
Dihydroxyacetone: An Updated Insight into an Important
Bioproduct
Rosaria Ciriminna,[a] Alexandra Fidalgo,[b] Laura M. Ilharco,*[b] and Mario Pagliaro*[a]

1. Introduction

Commercially obtained from glycerol through microbial fer-
mentation, over the acetic acid bacteria, 1,3-dihydroxyacetone

(DHA; 1,3-dihydroxy-2-propanone) is the simplest ketone form
of sugars (ketoses) and an important intermediate in carbohy-

drate metabolism in higher plants and animals formed during

glycolysis.[1] In the solid-state, DHA exists as a dimer with a
dioxan structure, which, upon dissolution, readily dissociates

into a mixture of free carbonyl and hydrated monomers
(Scheme 1).[2]

In a typical Maillard reaction (the reaction of sugars with
amino acids, ubiquitous in cooking and, thus, in daily life),[3]

DHA reacts with the protein keratin on the skin surface, pro-

ducing pigments called melanoidins, polymeric compounds
that are linked by lysine chains to the proteins of the stratum

corneum.[4]

Its browning effects, exploited also to mask the effects of vi-
tiligo (treatment with a 6 % DHA cream, leading to 90 % satis-

faction of vitiligo patients),[5] were discovered by accident in
the 1930s: attempts to treat diabetes patients with oral doses

of DHA resulted in a deep yellow coloring of gums.[6] The first

self-tanning lotion is said to have been commercialized in 1945
in California,[6] though most reports agree that sunless tanning

products debuted on the US cosmetic market in 1959.[7]

In any case, in the 1950s, Wittgenstein rediscovered the skin

browning caused by DHA while studying the effect of large
oral doses of DHA in children with glycogen storage disease.

The skin of the children that casually and accidentally came

into contact with DHA in solution turned brown, whereas tex-
tiles did not.[8] Wittgenstein and Berry concluded their 1960

“artificial tan” study[9] by reporting findings on the mechanism
of skin staining with DHA, stating that it “appears to proceed

through combination with free amino groups in skin proteins,
and particularly by combination of DHA with the free guanido
group in arginine”.[9]

Fifty five years later (in 2015), driven by consumer demand
for a fashionable tan throughout the whole year and by con-
comitant increasing awareness of UV photodamage hazards,[10]

one of the leading self-tanning product manufacturers sold

out a year’s worth of stock of its in-shower tanning lotion in
only one day.[11] Already in 2011, 41 % of women in the UK

were reported to use self-tanning products.[12] In this study,

we provide an updated bioeconomy perspective into a valued
bioproduct (DHA), whose supply and production from

readily available glycerol, we argue, will rapidly expand and
diversify.

2. Quality and Health Aspects

DHA has been approved across the world for use in self-tan-
ning products for several decades. To quote an industry’s prac-

titioner “no other substance, so far, has been capable to pro-
vide more satisfactory or more lasting results”.[6] In the EU, for

example, the Scientific Committee on Consumer Safety evalu-
ated the safety of DHA as a self-tanning ingredient in cosmetic

Currently obtained from glycerol through microbial fermenta-
tion, the demand of 1,3-dihydroxyacetone (DHA) has signifi-

cantly grown during the course of the last decade, driven by

the consumer passion for a tan and increasing awareness of
UV photodamage to the skin caused by prolonged exposure

to the sun. We provide an updated bioeconomy perspective
into a valued bioproduct (DHA), whose supply and production

from glycerol, we argue in this study, will rapidly expand and

diversify, with important global health benefits.

Scheme 1. Dimeric DHA in the solid state dissociates into a mixture of free
carbonyl and hydrated monomers upon dissolution.
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formulations, in 2010, and concluded that the use of DHA in
skin formulations at concentrations up to 10 % will not pose a

risk to the health of the consumer.[13] Several medical associa-
tions recommend it as a safer alternative to UV radiation from

the sun or from hazardous tanning beds (“we don’t call those
UV tanning booths; we call them tanning coffins”).[14] Exposure

to UV radiation and, in particular, to indoor tanning beds can
cause skin cancer, skin burns, and premature skin aging. Cur-
rent misconceptions among the general public about the es-

tablished risks of DHA-containing sunless tanning products, as
well as guidelines for their proper use, have been reviewed

lately.[15]

