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Sunscreen agents derived from plants have been regarded as promising alternatives to artificial com-
pounds. In this work, carbon dots (CDs) were prepared from carrot juice via a continuous microflow-
based approach, where the influence of process parameters was studied and optimized. Complimen-
tary characterization revealed the CDs not only have small size, narrow size distribution, and good water
solubility, but also have abundant functional groups as well as excellent UV absorption performance.
Relying on these properties, the CDs were used as UV absorbers, suggesting they have strong long-term
UV absorption ability over a broad pH range. The UV-absorption properties of the CDs were confirmed by
incorporating the CDs in polyvinyl alcohol (PVA) to get C-CDs@PVA films of different thickness, in which
significantly enhanced UV absorption performance was observed. Besides, the sun protection perfor-
mance is also related to the film thickness. Afterwards, the practical application of the CDs was evaluated
by adding them in a typical skin cream. With the addition of the CDs, the cream has drastically reduced
UV transmittance in both UVA and UVB regions, and exhibits better UV absorption performance than
commercial sunscreen agents. The CDs also demonstrated low cytotoxicity and high DPPH radical
scavenging activity, making them promising as green sunscreen absorbers. This work is expected to
provide a guidance for the development of green and effective natural sunscreen agents via microflow-
based method.
© 2024 Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.
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1. Introduction to inorganic agents, they tend to suffer from the whitening effect,

low water solubility, low stability, and low transparency [4]. In

Excessive exposure to ultraviolet (UV) radiation can be hazard-
ous and may cause painful sunburns. The use of sunscreen, by
reflecting and scattering UV radiation, is considered as an effective
means to protect skin from UV radiation. Currently there are two
major types of sunscreen agents: organic and inorganic [1]. The
former one often uses organic compounds such as benzophenones,
octocrylene, avobenzone, and p-aminobenzoic acid derivatives, etc.
to absorb the UV radiation, while the latter one typically relies on
zinc oxide or titanium dioxide to reflect UV rays [2]. Despite
remarkable progress has been achieved in the development of
sunscreens with customized properties, limitations also exist. For
instance, organic agents can trigger skin irritations or allergic re-
actions when in contact with the skin. Some agents may even
penetrate the skin and cause tissue damage and health risks [3]. As
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addition, they can affect the epidermal layer of the skin or the in-
ternal organs via the respiratory tract.

Natural sunscreen agents, especially from plants, have been
recognized as promising alternatives to traditional sunscreen
agents to absorb or block UV radiation. Compared to artificial
sunscreens, they have less skin toxicity and irritation as well as
high environmental friendliness [5]. Besides, many natural com-
pounds from plants have the capability to capture free radicals,
thus endowing the sunscreen with antioxidant properties [6]. For
instance, the presence of phenolic compounds, ketones, and
intramolecular oxygen bonds in lignin makes it a good candidate
as UV blocker and antioxidant [7]. Many seeds are rich in poly-
phenolic compounds like flavonoids and phenolic acids. They are
well known for their antioxidant and anti-photo aging activities,
and can be used to formulate sunscreens with antioxidant prop-
erties [8].
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In recent years, considerable effort has been dedicated to
incorporating carbon dots (CDs) into different materials to endow
them with new properties [9]. Due to the n-m* transition of the
carbonyl groups and -7* transition of the aromatic C=C bonds,
CDs possess excellent UV absorption properties. Besides, the high
water solubility as well as nontoxicity of CDs makes them prom-
ising in the field of life science, such as bio-imaging, bio-labels, etc
[10,11]. Patil et al. [12] prepared CDs from waste tea dregs by hy-
drothermal method, and then used them to prepare transparent
PVA@CDs composite films through solvent casting method. The
obtained films were successful in blocking 100% of UVC and UVB
rays, while 20% to 60% of UVA rays. Xu et al. [13] synthesized full
UV-absorbing CDs from citric acid and 3-aminoquinoline, and
mixed with PVA to get transparent sunscreen umbrella. No doubt,
the above works reveal CDs can be applied for UV protection.
However, when it comes to CDs synthesis, traditional approaches
rely on labor- and energy-consuming selection of reagents and
experimental conditions. Meanwhile, toxic chemical reagents or
solvents are inevitably involved, which may have hazardous effects
on human health and environment [14].

