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Summary 

There has recently been a demand on the cosmetics industry by patrons to increase the amount of 
dihydroxyacetone (DHA) in tanning solutions of that nature, and yet it has been suspected that there 
exists a limit after which the extent of tanning no longer increased by increased DHA concentration. The 
development of a simple ‘rough-and-ready’ substrate mimicking human skin with respect to its ability to 
be darkened by DHA would greatly aid in the quantitative verification of this suspicion. While there do 
exist medical skin analogues such as Vitro-Skin and Vitro-Corneum (costing in excess of 70$US per 
sheet1), which has been shown to undergo DHA-induced tanning, their relatively high cost may render 
them impractical for the purposes of practical cosmetic research and development, wherein samples of 
great number are required to be prepared simply and quickly for a myriad of relatively mundane but 
essential tests for each new product. It was thus the objective of this study to investigate the viability of 
an inexpensive in vitro substrate which may be used to yield reproducible results as to the efficacy of 
DHA-containing tanning solutions.  

Background 

The triose dihydroxyacetone (DHA) has long been known to cause a darkening of pigmentation of the 
skin exposed to it, thus inviting its use as the active ingredient in many sunless tanning products. Unlike 
the tanning of human skin caused by solar radiation whereby UV radiation frees copper normally bound 
to sulphydryl groups thus stimulating the tyrosinase-catalysed production of melanin2 3, the mechanism 
of DHA’s browning effect is the Maillard reaction. Typically occurring in a focus of study in food 
chemistry, the Maillard reaction between a carbohydrate (in this case the DHA) and an amino acid (i.e. 
the residues of the various protein found in stratum corneum the skin4, particularly keratin) to create a 
variety of brown-coloured complexes. Whilst many biochemical aspects of DHA-induced browning of the 
human skin by the Maillard reaction have been extensively studied, it remains a challenge to industry to 
precisely measure the ‘extent’ of tanning, due the variability of skin tone and consistency of human test 
subjects, and the inability to expose said subjects to DHA concentrations above acceptable limits. As it 
stands, there exists precious little data on even the most fundamental aspects of DHA’s efficacy as a 
tanning agent; there exists no known relationship between the extent of DHA-induced tanning and the 
DHA’s concentration, the temperature of exposure, and exposure time.  

This inquiry identified gelatin, rice flour, milk and soy products as possible candidates for this in vitro 
DHA-induced tanning substrate, and found a formulation of milk powder the easiest to prepare, as well 
as yield the most reproducible results. Hence, milk formed the substrate of choice to establish the 
relationship between the extent of DHA-induced tanning and variables such as DHA concentration, 

                                                           
1 VITRO-SKIN company website 
2Rothman, Krysa & Smiljanic Proc. Soc. Exper. Biol &Med. (1946) 62 208 
3 Flesch & Rothman Science (1948) 108 505  
4 Wittgenstein & Berry Science (1960) 132 984 
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reaction temperature and reaction time in an attempt to produce qualitative data on the efficacy of 
DHA-based tanning solutions that may be of relevance to future research and development. 

Research process  

The criteria for the desired substrate can be summarized as the following: 

• Inexpensive and readily available 
• Uniform in consistency for reproducibility and ease of sample preparation  
• Opaque and light in colour to provide a desirable ‘control’ colour in absence of DHA 
• Chemical composition similar to the keratin of human skin 
• Able to be prepared to give consistent results in a simple manner 

6Reviewing some of the 
earliest literature on the 
tanning effect of DHA, it was recognized that the amino acid which formed the most noticeable colour 
change to brown where the residues of arginine, glycine, and histidine which also happen to abound in 
the keratin the stratum corneum. In reality, however, any pale foodstuff with a reasonable protein (and 
hence amino acid) content, pale colour and uniform viscosity could be used. Thus, commercially 
available substances with a high arginine content were made the primary subject of early investigations, 
such as tofu, rice flour, and gelatin [Fig. 1]. Powdered milk was also chosen as a candidate due to its 
opacity, uniformity and protein content in the form of casein. 

 

Thus, initial tests consisted of adding a fixed amount of an aqueous 20% DHA solution to sample 
canisters charged with a ~3g cube of tofu, or the same volume of a rice flour slurry, or a powdered milk 
mixture, placed in a fridge ~3oC, ambient temperature (~20oC) and 45oC. After about two hours it 
became apparent that the tofu, rice flour and milk powder preparations had already darkened to a 

                                                           
5 Wittgenstein & Berry (1960)  
6Values for human skin in terms of percent ash-free protein (Meuting & al. Z. Kiln. Med. (1955) 152 495) ;All other 
values take from the USDA nutritional database, and are expressed in terms of grams per 100g of foodstuff 

Residue 
Pigment formed 
with DHA5 

Arginine 
Dark brown; 30 
min 

Glycine Dark brown; 6hr 
Histidine Brown; 12hr 
Lysine Yellow; 60min 
Tryptophan Yellow; 12hr 
Threonine Yellow; 12hr 
Alanine Fain yellow; 12hr 
Valine No colour 
Leucine No colour 
Phenylalanine No colour 



noticeable extent as compared to their respect control preparations. At this stage it was unanimously 
decided that the aqueous mixture of milk powder proved the most attractive of the candidates, as not 
only did it appear to darken to the greatest extent, but most uniform in its consistency, and the simplest 
to prepare solutions of a known composition. The results of all early investigations into the efficacy of 
potential substrates are thus summarised in [Table 1.]  