Sunless tanning products containing DHA produce, within a

few hours, a relatively long-lasting tan (from 3 to 10 days, de-
pending on the formulation), without the risks of photodam-

age. As mentioned above, this reaction is limited to the stra-

tum corneum (the outer layer of human skin comprised of
dead cells), and in vitro skin absorption studies have found no

significant systemic absorption of DHA when applied topically
to the skin.[16] On the other hand, the Maillard reaction be-

tween DHA and amino acids generates reactive oxygen species
(ROS), namely highly reactive free radicals,[17] that may attack

the cell structures and degrade collagen and elastin fibers, pro-

moting premature skin aging and wrinkle formation. The pro-
cess is accelerated under sun radiation, with more than 180 %

additional radicals generated during sun exposure with respect
to untreated skin, thus requiring short or no sun exposure

when self-tanners are used.[18] It is also relevant here to notice
how, when applied on the skin, a typical DHA-based cream at-

tenuates the sunlight-induced formation of vitamin D.[19]

Owing to the formation of ROS, it is perhaps not surprising
that DHA induces DNA damage.[20] More recently, scholars in

the US confirmed and expanded these results, showing that
exposing viable cells to DHA significantly alters the cell micro-

environment, promoting the induction of cell death, in particu-
lar through internal exposures from inhalation, absorption into

mucous membranes, or through broken skin.[21] The team con-

cluded that more work is necessary to understand the complex
metabolic events induced by exposure to DHA.

Meanwhile, as DHA continues to be approved as a self-tan-
ning ingredient, this is a clear case in which chemical innova-

tion aimed at product quality improvement, concomitantly
leads to minimized potential health and safety risks, while still

avoiding the UV-induced skin photodamage of conventional
tanning.

Conventional self-tanning formulations use relatively high

levels of DHA (up to 15 %), causing unnatural orange tones,
smell due to the Maillard reaction (a burnt biscuit stench), and

uneven deposition of color and skin dryness. Successful efforts
devoted to solve these issues and improve the artificial tan-

ning process include: increased stability (avoiding incompati-

ble ingredients in the final formulation, whose pH must be
below 5 for DHA stability) ; reduced damage from free radicals

(through the addition of powerful natural antioxidants) ; en-
hanced tan, lasting longer and providing a more pleasing color

tone (by adding erythrulose, another keto-sugar occurring in
red, to the formulation).

Further improvements originate from purer DHA made avail-
able by suppliers, preferably in powder form (the degradation

of DHA in this form is negligible when stored at room temper-
ature for one year; whereas a 10 % DHA aqueous solution

stored at 40 8C for 6 months shows a loss of approximately
25 % of the active ingredient).[22]

A non-exhaustive Review[23] of recent progress started in
2011, when research chemists at a large chemical company in-
troduced a new formulation, in which DHA was added in a low

amount (from a concentration of ca. 0.01 % to ca. 0.9 %) to a
topical cosmetic base comprising moisturizers, vitamins, bota-

nicals, oils, and sunscreen agents. This was formulated as an
emulsion with the aid of an emulsifier suitable for topical use
on skin, such as cetearyl glucoside, which strengthens the lipid
structure within the skin, establishing a barrier to moisture

loss.[23] Other examples of similar commercial formulations in-

clude hyaluronic acid (to keep the skin hydrated), hemp seed
oil extract containing all 21 amino acids for a healthy skin,

black tea, and Aloe Vera antioxidants with soothing proper-
ties.[24] Furthermore, some of the DHA added to the formula-

tion is microencapsulated, so as to provide a long-lasting tan
through the slow release of the entrapped molecules as well

as to assure a longer shelf life.

