change the surface chemistry as the material 
is irradiated. This work also highlights the importance of 
the inorganic components in natural systems, and how such 
Fe(III)-polyuronic acid photochemistry can contribute to 
biogeochemical cycling of iron.
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