Table 1: 

Name of 
substrate 

Method of 
preparation Results with DHA Comments 

Tofu 
cut ~3g cube of tofu; 
place in DHA 

darkened appreciably at 
45oC; darkened very 
slowly at ambient 

deemed too difficult to guarantee 
homogeneity of sample 

Milk 
mixture 

mix milk powder in 
1kg of water; stir and 
gently heat until 
homogenous; place 
in fridge until 
needed; samples 
consist of 50% milk/ 
50% DHA solution by 
weight 

darkened to an extent 
proportional to DHA 
concentration, 
temperature, and 
exposure time 

chosen as the substrate to proceed 
with for quantitative measurements; 
prone to curdling if the DHA 
concentration is too low 

Rice Flour 

mix 200g of rice flour 
with 230g of water; 
add the same weight 
of DHA solution to 
prepare sample 

Darkened after several 
hours at 45oC 

could be used as alternative 
substrate; the two-phase nature of 
the slurry hinder reproducibility 

Soy milk 

mix 50% soy milk/ 
50% DHA solution by 
weight 

Darkened in a manner 
similar to the milk 
substrate 

could be used as alternative to the 
milk substrate, as it give very similar 
quantitative results; unsure of 
reproducibility as compared to milk; 
lower amino acid content but also 
lower lipid content 

 

Initial tests concerning the efficacy of the milk powder mixture’s sample preparation demonstrated that 
while it was possible to measure the extent of browning using linen swatches stained with the samples, 
the lipid and protein-rich fraction of the samples did not appear to disperse as much as the bulk of the 
mixture, leading to a slight blotchiness in the colour of the swatches, leading to the possibility of 
reduced reproducibility. Thus it was found that the optimal preparation of the milk substrate consisted 
of placing a fixed mass of the neat sample (20.00g) in a cup sheathed in a darkened environment. This 
method appears to produce more consistent results. Thus, quantitative analysis of DHA-induced 
browning of the milk substrate commenced by mixing in sample canister 50/50 solutions of the milk 
powder mixture with 0%, 5%, 10%, 15%, 20%, and 25% DHA solutions placed at 45oC overnight. The 
effect of temperature on the extent of DHA-induced browning was subsequently analysed by placing at 
~3oC (‘fridge’), ~20oC (‘ambient’), 25oC, 30oC, 35oC, 40oC, and 45oC, a canister of 50/50 milk substrate-
20%DHA solution mixture alongside a 50/50 milk substrate-water mixture. These too were left overnight 
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and measured for their chromatic properties. After analysis of the data from these analyses, the testing 
was refined to place the 50/50 milk substrate-DHA solutions of 0%, 3%, 6%, 9%, 12%, and 15% at 30oC 
over the weekend. Substituting the milk substrate for soy milk was also deemed advantageous, due to 
its lower sugar and lipid content, and thus a series of 50/50 soy milk-DHA solutions of the same 
concentrations were placed alongside the milk samples. Lastly, the 50/50 milk-DHA solution samples 
were made using the 0%, 5% 10% and 15% DHA solutions, were formulated and measured at semi-
regular intervals of time over a period of 70 hours at ambient temperature as a preliminary quantitative 
investigation of the DHA’s tanning-efficacy with respect to both time and DHA concentration. 

Quantitative data regarding the milk substrate 

It was decided that the parameters indicative of the ‘extent’ of tanning of the substrates were to be 
defined according to the 1976 CIE L*a*b* colour space, where L* (in this case the sum of the L* values 
of the D65 and A10 light sources) the total luminance of the substrate was considered to be inversely 
proportional to the ‘darkness’ of the tan, whilst the ‘total colour’ was defined as the average of (a*+b*) 
of the two light sources. All resultant data largely confirmed the assumption that L* and (a*+b*) were 
complementary parameters.  

Experiment 1: concentration intervals of 5%; reacted at 45oC overnight 

The change in both L* and (a*+b*) [Figs. 2a, 2b] is most 
dramatic in the range of 0% to 5% DHA, whilst increasing 
only sparingly when increasing the concentration from 
10% to 25%. These results strongly support the suspicion 
that the extent of tanning is not increased indefinitely by 
continually increasing the concentration of DHA, and thus 
there exists an optimal concentration of DHA above 
which tanning is not reasonably increased.  