Another new formulation consists of tailor-made tanning
products based on liquid concentrates, blending DHA with

raspberry oil and Aloe Vera, which users can combine with
their moisturizer to create multi-tasking skincare products,

with even sleep-mask tan formulations to replace conventional
nightly skincare masks.[25] The list concludes with a self-tanning

product that includes a blend of EcoCert-certified DHA and er-

ythrulose with cardamom seed oil and five aromatic teas, so as
to avoid the use of any phthalate-containing fragrance to

mask the unpleasant smell that often characterizes sunless tan-
ners: natural pigments beet root, blue green algae, caramel,

and cocoa powder.[26]

In general, the new formulations make the skin appear more

moisturized, and the color more natural and more radiant over

an extended period of time, thereby solving the old orange-
looking and odor issues typical of former self-tanning composi-

tions.[23] With today’s advanced formulations, no professional
application of sunless tanning products or complex skin prepa-
ration steps are required, with products ranging from portable
lotions to post-shower formulations.

3. Market and Production

The global self-tanning product market was recently forecast
to generate $1.011 million revenue in 2017.[27] For comparison,

global revenue in 2014 was around $775 million.[27] In the US,
from 2011 to 2016, the market grew by 27 % (from $135 million

to $171 million), and by another 19 % in 2017 alone.[11]

In 2013, Dobos emphasized how improved self-tanning
products that were capable of gradually providing a more nat-

ural color had become so successful that consumer demand
resulted in product shortages, causing “bidding wars”[7] on a

well-known online shop. By the same token, with several mil-
lion cases of non-melanoma skin cancer treated every year
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across the world, the use of self-tanning products by increas-
ingly aware consumers, willing to avoid the hazards of long-

term sun exposure, will only increase. This means that there is
a need to expand and renew the conventional production of

DHA. Accordingly, by analyzing the global DHA industry, a
market research company recently concluded that the “devel-

opment of technology is the key”.[28] The industrial production
of DHA involves the biotransformation of pure glycerol in
aqueous solution through the free cells of the acetic acid bac-

teria Gluconobacter oxydans in a reaction catalyzed by glycerol
dehydrogenase.[29] This microbial process typically requires re-
action times of up to 70 h, with a maximum yield of 40 %, lead-
ing to a high production cost.

Concomitant to market expansion, numerous attempts have
been devoted to improving the conventional method. Suffice

it to mention here, the conversion of glycerol to DHA has

been mediated by the glycerol dehydrogenase enzyme encap-
sulated in magnetic mesoporous silica, with the solid catalyst

being easily separated from the reaction mixture (by using a
simple magnet) and recycled in seven consecutive cycles.[30]

The use of a raw biodiesel glycerol by-product in place of pure
glycerol has also been converted over an alginate-immobilized

biocatalyst (cell extract), resulting in a similar concentration of

DHA (8.7 g L@1) in only half the time.[31]

Figures on the DHA market volume greatly differ. A 2010 sci-

entific article from Japanese scholars[32] suggests that the
annual production of DHA would amount to 2000 tons.

Indeed, as a chemical imported in the EU market in quantities
of 1000–10 000 tons per year, DHA appears in the European

Chemicals Agency register, in which two new suppliers regis-

tered as of late 2017.[33]

Similarly, publicly available prices for DHA differ greatly.

Scholars in South Korea in 2015 reported a price of
$150 kg@1,[30 ]emphasizing how attractive this made the conver-

sion of glycerol to DHA, given the low price of glycerol
($0.35 kg@1). Glycerol derived in huge amounts from biodiesel

manufacturing has become an inexpensive platform chemi-

cal.[34] All of these arguments anticipate the forthcoming devel-
opment and commercialization of chemical catalysis affording
high yields of DHA, especially in view of low capital and opera-
tional costs.

A first major advance was reported by Koper and co-workers
in 2012, as they obtained 100 % selectivity in the electro-oxida-

tion of glycerol to DHA at the surface of a PtBi/C electrode
modified with bismuth.[35] No chemical oxidant was required
besides the electric current.

Though less selective, mediating the electrocatalytic oxida-
tion of glycerol to DHA in 61.4 % yield (and about 15 % yield of

glyceraldehyde) at a glycerol conversion of 90.3 % under mod-
erate voltage (0.797 V vs. SHE, standard hydrogen electrode),

the PtSb/C electrocatalytic electrode was shown, by scholars in

South Korea in 2016, to be highly stable. Reused for five con-
secutive reaction cycles, after washing several times with water

and drying in an oven at 343 K for 2 h prior to reuse, the elec-
trocatalytic electrode retained its high original activity and se-

lectivity, affording glycerol conversion and selectivity values
with variations of only around 5 % (Figure 1).[36]