Microflow-based synthesis, due to the advantages like contin-
uous operation, large specific surface area, and uniform residence
time distribution, is considered to be an alternative to traditional
batch processing [15]. In this study, small sized CDs of good water
solubility were continuously prepared from carrot juice (C-CDs) via
microflow method, without using toxic chemical reagents or sol-
vents. The results showed the C-CDs not only have full-band UV
absorption properties, but also offer consistent UV protection over a
broad pH range. The C-CDs were then applied in preparing C-
CDs@PVA films, reconfirming their excellent UV absorption per-
formance. Furthermore, the microflow-prepared C-CDs were added
in skin creams to evaluate their practical applications, suggesting
they have good UV-shielding effect, biocompatibility, and antioxi-
dant activity.

2. Materials and Methods
2.1. Materials

Carrot juice (Kagome, Japan) was purchased from a local su-
permarket. Octocrylene (OCT, >95%), octylmethoxycinnamate
(OMC, >97%), glyceryl monostearate (>90%), citric acid (>98.0%),
and stearic acid (>98.0%) were purchased from Beijing InnoChem
Science & Technology Co., Ltd. 1,1-Diphenyl-2-picrylhydrazine
(DPPH, >99.5%) was purchased from Worthington Co., Ltd (U.S.).
Avobenzone (AVB, >98.0%), 2-ethylhexyl salicylate (EHS, >98.0%),
1-hexadecanol (>98.0%), 1,2-dihydroxypropane (>99.5%), NaOH
(AR), sodium dihydrogen phosphate (>99.0%), sodium carbonate
(>99.8%), sodium bicarbonate (>99.0%), methanol (>99.5%), and
1,4-dioxane (>99.7%) were purchased from Sinopharm Group
Chemical Reagent Co., Ltd. Ethylhexyl methoxycinnamate (EHMC,
>97.0%) and diethylaminohydroxybenzoyl hexyl benzoate (DHHB,
>95.0%) were purchased from Shanghai Macklin Co., Ltd. The
aqueous solution was prepared using deionized water with re-
sistivity over 18 MQ.

2.2. Preparation of C-CDs, C-CDs@PVA films, and sunscreen cream

In this work, carbon dots were synthesized using a microflow
setup (Fig. S1, Supplementary Material). The detailed configuration
of the setup can refer to our previous work [11]. In brief, it mainly
consists of a plunger pump (Xingda 2 PB-1040Il), an oil bath (Jinda
DF-II), and a stainless-steel capillary (O.D. = 3.0 mm, I.D. = 2.0 mm,
effective length = 4.2 m). In a typical procedure, 20 ml of carrot
juice was added in 80 ml of deionized water at room temperature,

stirred, and filtered with a 0.22 pm filter as the stock solution. The
solution was then delivered into the capillary by the plunger pump
at fixed rates, of which the reaction temperature and the residence
time can be controlled by the oil bath and the pump respectively.
After a desired processing time, the solution containing CDs was
collected and filtered through 0.22 pm Millipore membranes for
further characterization, or freeze-dried to obtain solid CDs. Sys-
tematic experiments have been performed to study the influence of
the reaction temperature and residence time on the products. For
convenience, the derived products were denoted as C-CDs-x-y,
where x represents the reaction temperature, y represents the
residence time.

C-CDs@PVA films were prepared using the solvent casting
method. 1.5 g of polyvinyl alcohol was mixed with the C-CDs, and
then dissolved in 30 ml of deionized water under stirring at 90 °C
for 1 h to obtain PVA and C-CDs@PVA. Afterwards, 5 miL of the
mixed solution was dropped in a petri dish (diameter = 9.0 cm) and
dried at 50 °C for 4 h to obtain C-CDs@PVA films. In this work, CDs
of different concentrations (0—0.5 mg-ml~') were added, and the
derived C-CDs@PVA films were denoted as PVA, C-CDs@PVA-z,
where z represents the concentration of the CDs. To assess the ul-
traviolet absorption performance of the C-CDs, skin cream was
prepared according to the formula (Table S1) as the base [16]. Then,
the cream was mixed with CDs of different contents to get sun-
screens of different UV absorption properties.