Further examination of the darkening of the substrate at 
intervals of 3% reinforces the result that the sharpest 
increase in darkening is observed in the interval between 

0 and 6% DHA. [Figs. 4a, 4b] 
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Experiment 2: Analysing the substrate’s response 
to temperature 

Although at elevated temperatures, the milk mixture 
was prone to curling, perhaps compromising the 
homogeneity of the substrate, the overall L* and 
(a*+b*) of the 0% DHA ‘control’ substrate proved to be 
unexpectedly constant. The samples containing the 
20%DHA solution, however, exhibited an almost linear 
response in to change in temperature between 3C to 
30C, whilst from 30oC to 45oC, the linearity began to 
erode. This could either suggest that there exists a 
temperature range of optimal activity of DHA-induced 
tanning, or the more likely conclusion that over the 
~18hr interval the solutions reacted, the Maillard 
reaction producing the tanned products was driven 
largely to completion at temperatures above 30oC. 
[Figs. 3a, 3b] 

Experiment 3: Viability of soy milk as a substrate; 
3% DHA concentration intervals at 30oC 

Much like the results from the second half of experiment 1, the values of L* and (a*+b*) of the soy milk 
preparation change most significantly across the range 
of 0% to 10% DHA, with the response becoming less 
pronounced at higher DHA concentrations. It is of value 
to note, however, the sharp increase in (a*+b*) (and 
hence decrease in L*) between 12% and 15%, as it may 
indicate a reduced reproducibility in test results when 
using soy milk, or suggest the possibility of secondary 
Maillard reaction occurring at concentrations above 
12% DHA, perhaps with an amino acid residue not 
abundant in milk [Figs. 4a, 4b]. 

Compared with the actual numerical values of L* and 
(a*+b*) of the milk preparation, the soy substrate yields 
readings within close equivalence for each data point, 
with exception of the 0% control samples, which is 
less light than the milk substrate. Either way, the use 
of soy milk as a substrate may warrant further 
investigation, as it can be shown to contain less lipid 
components and is less susceptible to curdle over long 
periods of time.  
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Experiment 4: Milk substrates response to DHA solution concentration reaction time at ambient 
temperature 

With reference to Figs. [5a, 5b], it is 
immediately evident that as time progresses, 
the extent of darkening of substrate increases 
to an extent proportional the DHA 
concentration by a factor of L*=4.00 and 
(a*+b*) = 0.50. While there is a slight ‘hump’ 
exhibited in the L* vs. time plot, this hump is 
also exhibited in the control and thus may be 
assumed to arise from the possible 
‘contamination’ of ambient light. It is also 
apparent from these plots that after about 40 
hours, the rate at which the substrates darken 
gradually decreases, and that the increment by 
which (a*+b*) increases lessens with each 
%DHA increment, perhaps suggesting the 
existence of a limiting concentration after 
which the substrate is no longer appreciably 
darked according to increased DHA 
concentration. At this stage, it is interesting to 
note the findings of Jerman et al. (2001), 
wherein this ‘limiting DHA concentration’ was 
found to be around 0.75M (6.67%) when using 
VIRTO-SKIN as a substrate7. With further 
refinement of this experiment, a limiting 
concentration could exist for the milk substrate 
allowing for the calculation of proportionality 
of response to DHA between this milk substrate 
and the DHA.    

 

Potential of gelatinous substrates 

The efficacy of gelatin as a skin-like substrate was also deemed worthwhile to examine, due to its high 
amino acid (particularly glycine) and negligible sugar content as well as its versatility of preparation. 
Thus, initially a gel of 4% grade-A Gelita bovine skin gelatin was prepared, cut into cubes of ~3g and 
placed in a canister of 20% DHA at 45C alongside a control preparation of gelatin and water and left to 
sit overnight, whereupon the gelatin cubes were observed to redissolve into both solutions. While was 
observed that the canister containing the DHA solution was darker, the transparency of the samples 
made optical, and most likely chromatic measurement difficult to perform. Thus, it was considered 
advantageous to investigate the use of gelatin mixed with some opaque vehicle. Hence, a water:soy 
                                                           
7 Jerman, Toumiat & Imfeld International Journal of Cosmetic Science (2002) 24 35 
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milk:gelatin dispersion was made and set over the weekend, wherein a stiff, off-white gel was formed. 
Again, cutting a ~3g cube of the gel and placing it in ~20g of the 20% DHA solution the sample was left at 
45oC alongside a control. While the cube redissolved and was noticeably darker than the control, it was 
not as dark as to be expected for a substrate of that nature, and thus, the addition of the soy milk to the 
gelatin substrate was deemed to have a negligible, if not in fact retarding effect on the amount of DHA-
induced darkening. 