Another major advance was reported by Xu and co-workers

in 2013,[37] when they showed how to heterogeneously oxidize
glycerol to DHA by using O2 as the primary oxidant in water, at

room temperature and atmospheric pressure, over a nano-
structured flower-like Bi2WO6 photocatalyst, under visible-light

irradiation. Though carried out in a diluted 0.067 m solution,

the new photocatalytic process afforded unprecedented yield
(87 %) and selectivity (91 %) values. The process was even im-

proved 2 years later with the sol-gel encapsulation of the pho-
tocatalyst, which resulted in a threefold enhanced reaction

rate, while retaining the striking selectivity to DHA.[38] Almost
concomitantly, a similar technology was developed in Germa-

ny, based on a heterogeneously photocatalyzed process under

normal conditions (room temperature, ambient pressure) using
a-Bi2O3/Pt powder as the visible-light photocatalyst from a

concentrated aqueous solution of glycerol (1:1 glycerol/water
by volume).[39] Remarkably, a company in Germany already

offers the technology for transfer to industry.[40]

4. Outlook and Conclusions

Since the 1920s, when tanning was made trendy by Coco

Chanel,[41] a tan has become highly fashionable across the
world. Based on the use of new bioproducts and microencap-

sulation technology, significant progress in self-tanning prod-
ucts using DHA as the active ingredient has been able to solve

the main issues of former self-tan formulations. As these new
formulations penetrate the market, the negative reputation of
self-tanning products will become obsolete, and self-tan uti-

lization may become as commonplace as the use of lipsticks
and other makeup. Advanced producers even offer online ap-

plications (Tan Mirror), allowing users to take a photograph
and see how they will look after application. Driven by product

quality, such progress has afforded benefits to health and
safety issues, as new formulations comprise much lower
amounts of DHA, containing powerful natural antioxidants that

are capable to quench the ROS free radicals generated on the
skin upon the application. This resulted in a net positive contri-

bution to health by avoiding prolonged exposure to the UV ra-
diation, both under the sun and in tanning booths and beds.

Figure 1. Stability test of the PtSb/C electrode for glycerol oxidation [reac-
tion conditions: 0.1 m glycerol, 0.797 V, 60 8C, 10 h] in a mixture of 0.1 m glyc-
erol and 0.5 m H2SO4 at a constant potential of 0.797 V (vs. SHE). Reproduced
from Ref. [36] with permission. Copyright (2016) Royal Society of Chemistry.
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Globally, this has led to a booming demand of high-purity and
possibly even certified DHA. Although market figures are gen-

erally not publicly available, we assume that the current
annual DHA production has more than doubled from the

2 000 tons produced in 2009/2010. Along with advances in
conventional DHA manufacturing through glycerol microbial

oxidation, the aforementioned high demand and sustained
high prices open the route to the introduction of industrial

DHA catalytic syntheses. In particular, we argue, in this study,

that the oxidant-free electrocatalytic oxidation of glycerol over
new and highly stable electrodes[37] and the aerobic photooxi-
dation driven by solar light[35] are ideally suited for industriali-
zation. This article offers an updated bioeconomy perspective

that will be useful to researchers and industry practitioners in
accelerating the progress of DHA manufacturing and the pro-

duction of self-tan formulations capable of deploying the full

potential of this unique molecule.

Acknowledgements

We thank Dr Hiroshi Kimura, currently at nukaken.jp (Kokura, Ki-

takyushu-City, Japan), for helpful correspondence.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: bioeconomy · bioproduct · dihydroxyacetone

(DHA) · glycerol · self-tanning products

[1] A. Cjrdova, W. Notz, C. F. Barbas III, Chem. Commun. 2002, 24, 3024 –
3025.

[2] L. Davis, Bioorg. Chem. 1973, 2, 197 – 201.
[3] N. Tamanna, N. Mahmood, Int. J. Food Sci. 2015, 2015, 526762.
[4] B. C. Nguyen, I. E. Kochevar, Br. J. Dermatol. 2003, 149, 332 – 340.
[5] N. Rajatanavin, S. Suwanachote, S. Kulkollakarn, Int. J. Dermatol. 2008,

47, 402 – 406.
[6] M.-C. Martini, Ann. Dermatol. Venereol. 2017, 144, 638 – 644.
[7] A. K. Dobos, Cosm. Toil. 2010, 125, 42 – 45.
[8] L. Raber, Chem. Eng. News 2000, 78, 46.
[9] E. Wittgenstein, H. K. Berry, Science 1960, 132, 894 – 895.