2.3. Characterization

TEM characterization was performed on a JEM-2100Plus trans-
mission electron microscope (FEI Company). Raman spectrum was
recorded using a Renishaw inVia spectrometer (Gloucestershire)
equipped with a confocal Leica microscope and a 532 nm excitation
laser. X-ray diffraction (XRD) patterns were collected by a diffrac-
tometer (Bruker AXS GmbH, D8 Advance) using Cu-K, radiation
(K, = 0.154056 nm) in the 26 range of 10°—80°. The functional
groups of the CDs were analyzed by a Nicolet 6700 Fourier-
transform infrared spectrometer (FTIR, Seymour Fisher Technol-
ogy Co., Ltd.). XPS characterization was carried out on a Kratos Axis
Supra X-ray photoelectron spectrometer (Shimadzu Kratos Inc.)
using monochromatic Al-K; radiation (1486.6 eV). UV-Vis spectra
in both absorbance and transmittance modes were recorded by a
TU-1950 spectrophotometer (Beijing General Analysis General Co.,
Ltd.). Photoluminescence (PL) spectra were recorded on a Cary
Eclipse spectrophotometer (Varian Co., Ltd.). The fluorescence
decay curves were acquired using a LifeSpec II ultrafast time-
resolved fluorescence lifetime spectrometer (Edinburg Instru-
ment, Ltd.). The ultraviolet blocking performance of skin creams
was evaluated using a UV transmittance analyzer (UV-2000s, Lab-
sphere Co., Ltd.).

3. Results and Discussion
3.1. Structure and morphology characterization of the C-CDs

Representative TEM image of the C-CDs-120-30 is provided in
Fig. 1(a), where spherical particles of high dispersity are apparently
seen. The size distribution of the CDs is in the range of 2.4—5.6 nm,
with an average size of 3.87 nm (inset). High-resolution TEM image
clearly shows the existence of lattice stripes within particles
(Fig. 1(b)). The lattice spacing is estimated to be 0.21 nm by
measuring the distance between crystal planes, corresponding to
the (1 0 0) facet of graphite [17]. This indicates the C-CDs possess
sp? graphite-like structure. Raman spectrum of the carbon dots
shows two prominent peaks at 1374 cm~! and 1525 cm™ ', which
are indexed to the well-known D band and G band of carbon



Z. Li et al. / Chinese Journal of Chemical Engineering 77 (2025) 135—143 137

()
Dband G band
2
7]
5
]
1000 1200 1400 1600 1800 2000
Raman shift/cm™
(d) (e) ()
L 25° 100 O ls
=X
E 90
§ «g 30 § Cls
= 2 =
E 70 M
K2
e L 3304 s . . . N
10 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 1200 1000 800 600 400 200 0
20/(°) Wavenumber/cm™ Binding energy/eV
@® [— Raw data Cls LY ——Raw data O 1s () Raw data K2p
[ C—C (284.8 eV) [P COOR (534.2 eV [T K 2p,, (296.9 V)
B C—O (2862 V) B9 C—0—C (532 B K 2p,. (2908 eV)
[ C=0 (288.1eV) EEM—O (530 eV) — Fitted line
> — Fitted line 2 —Fitted line =
5 5 g
£ E E
290 288 286 284 282 536 534 532 530 528 298 297 296 295 294 293 292 291

Binding energy/eV

Binding energy/eV

Binding energy/eV

Fig. 1. (a) Representative TEM image of the C-CDs-120-30 (inset shows particle size distribution); (b) HRTEM image; (c) Raman spectrum; (d) XRD pattern; (e) FT-IR spectrum; (f)

Full XPS spectrum; (g)—(i) High resolution XPS spectra of (g) C 1s; (h) O 1s; and (i) K 2p.

materials (Fig. 1(c)). The former one is associated with local defects
or disorders in carbon, while the latter one is related to the
graphitization characteristics of sp? carbon networks [18]. Fig. 1(d)
shows the XRD pattern of C-CDs, in which a broad peak is observed
at 26 of 25°, without sharp diffraction peaks. The result reveals the
derived C-CDs have low crystallinity [19].

