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ABSTRACT
The photochemistry of a commercial sunflower sprout extract was compared to that of pure chlorogenic acid (3-O-caffeoylquinic

acid), a key photoprotective species found in the extract. Steady-state and time-resolved spectroscopy experiments revealed vir-

tually equivalent photodynamics between aqueous solutions of the sunflower extract and chlorogenic acid, namely�5 picosecond

nonradiative deactivation following UV photoexcitation. For chlorogenic acid, this nonradiative deactivation is achieved by relax-

ation through a conical intersection, mediated through rotation around the caffeoyl C═C double bond. These photophysical

similarities tentatively justify the use of the unpurified sprout extract for use in UV photoprotective formulations and demonstrate

that the environmental complexity conferred by the presence of other phytochemical constituents in the extract does not impede

the relaxation mechanism of chlorogenic acid.

1 | Introduction

Hydroxycinnamic acids are ubiquitous in nature, found in
fruits, vegetables, and grains [1]. Chlorogenic acid (otherwise
known as 3-O-caffeoylquinic acid to distinguish it from its 4-
O- and 5-O- isomers, and hereafter abbreviated to 3-3-CGA),
a well-known hydroxycinnamic acid, is known to be an effective
antioxidant and carcinogenic inhibitor [1]. Motivated by its
phytochemical abundance and appropriate sunscreen proper-
ties (e.g., sun protection factor (SPF), critical wavelength (λc),
and UVA/UVB ratio) [2], 3-CGA has been previously studied
in terms of its excited-state nonradiative deactivation (NRD)
mechanism [3]. 3-CGA’s UV filter properties arise from absorp-
tion to a ππ* (S1) state, which is weakly emissive, followed by
relaxation to the ground (S0) state through a S1/S0 conical inter-
section (CI). According to calculated potential energy surfaces
(PES), propagation through this CI involves rotation around the
central caffeoyl C ═ C double bond, thereby generating either
the starting trans or cis photoproduct isomer in the ground
state, the latter of which is somewhat disfavored due to a barrier
in the S1 [3]. In light of its UV protective properties, previous

research has endorsed 3-CGA’s inclusion in sunscreen formu-
lations [2, 4, 5].

In this study, we have explored the photochemistry of a
major phytochemical source of 3-CGA, namely a commercial
extract from the sprouts of sunflower, Helianthus annuus [6].
Hydroxycinnamic acids, including 3-CGA, have been identified,
by ultraperformance liquid chromatography (UPLC), in appreci-
able abundance in these sprouts.

We are interested in the applicability of “crude” and abundant
natural extracts supporting UV filtration in sunscreen formula-
tions and how other components in extracts might influence the
photoprotection mechanisms of 3-CGA, if at all. To this end, we
have approached analyzing the sunflower sprouts extract by a
mixed steady-state and time-resolved spectroscopic scheme.
We look at the extract (and an analytical reference of 3-CGA)
using UV–visible absorption spectroscopy and femtosecond tran-
sient electronic absorption spectroscopy (fs-TEAS) to determine
its in vitro UV protection properties and ultrafast photochemis-
try. Aqueous 3-CGA and the extract were found to exhibit very
similar ultrafast properties and comparable steady-state UV
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properties, despite their compositional disparity, supporting the
viability of the crude product for sunscreen applications.

2 | Experimental Methods

2.1 | Extract Preparation

The Helianthus annuus extract was prepared as follows: hot
water extraction was undertaken on the fresh sprouts for 5 h,
then 15% ethanol was added, and the solution filtered to remove
all remaining solid plant matter, yielding “Mibexol SB pf.” This
solution (2 kg) was then lyophilized by a rotary evaporator to
yield the dry extract “Mibexol SB pf Lyo” (22 g, or 1.1% dry con-
tent in solution), used for spectroscopy experiments.

2.2 | UPLC

All solvents used were of high performance liquid chromatogra-
phy (HPLC) grade unless otherwise stated. Mibexol SB pf
was analyzed by UPLC (Acquity UPLC TUV Detector, Waters
Corporation). 2 μL of filtered extract (WICOM PVDF filter vials
0.45 μm) was injected without dilution versus reference standards
of 3-CGA (Fluka, 25 700, Lot No. 1 387 241 22408172) and 5-O-
caffeoylquinic acid (5-CGA) (Sigma–Aldrich, 94 419, Lot No.
WXBD0790V) with approximate concentrations: 5, 25, 50, and
100 μg/g dissolved in ethanol/water (Milli-Q) 1:1 (w/w). A refer-
ence standard for 4-O-caffeoylquinic acid (4-CGA) was not avail-
able, so the response factor of 3-CGA was used in experiments
due to its absorptive similarity at 280 nm [7]. Elution of all
chlorogenic acids (e.g., 3–, 4- and 5-CGA) occurred within the
isocratic window (<4.5 min).