[10] U.S. Food and Drug Administration, Tanning, 2017. See at the URL:
https://www.fda.gov/Radiation-EmittingProducts/RadiationEmittingPro-
ductsandProcedures/Tanning/default.htm.

[11] V. Berezhna, Self-Tanning Goes Upscale, businessoffashion.com, 9 No-
vember 2017. See at the URL: www.businessoffashion.com/articles/
beauty/self-tanning-goes-upscale.

[12] T. de Castella, Fake tan: How did it become the new normal?, BBC News
Magazine, 7 September 2011. See at the URL: www.bbc.com/news/mag-
azine-14801688

[13] Scientific Committee on Consumer Safety, Opinion on dihydroxyace-
tone, 14 December 2010, See at the URL: https://ec.europa.eu/health/
scientific_committees/consumer_safety/docs/sccs_o_048.pdf.

[14] P. Kennedy, Who Made That Spray Tan?, The New York Times, 7 Septem-
ber 2012. See at the URL: http://www.nytimes.com/2012/09/09/maga-
zine/who-made-that-spray-tan.html.

[15] A. Huang, N. Brody, T. N. Liebman, J. Am. Acad. Dermatol. 2017, 77,
991 – 992.

[16] J. J. Yourick, M. L. Koenig, D. L. Yourick, R. L. Bronaugh, Toxicol. Appl.
Pharmacol. 2004, 195, 309 – 320.

[17] R. V. Lloyd, A. J. Fong, R. M. Sayre, J. Invest. Dermatol. 2001, 117, 740 –
742.

[18] K. Jung, M. Seifert, T. Herrling, J. Fuchs, Spectrochim. Acta Part A 2008,
69, 1423 – 1428.

[19] L. A. G. Armas, R. M. Fusaro, R. M. Sayre, C. J. Huerter, R. P. Heaney, Pho-
tochem. Photobiol. 2009, 85, 1265 – 1266.

[20] A. B. Petersen, H. C. Wulf, R. Gniadecki, B. Gajkowska, Mutat. Res. 2004,
560, 173 – 186.

[21] K. R. Smith, M. Granberry, M. C. B. Tan, C. L. Daniel, N. R. Gassman, Envi-
ron. Toxicol. 2017, 1 – 10.

[22] M. C. Biotec, Dihydroxyacetone, Chongchuang Nantong, China. See at
the URL: www.mcbiotec.com/Up/day_171125/20171125084249234.pdf.

[23] A. K. Dobos, K. Phifer, A. I. Smith, J. Cordeiro, J. L. Rustici-Jones, S. Shir-
ley, A. K. Kanellis, WO 2012068444.

[24] Biddiscombe Sunless, www.biddiscombesunless.com/our-solutions/.
[25] Tan-Luxe, Sleep-Oil, www.tan-luxe.com/blogs/blog/sleep-oil.
[26] R. Brown, Self-Tanning Brand CleanTan Gives A Whole New Meaning To

Tea Time, www.beautyindependent.com/self-tanning-cleantan/.
[27] Statista, Projected revenue of the self-tanning product manufacturing

industry from 2012 through 2017, New York: 2017. See at the URL:
www.statista.com/statistics/245217/projected-revenue-of-the-self-tan-
ning-product-manufacturing-industry/.

[28] Chem-Report Technology, Dihydroxyacetone Global Market and Forecast
Research, Shanghai : 7 August 2017. See at the URL: www.chemreport.-
net/report/global/1004/9036950.html.

[29] Z. Zheng, M. Luo, J. Yu, J. Wang, J. Ji, Ind. Eng. Chem. Res. 2012, 51,
3715 – 3721.

[30] G. S. Kumara, Y. Wee, I. Lee, H. J. Sun, X. Zhao, S. Xia, S. Kim, J. Lee, P.
Wang, J. Kim, Chem. Eng. J. 2015, 276, 283 – 288.
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