The functional groups of the C-CDs-120-30 were firstly studied
by FT-IR analysis (Fig. 1(e)). An intense broad absorption band ap-
pears at 3364 cm~!, and is attributed to the O—H stretching vi-
bration of the hydroxyl groups [20]. The band at 2933 cm™!
corresponds to the C—H stretching vibration in saturated hydro-
carbons. The absorption bands at 1750 cm~' and 1660 cm™' are
indexed to the C=0 and C=C groups, respectively [21]. Besides, the
bands at 1396 cm~! and 1277 cm~1/1022 cm ™! are related to C—OH
and C—O—C groups [22]. The above spectral features indicate the
microflow-prepared C-CDs have rich hydrophilic functional groups,
which endow them with good dispersion and solubility in water.
XPS characterization has been further applied to examine the

chemical composition and bonding configuration of the C-CDs-
120-30. The overall spectrum indicates the existence of C, O, K, and
N elements, as reflected by the characteristic bands relating to C 1s
(285 eV), 0 1s (531 eV), K 2p (292 eV), and N1s (401 eV) (Fig. 1(f))
[23]. As we know, carrot juice has many nutrients, including fiber,
potassium, nitrates, vitamins, etc. Thus, it is not surprising with the
detection of the above elements. Chemical composition ratios for C,
O, K, and N were measured to be 62.33%, 32.21%, 4.70% and 0.76%,
respectively. Deconvolution of the C1s band suggests the presence
of C—C/C=C (284.8 eV), C-O (286.2 eV), and C=0 (288.1 eV)
(Fig.1(g)). As to the O1s spectrum (Fig. 1(h)), it can be deconvoluted
into three subpeaks, which are assigned to the COOR (534.2 eV),
C—0—C(532.1 eV), and M — O groups (530 eV). Spectral decom-
position of the K2p peak derives two peaks at 290.8 eV (K 2p12) and
296.6 eV (K 2psp), revealing the co-existence of different spin
states of electrons in the K 2p orbitals and the presence of K—O
compounds. The above XPS results indicate the surface of the C-CDs
has abundant functional groups.
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3.2. Optical properties of C-CDs

CDs are well known to possess the ability to absorb light in the
UV region while emitting light in the visible region. Fig. 2(a) shows
the UV absorption and transmission spectra of the C-CDs solution
with 0.4 mg-ml~! of concentration in the range of 280—800 nm. In
the absorption spectrum (black), two prominent absorption bands
appear at 297 nm and 383 nm, corresponding to the 7-7* transition
of the carbon core and the n-w* transition of carbonyl groups,
respectively [24]. This suggests the C-CDs contain aromatic struc-
tures and carbonyl functional groups. As to the transmission
spectrum (red), near 0% UV transmittance is realized in the range of
280~400 nm, revealing the C-CDs have excellent UV absorption
performance. However, for the carrot juice, no absorption bands are
absorbed in the 280—400 nm of the UV absorption spectrum,
confirming the successful generation of CDs from carrot juice
(Fig. S2). The use of C-CDs provides several benefits, including easy
availability, environmental friendliness, sustainability, and afford-
ability. Furthermore, the color of the C-CDs solution changes from
yellow to blue upon 365 nm UV irradiation, indicating their
favorable optical properties (inset).

Fig. 2(b) provides the excitation spectrum as well as the emis-
sion spectra of the C-CDs under the excitation wavelength of
375—495 nm. The emission peak is gradually red shifted with the
increase of the excitation wavelength. Such excitation-dependent
photoluminescence behavior is a unique feature of CDs, and is
ascribed to the multiple defect sites of CDs [25]. Specifically, the
electron energy levels and transitions in CDs confer them photo-
luminescent properties, where different functional groups induce
various electronic states. With varying excitation wavelengths, the
energy gaps of certain functional groups will be initiated, and the
corresponding surface defects become dominant. As a result,
excitation-dependent emission behavior is presented. Fig. 2(c)
shows the fluorescence lifetime decay curve of the C-CDs, which
could be fitted with a multi-exponential equation as below:

I(t) =B1e="/™) 4 Bye(=7/72) 4 Boe(=7/T3) 4 B,e(-7/T4) (1)
B:
Ri=— (2)
> Bi
i=1
4
Tavg = ZRiTi (3)
i=1

where I(t) corresponds to the sum of the individual exponential
decay intensities, B; and 7; are the amplitude and lifetime of each
component, R; is the fractional contribution of the decay lifetime of
Ti, Tavg is the average fluorescence lifetime [26]. Fitting parameters
were shown in Table S2. Resulting from the measurement, the
average fluorescence lifetime was calculated to be 2.96 ns. Besides,
the multi-exponential equation of the fluorescence lifetime decay
curve indicates the luminescence of C-CDs is primarily related to
the surface functional groups [26].