2.3 | Steady-State Optical Spectroscopy

For spectroscopic measurements (excluding extinction coeffi-
cients), aqueous solutions of 3-CGA (PhytoLab, used without fur-
ther purification) and Mibexol SB pf Lyo were made up to� 0.5
absorption at 324 nm. Solutions were covered with foil during
storage to exclude ambient light and maintained at 21± 1°C.

To assess solar photostability, UV–visible absorption spectra
were recorded before and after 2 h’ irradiation under a simulated
solar spectrum (LCS-100, Spectra-Physics).

Steady-state UV–visible absorption spectra were recorded using a
Cary 60 UV/Vis spectrophotometer, in a 1 mm quartz cuvette.

2.4 | Fs-TEAS

Fs-TEAS experiments are outlined in detail elsewhere [8], so only
details specific to our experiments are described herein. The
“pump” excitation wavelength was set to 324 nm, to coincide
with maximal absorption in aqueous 3-CGA (see Figure 1).
The pump pulse energy was �500 nJ, and the spot size �350 μm
at the sample. The “probe” pulse was a white light supercontin-
uum that spanned �320–720 nm, generated by focusing an
800 nm fundamental beam into a translating CaF2 crystal.
Pump–probe time delay, Δt, was controlled by a motorized delay
stage (<2.5 ns). A 1mm quartz cuvette, containing the aqueous
solution, was translated in a plane perpendicular to the beam

geometry, to avoid interrogating any possible photoproduct with
subsequent pump-probe pulse pairs.

Collected transient absorption spectra were fit with a sequential
global model, implemented via the software package Glotaran
[9]. Heatmaps in Figure 2 were treated using the KOALA soft-
ware to model and correct dispersion [10].

An instrument response function (IRF) was evaluated by fitting a
kinetic transient absorption trace of water under equivalent
experimental conditions (see Figure S3).

3 | Results and Discussion

3.1 | Results

3.1.1 | UPLC

Results from UPLC are summarized in Table 1. Of the three
structural isomers of chlorogenic acid, 3-CGA itself is the least
abundant in Mibexol SB pf, accounting for 28.2% of the caffeoyl-
quinic acid content.

3.1.2 | Steady-State UV–visible Absorption Properties

Initially, comparative UV–visible absorption spectra of aqueous
3-CGA and Mibexol SB pf Lyo were collected (Figure 1), showing
a similar red-edge absorption profile, peaking at �324 nm. It was
determined by Cornard et al. that 3-CGA’s absorption maximum
at 324 nm corresponds to a LUMO←HOMO transition (S1

1ππ*)
whose density is primarily focused around the caffeoyl moiety.
Slight absorption at >350 nm arises from a lower lying transition,
with much diminished oscillator strength, which becomes
enhanced at higher pH [11].

Parameters based exclusively on the shape of the extract
solution’s absorption profile are here presented (i.e., critical
wavelength, solar photostability, UVA ratio). No SPF or UVA

FIGURE 1 | UV–visible absorption spectra of aqueous Mibexol SB pf

Lyo (orange) and pure 3-CGA (green) at 21°C. Critical wavelengths

(dashed vertical) and approximate pump profile used in fs-TEAS experi-

ments (purple shaded) are also shown. Inset: structure of 3-CGA.
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protection are reported, as these qualities depend on application
(thickness, etc.) [12].

Critical wavelength λc [12] of aqueous Mibexol SB pf Lyo was
calculated according to the following equation:

Z
λc

290
A λð Þdλ= 0.9

Z
400

290
A λð Þdλ (1)

yielding λc = 353 nm. This is a shorter wavelength than that deter-
mined for aqueous 3-CGA (372 nm) by Rivelli et al.; it should be
noted, however, that our analysis of aqueous 3-CGA yielded
λc = 347 nm (see Figure 1). The European Commission and the
US Food and Drug Administration (FDA) rule that only
sunscreens whose λc > 370 nm can be described as “broad-spec-
trum” absorbers, indicating good protection against UVA [13, 14].

Photostability under a simulated solar spectrum (see Figure S1)
was measured. An area under curve index (AUCI) was deter-
mined for aqueous Mibexol SB pf Lyo and 3-CGA according
to the following equation:

AUCI=

R
400
290 A0 λð ÞdλR
400
290 A2h λð Þdλ (2)

whereA2 h λð Þ is absorbance following 2 h solar irradiation. AnAUCI
of 83.5% was calculated for the extract and 88.8% for 3-CGA, indi-
cating 3-CGA is marginally more stable than Mibexol SB pf Lyo.