A different approach to the preparation of the gelatin involved taking inspiration from photographic 
emulsions, and coating paper and linen swatches with a dilute gelatin solution of <0.33%, pipetting a 
DHA solution of 10%, 15%, 20%, and 25% onto the respective swatch and leaving to react overnight at 
45oC. Unfortunately, the low concentration of the gelatin and possible lack of an aqueous or ethanolic 
medium after the swatches dried resulted in no colour change being observed in any of the swatches, 
and thus this preparation method was abandoned. 

By far the most promising of the results obtained from the investigations of gelatin as a substrate, 
however, involved the use of gelatin precipitated by ethanol. It was observed that if a fairly saturated 
(>4%) solution of gelatin is mixed with 200% its volume in ethanol, it forms an unstable emulsion, which 
upon agitation yields an opaque congealed precipitate of concentrated gelatin, most likely consisting of 
the gelatin’s heavier polypeptide fractions alongside a small amount of water and ethanol. If gently 
heated above 50oC, this mass liquefies to a viscous dark amber mixture before cooling to form a 
homogenous, off white rubbery mass when placed back at ambient temperature. This formulation has a 
tone, opacity and (if kept hydrated) texture remarkably similar to lightly human skin and thus exhibited 
great potential as a substrate. Hence, four sample canisters had each approximately 10g of this 
substrate placed in them, and were reacted with 0%, 5%, 10% and 15% DHA solution and left overnight. 
The canister were the purged of any excess liquid and placed at 30oC to accelerate the reaction to detect 
any differentiation of colour according to DHA concentration. After about 3 hours a colour gradient was 
observed and thus the samples were left to cool and measured for their chromatic properties. Needless 
to say, this substrate in of uncertain and possible variable composition with each bulk or batch 
formulation, and a greater amount of care needs to be taken with respect to its variation moisture and 
content, is the formulation has a habit of drying out when exposed to the open air. However, this 
substrate, if handled with care, may provide an alternative to the milk-based substrate if the latter is 
deemed to be incompatible with DHA solutions containing certain accelerants or inhibitors, or if a 
substrate is needed in the context of topical application of the DHA solutions. 

In its current method of preparation, this ethanolic gelatin precipitate regrettably consumes large 
volume of ethanol with respect to the substrate retrieved (less than 20g of substrate per 500mL of 
ethanol). However, a similarly opaque, slightly more hydrated formation was also prepared by adding 
100% the volume of ethanol to a hot supersaturated (~8%) and left to stand for several hours to stiffen. 
It would also be worthwhile investigating the use of gelatin precipitated by ammonium sulphate, as a 
more economical method of preparation. 

The results of all investigations using a gelatinous substrate are summarised in [Table 2].    

 

 



Table 2: 

Preparation method Results 

dissolve 10g of gelatin 250g of water; set in fridge; 
cut ~3g cube; add ~20g solution of DHA 

gelatin cube redissolved and darkened at 
45C; due to the transparency of the sample it 
was deemed too difficult to measure; in 
need of further investigation 

dissolve 10g of gelatin in 125g each of water and 
soy milk; set in fridge; cut ~3g cube; add ~20g of 
DHA solution 

redissolved and darkened at 45oC, but not to 
an appreciable extent;  

dissolve gelatin in water, coat linen swatches with 
the solution and dry; pipette DHA solution onto 
swatches 

no darkening was observed even at 45oC; 
gelatin content deemed too low to darken; 
swatches are known not to give particularly 
consistent readings on chromameters 

dissolve 10g of gelatin in 250g of water; quench 
with 500mL pf cold ethanol; agitate emulsion until 
gelatin precipitate aggregates; dry precipitate, 
liquefy and re-set to homogenise solid 

Darkened after a few hours at 35C, to an 
extent proportional to the concentration of 
the applied DHA solution 

 

Conclusion 

This investigation has found that through the use of commonly available protein-rich substance such as 
powdered milk can, through careful preparation, be viably used as a substrate to test the efficacy of 
DHA-containing tanning solutions. With careful calibration, it may even be possible to compare extent of 
tanning in the milk substrate with the degree of tanning in human clinical substrates, better 
standardising the substrate for routine tests.[overall discussion of the curves produced] It is entirely 
possible that the milk substrate could be used to produce similar concentration/time/temperature vs. 
efficacy plots with respect to tanning solutions containing erythrulose, as well as its viability as a 
substrate to assess the efficacy of accelerators or inhibitors. While this milk substrate is simple to 
prepare, and yielding of consistent results, it understandably has a limited lifespan, as it is prone to 
spoiling and curdling, especially in the absence of DHA. Therefore, further investigations into gelatin-
based substrates, particularly their reproducibility of preparation, optimisation of storage conditions is 
warranted.  