3.3. UV absorption of C-CDs

The influence of process parameters on the UV absorption
property of the C-CDs was studied by regulating the reaction
temperature and residence time. Once the reaction temperature
increased from 110 °C to 120 °C, the intensity of the absorption
bands at 297 nm and 383 nm concurrently enhanced, which should
be due to the increased density of the C-CDs (Fig. 3(a)). However,
when the reaction temperature exceeds 130 °C, the UV absorption
intensity apparently decreased. Meanwhile, the color of the C-CDs
solution became darker. This phenomenon can be explained by the
enhanced carbonization degree of the C-CDs [27,28]. As reported,
the carbonization of carbon dots often leads to the notorious
aggregation-caused quenching effect as well as reduced UV ab-
sorption performance [29]. Same phenomenon was also observed
for the C-CDs prepared at different residence times. Specifically, the
absorption intensity of the C-CDs initially increased when the
residence time was within 30 min, while gradually decreased at
prolonged residence time (Fig. 3(b)). Once the reaction temperature
or the residence time exceed certain values, the capillary can be
easily blocked by the carbon dots. Therefore, C-CDs-120-30 were
chosen for the subsequent experiments.

By recording the UV absorption spectra of the C-CDs-120-30
at different pH levels (2—12), the stability of the UV absorbance
was evaluated. In acidic conditions, the absorption band at
383 nm is more pronounced than the band at 297 nm, indicating
the C-CDs have better capability to block the UVA radiation
(Fig. 3(c)). By contrast, in alkaline conditions, the absorption band
at 297 nm became more prominent compared to the band at
383 nm (Fig. 3(d)). A reasonable explanation is that the UV ab-
sorption property of the C-CDs is closely related to their surface
functional groups and chemical states. In acidic conditions, the
carboxylic groups on the surface of C-CDs exist in a protonate
form, where the C=0 bonds containing a higher quantity of n
electrons exhibiting increased polarity [30]. These electrons can
be excited to the m* antibonding orbitals, leading to enhanced
intensity of n-m* transitions at 383 nm. While in alkaline
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UV irradiation for 40 days.

conditions, the carboxylic groups are predominantly in a
deprotonate form, dispersing the n electrons with a negative
charge, which decreases the probability of excitation to the m*
antibonding orbitals and thus lowers the absorption intensity at

383 nm. Besides, it is also seen the UV absorbance intensity is
rather stable in a wide range of pH, without shift in the peak
position, suggesting the C-CDs can offer consistent UV protection
over a broad pH range.
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In addition to pH, the stability of UV absorbance of the C-CDs-
120-30 was assessed at 60 °C for different times. The UV-Vis
transmittance spectra remain virtually unchanged, even after 7
days, suggesting the C-CDs possess high temperature stability for
UV absorbance (Fig. 3(e)). Furthermore, when exposed to 365 nm
UV irradiation for 40 consecutive days, the C-CDs present slightly
decrease in the transmittance in the range of 400—700 nm, while
remained almost the same (close to 0%) within the 280—400 nm
range (Fig. 3(f)). The results reveal the C-CDs have strong UV ab-
sorption ability and long-term stability. Therefore, the demon-
strated excellent UV absorption performance of the C-CDs together
with their good stability, biocompatibility and water solubility
makes them an ideal candidate for sunscreen agent.

3.4. Application of C-CDs@PVA membrane

PVA is a non-toxic, biodegradable, and biocompatible polymer
that has been widely used as packaging materials. However, it has
been faced with a degradation challenge after long-term ultraviolet
radiation, and therefore reducing its durability while in use [31].
The addition of UV absorbers into PVA is an effective manner to
extend its useful life [32]. In this work, C-CDs of different concen-
trations were incorporated into PVA to prepare C-CDs@PVA films,
which had similar thickness (Table S3), aiming to verify the strong
UV absorption capability of the C-CDs. As depicted in Fig. 4(a), the
PVA film without C-CDs has a UVA light transmission of 92.2% and
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UVB light transmission of 80.7%, suggesting it has poor ultraviolet
resistance. By contrast, with the addition of C-CDs into the PVA film,
the ultraviolet resistance greatly improves. Once the C-CDs con-
centration increases to 0.5 mg ml~, merely 7.8% UVA and 0.1% UVB
can pass through the PVA film. As the C-CDs concentration further
rises, the C-CDs@PVA film has enhanced UV-Vis absorption per-
formance. Nearly 100% ultraviolet light can be blocked by the PVA
films when the C-CDs concentration exceeds 1.0 mg ml~', and is
accompanied by a significant reduction of visible light transmission
(Fig. 4(b)). Meanwhile, the color of the C-CDs@PVA film changes
from transparent to light yellow, and finally becomes brown with
the elevated C-CDs concentration (Fig. S3). This is due to the fact
that high concentration of C-CDs helps to enhance light scattering
and absorption.