The UVA ratio (i.e., integrated ratio of total absorption in the
UVA to that in the UVB, following 2 h solar irradiation) was cal-
culated by the following [15]:

UVA
UVB

=

R
400
320 A λð ÞdλR
320
290 A λð Þdλ = 1.05 (3)

According to the Boots star rating system [16], this solution
therefore provides 5-star protection (i.e., UVA ratio ≥ 0.9). By
comparison, Rivelli et al. reported a UVA ratio of 0.81 (4-star pro-
tection, i.e., 0.9>UVA ratio ≥ 0.8) for aqueous 3-CGA [2].

A weight/volume extinction coefficient for aqueous Mibexol SB
pf Lyo at 324 nm was determined as 3.54± 0.04 g−1 dm3 cm−1

(see Figure S2); in comparison, an equivalent treatment of aque-
ous 3-CGA (using a molar extinction coefficient from literature
[17]) yielded 53.1± 0.8 g−1 dm3 cm−1.

3.1.3 | FS-TEAS

To determine the differences between the ultrafast (ps) behavior
of the extract versus pure 3-CGA, fs-TEAS was undertaken on
aqueous solutions of each. Figure 2 shows heatmaps of collected
TEA spectra following photoexcitation of aqueous 3-CGA (a)
and Mibexol SB pf Lyo (b) at 324 nm and kinetic traces at
selected wavelengths (c). Global sequential fitting was under-
taken [9], extracted lifetimes from which are presented in
Table 2.

FIGURE 2 | Heatmaps of collected TEA spectra for aqueous (a) 3-CGA and (b) Mibexol SB pf Lyo, following photoexcitation at 324 nm. (c) Kinetic

transient absorption traces at 377 nm (red) and 450 nm (blue), with fits from global sequential fitting overlaid (black).

TABLE 1 | UPLC data (retention time (tR) and amounts) of chlorogenic acid isomers in Mibexol SB pf.

Analyte tR, min Amount, μg/g %

5-CGA (5-O-caffeoylquinic acid) 1.869 52.76 29.3

4-CGA (4-O-caffeoylquinic acid) 3.606 76.55 42.5

3-CGA (3-O-caffeoylquinic acid) 3.843 50.80 28.2

TABLE 2 | Lifetimes extracted from global sequential fit of collected

TEA data for aqueous 3-CGA and Mibexol SB pf Lyo. Half the extracted

IRF is reported as the error, except in cases where error from the fitting

process is greater.

System

Lifetime, ps

τ1 τ2 τ3

3-CGAH2O 1.25 ± 0.070 5.16 ± 0.070 >2500

Mibexol SB pf LyoH2O 0.98 ± 0.070 5.06 ± 0.205 >2500
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Virtually identical dynamics were seen in each case, with quan-
titatively similar lifetimes extracted. The following analysis there-
fore applies to TEA data of both aqueous systems. The intense
positive absorption feature at �375 nm is assigned to vertical
excited-state absorption (ESA) from the initially promoted state,
identified previously as S1 (i.e., Sn> 1←S1) [11]. The sequential
decay lifetimes associated with this signal are �1 and �5 ps
(τ1 and τ2), although a small component persists beyond our max-
imum pump-probe time delay (τ3> 2.5 ns). The spectral profile of
this feature remains largely unperturbed, only diminishing in sig-
nal strength, suggesting that the relative energy gap between
involved states (i.e., S1 and Sn> 1) remains constant. Conversely,
the broad negative feature originating at �450 nm, assigned as
stimulated emission (SE) from S1 to the ground (S0) state, red-
shifts within the initial �1 ps following photoexcitation. This
spectral evolution implies a steeply inclined PES along the path
of excited state relaxation, as the vertical gap between S1 and S0
evidently reduces with time. That this SE signal decays within
�1 ps indicates that the transition becomes optically dark some-
where along the relaxation coordinate and does not subsequently
recover oscillator strength. Finally, the edge of a ground-state
bleach (GSB) signal, originating from depletion of S0 popula-
tion, can be seen at <350 nm, which persists to the end of our
experiment, indicating some portion of unrecovered ground
state 3-CGA.

3.2 | Discussion

3.2.1 | Steady State UV–visible Absorption Properties

As has been identified here, the predominant absorbing species in
extracts of Helianthus annuus sprouts are isomers of 3-CGA. The
extract exhibits an identical UV absorption maximum at 324 nm
(albeit with a�15-fold lower w/v extinction coefficient), with
slightly broader absorption on the peak’s red edge, possibly due
to scattering from undissolved matter and evidenced by a height-
ened UVA ratio, along with increased absorption at wavelengths
shorter than this. This latter fact suggests the sprout extracts con-
tain other chromophores than 3-CGA, absorbing in the vicinity,
which could demonstrate different photochemistry. The presence
of other similarly conjugated hydroxycinnamoyl substituted esters
[18] in the extract explains the lack of definition in absorption
maximum versus pure 3-CGA. Generally, this broadened absorp-
tion into the UVA is desirable for sunscreen applications [12].