The UV blocking efficiency of the C-CDs@PVA films was also
evaluated by a UV radiometer. Briefly, PVA and C-CDs@PVA1-5
films were placed on the substrate under natural light, with an
initial UV light intensity of 1825 pW-cm 2. The residual UV radia-
tion intensity was then measured. As the C-CDs concentration
raised from 0 to 0.5 mg-ml~!, the UV blocking rate of the film in-
creases from 4.8% to 97.3%, which can effectively prevent the UV
damage to the films and extend their lifespan (Fig. 4(c)). The UV
blocking efficiency of the films is measured again after sunlight
exposure for 7 days. It is shown the PVA film without C-CDs only
blocked 2.9% of UV radiation, in contrast to the excellent UV
blocking performance of the C-CDs@PVA films. Moreover, the UV-
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Fig. 4. UV transmission curves of the pure PVA film and C-CDs@PVA films: (a) C-CDs concentration: 0.1—0.5 mg-ml~"; (b) C-CDs concentration: 0.5—64 mg-ml~'; UV shielding
efficiency of (c) the as-prepared C-CDs@PVA and (d) C-CDs@PVA films after sunlight exposure for 7 days.
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shielding efficiency of the C-CDs@PVA1-5 films is measured to be
86.1%, 91.4%, 93.3%, 93.7%, and 93.8%, respectively, suggesting their
stability in blocking UV radiation (Fig. 4(d)). The above results
reveal the C-CDs@PVA films possess excellent UV-shielding per-
formance and anti-photoaging properties, making them appealing
for UV radiation protection purpose.

In addition, this work also prepared PVA film as well as C-
CDs@PVA films of different film thickness (30—150 pum), and
studied the influence of film thickness on its sun protection per-
formance. Fig. S4 shows UV transmittance spectra of PVA films and
C-CDs@PVA films of different thickness. For both films, UV trans-
mittance decreases with the increase of film thickness. Compared
to PVA films, C-CDs@PVA films have better UV absorption

performance, where the transmittance of UV at 320 nm decreases
from 43.3% to 2.1% when the film thickness increases from 30 pm to
150 pm. Therefore, the film thickness can affect the sun protection
performance of PVA films and C-CDs@PVA films. The UV light
protection mechanism of C-CDs@PVA membrane can be attributed
to two aspects: C-CDs and PVA film. As we known, the surface of C-
CDs contains functional groups like aromatic and carbonyl groups.
They can absorb ultraviolet light and cause m-7t* and n-7t* transi-
tions. Besides, the PVA films also exhibit UV-shielding perfor-
mance. Both factors contribute to UV light protection.

To better demonstrate the UV-blocking property of the C-
CDs@PVA films, the C-CDs solution was exposed to a UV lamp
(365 nm) for irradiation, in which a PVA-based film was placed

C-CDs@PVA-1

C-CDs@PVA-3

C-CDs@PVA-5

-

Fig. 5. Photographs of C-CDs solutions upon 365 nm UV irradiation, between which C-CDs@PVA films are placed.
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Fig. 6. (a) UV transmittance spectra of skin cream with different concentrations of the C-CDs; (b) In vitro cytotoxic effects of the C-CDs on HFF cells at different concentrations; (c)

Scavenging activity of the C-CDs against DPPH free radicals at varying concentrations.

between them to absorb UV light. One can see the C-CDs solution
emits bright yellow fluorescence with the pure PVA film. However,
as the C-CDs concentration in the film increases, the fluorescence
from the C-CDs solution gradually weakens. For the C-CDs solutions
filtered by the C-CDs@PVA-4 and C-CDs@PVA-4, yellow fluores-
cence is hardly seen (Fig. 5). This in turn, suggests the addition of
the C-CDs in the PVA film will endow it with UV-shielding property.

3.5. Practical application of the C-CDs in sunscreen

To assess the practical application of the C-CDs in sunscreen
creams, they were added as an ingredient in a representative skin
cream formulation. The skin cream without C-CDs has only slight
UV-shielding effect, as reflected by the high transmittance of ul-
traviolet rays (~90%) in the range of 280—400 nm (Fig. 6(a)). By
contrast, the addition of the C-CDs in the skin cream leads to
drastically reduced UV transmittance. Specifically, for the skin
cream with 1% (mass) C-CDs, the average transmittance in the UVB
and UVA range is 8.3% and 12%, respectively, which is much lower
compared to the pure cream. As to the skin cream with 5% (mass) C-
CDs, the average transmittance is measured to be 2.7% and 4.9% in
the UVB and UVA regions, and can effectively protect people from
UV irradiation. In addition, UV spectra of skin creams containing 1%
(mass) of commercial sunscreen agents (EMHC and DHHB) were
also recorded (Fig. S5). For the skin cream with 1% (mass) of EMHC,
the average transmittance in the UVB and UVA range is 30% and
87%. As to the skin cream containing 1% (mass) of DHHB, the
average transmittance was measured to be 48% and 24%. The above
results indicate the C-CDs have better UV absorption performance
than commercial sunscreen agents, and can significantly reduce
UV transmittance in UVA and UVB regions. Cytotoxicity of C-CDs is
an important safety assessment parameter, and is also evaluated
against HFF cells using the MTT assay in our work. As shown
in Fig. 6(b), the viability of HFF cells remained above 97% after a
48-h incubation with the C-CDs, revealing their excellent
biocompatibility.

In addition to the UV-shielding effect, the phenolic hydroxyl
groups of C-CDs also endow them with the ability to scavenge free
radicals [33]. In this work, the 2,2-diphenylpicrylhydrazyl (DPPH)
assay has been used to evaluate the properties of the C-CDs for
scavenging free radicals. As shown in Fig. 6(c), with the increase of
the C-CDs concentration, the scavenging activity of the C-CDs on
DPPH free radicals continues to rise, which exceeds 90% when the
concentration of the C-CDs reaches 0.5 mg ml~'. The results reveal
the C-CDs serve as potential antioxidants for the scavenging of free
radicals.

4. Conclusions

In conclusion, this work demonstrates a green continuous
microflow approach for the synthesis of carbon dots from carrot
juice. The composition, morphology, structure, size, and optical
properties of the C-CDs have been examined by complementary
characterization, with the process parameters explored and
optimized. Small sized carbon dots (averaged size: 3.87 nm) of
narrow size distribution and good water solubility prove to be
synthesized, and their surfaces have abundant functional
groups. The optical properties of the C-CDs were studied, sug-
gesting they have excellent ultraviolet absorption performance
in both UVA and UVB regions. Besides, the UV absorption
property of the C-CDs is rather stable in a wide range of pH,
even after 7 days or in a relative high temperature of 60 °C. This
indicates the C-CDs can offer consistent UV protection in harsh
conditions. By incorporating the C-CDs in PVA films to form C-
CDs@PVA composites, they can endow the PVA films with UV
absorption property. Nearly 100% ultraviolet light can be
blocked by the PVA films once the concentration of the C-CDs
exceeds 1.0 mg ml~ 1,

The practical application of the C-CDs has been further evalu-
ated by adding them in skin cream as sunscreen agents. With the
increased concentration of the C-CDs, the cream has significantly
enhanced UV absorption properties. Merely 4.9% and 2.7% ultravi-
olet light is transmitted in UVA and UVB regions when the con-
centration of the C-CDs reaches 5% (mass). Compared to
commercial sunscreen agents like EMHC and DHHB, the C-CDs
exhibit better UV absorption performance. Besides, the C-CDs also
demonstrate good biocompatibility against HFF cells as well as high
DPPH radical scavenging activity. These properties make them
appealing as effective and green sunscreen absorbers. The green
continuous microflow approach for the synthesis of C-CDs, together
with their excellent UV absorption properties and good biocom-
patibility, is expected to promote the development of natural
sunscreen agents.
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