The phenolic profile of sunflower extracts varies depending on
the plant’s growth stage at harvest [19]. Many related properties
of the extract (e.g., electronic absorption profile, antioxidant
ability) are therefore similarly sensitive to growth stage, so it
is possible that the photoprotective ability of Helianthus annuus
varies with crop age.

3.2.2 | FS-TEAS

The results from fs-TEAS demonstrate negligible differences
between the bulk ultrafast properties of aqueous 3-CGA and
the sunflower sprout extract. The following interpretation,
although undertaken with 3-CGA in mind, can therefore be
extended to TEA data of both aqueous systems. As has been iden-
tified previously in similar analytes, the �1 ps lifetime (τ1)
extracted from both fs-TEAS experiments is attributed to a con-
volution of several excited state processes in 1ππ*, including

solvation, rapid geometric rearrangement out of the Franck–
Condon region, and initial intramolecular vibrational redis-
tribution [3, 20–23]. τ1 also captures artifacts from the IRF
(see Figure S3). τ2 then reflects further vibrational cooling in
1ππ* and population transfer to S0 through a 1ππ*/S0 conical
intersection, mediated by a trans-cis isomerization coordinate [3].
τ3 reflects unrecovered GSB and residual ESA. Due to the appre-
ciable content of 4- and 5-CGA in the sunflower sprout extract
(see Table 2) and the similarity between the two aqueous sys-
tems’ fs-TEAS results, we can infer that the ultrafast behavior
of these isomers following photoexcitation is strongly compara-
ble to that of 3-CGA. The above analysis qualitatively agrees with
the findings of Wang et al. for 3-CGA in methanol, albeit with
substantially shorter lifetimes extracted in ours [3]; this discrep-
ancy is potentially due to enhanced vibrational cooling rates by
interaction with the water network in our experiments, an envi-
ronmental effect in NRD observed elsewhere [24, 25]. In the case
of the sunflower extract, a plethora of photoproducts is likely
generated, including cis forms of any 3-CGA isomers.

The combined findings from steady-state and time-resolved spec-
troscopies suggest that 3-CGA’s (and its isomers’) photodynamics
are largely unaffected by the extract’s other constituents or that
these other constituents exhibit equivalent ultrafast photochem-
istry. It is probable that other isomers of 3-CGA (e.g., 4- and
5-caffeoylquinic acid) undergo analogous NRD pathways.
These results therefore valorize the use of “crude” natural
extracts for use in photoprotective formulations, at least from
a photometric standpoint, without the requirement for lengthy
and expensive purification stages. This echoes the findings of
Abiola et al. vis-à-vis sinapoyl malate in Lepidium sativum
sprouts extracts [26]. Any other deleterious (or beneficial) prop-
erties of the extract would need to be evaluated separately, either
toxicologically or chemically, before it was commercialized.

4 | Conclusion

We have compared the photochemistry of 3-O-caffeoylquinic
acid (3-CGA) and an extract from sprouts of the common sun-
flower, Helianthus annuus, whose major chromophores are iso-
mers of chlorogenic acid (including 3-CGA itself ). Our findings
indicate there are minimal differences in the photoprotective
ability of each, particularly from a time-resolved perspective,
and that the nonradiative relaxation mechanism of 3-CGA in
each, following UV photoexcitation, is dominated by either a full
or aborted trans-cis isomerization in the caffeoyl moiety. The
similarity between bulk photochemistry between purified and
crude samples therefore motivates future work in investigating
the photoprotective characteristics of other natural extracts,
including Helianthus annuus at other growth stages, the use
of which in sunscreen formulations would be significantly
cheaper and less wasteful.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. The authors have cited additional references within
the Supporting Information [17, 27]. Supporting Fig. S1: Absorption
spectra of aqueous Mibexol SB pf Lyo (orange) and 3-CGA (green) before
(solid) and after (dashed) 2 h irradiation under a simulated solar spec-
trum (normalized counts: pink). Supporting Fig. S2: (a) Calibration plot
for weight/volume extinction coefficient of aqueous Mibexol SB pf Lyo at
324 nm; (b) absorption spectra of aqueousMibexol SB pf Lyo (orange) and
3-CGA1 (green) scaled by weight/volume extinction coefficient at 324 nm.
Supporting Fig. S3: Kinetic transient absorption trace at 353 nm of H2O
photoexcited at 324 nm (gray) and fit IRF (141± 7 fs) overlaid (pink, as
included in Figure 2). Supporting Table S1:UPLC instrument operation
details. Supporting Table S2: Gradient for purging column.
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