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Figure S 1. Freshly prepared artificial digestive juices in volumetric flasks. Saliva and gastric juice are clear, but the duodenal juice and bile 
are somewhat turbid. 

  
Figure S 2. Precipitations became visible upon mixing the four juices in the original composition (pre-optimization). A) Photo of the four juices 
separately, B) immediately after mixing and C) after 2 minutes of mixing. The precipitate seems to disappear after longer mixing. The same 
effect can be seen when mixing these juices on-chip, see Figure 4 in the main text. 

Figure S 3. Characterization of the mixing process of a sample (5µM fluorescein in ultrapure water) with saliva, on-chip, at 37 °C (n = 3, 
average ± standard deviation). The mixing process is fast: at different flow rates and ratios, the mixing process is complete after 4 cycles (12.5 
mm)  in the channel for total flow rates of 2 and 5 µL/min (Re = 0.29 and Re = 0.72; see ref.1 for calculation of Reynolds numbers). 

Figure S 4. Schematic representation of the incubation loop after the intestinal phase (see Figure 3 in main text). The tubing in this loop has 
been pre-cut at specific distances (with respective incubation times), to facilitate sampling. The pre-cut pieces of tubing are reconnected using 
blunt 21G needles (insert). 
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Optimizing the pH of Artificial Digestive Juices

The calculation of pH values of simple solutions, containing one acid or base at a certain concentration, is 
a straightforward process. When multiple acids, bases and amphiprotic species (both weak and strong) are 
mixed at the same time, a complex mixture arises in which multiple acid-base equilibria are valid at the 
same time. In such a situation, [H+] and the pH may be determined using acid dissociation, the water 
equilibrium (Kw), mass balances and electroneutrality.2 Several computer-based tools have been developed 
to perform complex pH calculations, and one such program was used to perform these calculations (V. 
Vanovschi, pH solver, available: http://www.webqc.org/phsolver.php; accessed April–July 2018). It was 
found that other species present in the artificial digestive juices, e.g. sulfate and thiocyanate in saliva, have 
a negligible effect on the final pH. Therefore, only the species and acid dissociation constants listed in Table 
S 1 were used. Table S 2 and Table S 3 show the concentrations of species before optimization, based on 
work by Walczak et al.3, and after optimization, respectively. The pH values of 7.0, 3.0 and 7.0 in the 
consecutive compartments were chosen analogous to the work of Minekus et al.4 Values in red correspond 
to modified conditions to obtain an optimized pH. 

Table S 1. Acid dissociation constants used to calculate the pH of juices and mixtures 5. 

pKa,1 pKa,2 pKb

HCl –1
OH– –1
H2PO4

– 7.198 12.375 11.852
HCO3

– 10.329 7.649

Table S 2. Concentrations of species determining the pH of juices and mixtures before optimization (in mM), with the calculated [H+] and pH 
values. 

Species Sample Saliva Gastric 
Juice

Duodenal 
Juice

Bile Oral 
Mixture

Gastric 
Mixture

Intestinal 
Mixture

HCl 0.00 0.00 99.60 2.16 2.40 0.00 61.29 32.95
OH– 0.00 1.80 0.00 0.00 0.00 1.44 0.55 0.29
H2PO4

– 0.00 7.40 2.22 0.59 0.00 5.92 3.64 2.08
HCO3

– 0.00 0.00 0.00 40.33 68.86 0.00 0.00 23.92
H+ (M) 1.00×10-7 1.97×10-7 9.66×10-2 3.09×10-8 1.74×10-8 1.97×10-7 5.72×10-2 7.64×10-3

pH 7.000 6.705 1.015 7.510 7.760 6.705 1.243 2.117

Table S 3. Concentration of species determining the pH of juices and mixtures after optimization (in mM), with the calculated [H+] and pH 
values. 

Species Sample Saliva Gastric 
Juice

Duodenal 
Juice

Bile Oral 
Mixture

Gastric 
Mixture

Intestinal 
Mixture

HCl 0.00 0.00 4.16 5.57 6.17 0.00 2.56 4.10
OH– 0.00 2.90 0.00 0.00 0.00 2.32 0.89 0.46
H2PO4

– 0.00 7.40 2.22 0.59 0.00 5.92 3.64 2.08
HCO3

– 0.00 0.00 0.00 40.33 68.86 0.00 0.00 23.92
H+ (M) 1.00×10-7 9.84×10-8 3.44×10-3 7.58×10-8 4.44×10-8 9.84×10-8 1.16×10-3 1.02×10-7

pH 7.000 7.007 2.464 7.120 7.352 7.007 2.936 6.992
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Raw Data of the Enzyme Assays

Alpha-amylase in saliva (mouth)

Figure S 5. On-chip fluorescence signals of the α-amylase-catalyzed digestion of starch plotted against the cycle number (n = 3, with the 
negative control containing no α-amylase at the bottom right). The legend displays [starch] in the substrate inlet (µg/mL). 
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Figure S 6. α-amylase-catalyzed digestion of labeled starch, monitored by fluorimeter (left: with enzyme, n = 3; right: without enzyme). 
Substrate concentrations in the samples (before mixing 1:4 with saliva) are listed in µg/mL. The exact same conditions were used, compared 
to the conditions of on-chip experiments (same mixing ratio, same composition, 37 °C). 

Figure S 7. After the fluorimeter-monitored reaction had progressed for 1 h (see Figure S 6), the reaction mixture was transferred to a 
microfluidic mixer to measure the fluorescent signal on-chip. Left: The endpoint fluorescence on-chip was plotted versus the fluorescence 
measured in the fluorimeter, yielding an excellent linear correlation at higher fluorescence values. Right: The endpoint fluorescence (measured 
on chip, after transferring the reaction mixture) of the reaction in plate plotted versus [S], and the endpoint fluorescence of the identical 
reactions monitored on-chip, plotted versus [S]. In this way, we can compare the endpoint fluorescence of this off-chip reaction with the on-
chip reaction. The endpoint fluorescence of both reactions is similar, which proves that the reaction on-chip is complete; excluding the 
possibility that the reaction has stopped because of enzyme inactivation. 
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Figure S 8. Fluorescence signals from the fluorimeter-monitored digestion of labeled starch (500 µg/mL in syringe) by α-amylase in artificial 
saliva (data from Figure S 5) were converted to equivalent on-chip fluorescence values to allow for a comparison between on-plate (left graph) 
and on-chip (right) reactions. The Y-axes are the same; the timescale of the reaction on chip (X-axis) is much shorter. Data for the initial time 
points are very visible on chip, but are not recorded in the fluorimeter (due to the manner in which reagents are added together in a cuvette, 
and starting measurements). Note the different scales on the X-axis. 

Figure S 9. Fluorescence plot of a control experiment, to monitor reaction completion: two identical micromixers were coupled in series. In 
the first one (cycles 0–16), saliva (11.5 U/mL α-amylase, 1.6 µL/min) was mixed with labeled, quenched starch (500 µg/mL, 0.4 µL/min). The 
output of this micromixer (2.0 µL/min) was transferred to the second micromixer (cycles 17–33), to which extra α-amylase solution (22.9 
U/mL, in the exact same mineral composition as the oral mixture, 2.0 µL/min) was added. Fluorescence intensity (full dots) was measured 
before and after each cycle to monitor reaction progress. The relative standard deviation of fluorescence intensity in the same 300×100 µm 
box was used to calculate the degree of mixing (white dots), as follows:

In this equation, for every cycle i, and its relative standard deviation SDi, the degree 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑀𝑖𝑥𝑖𝑛𝑔 (%) = (1 ‒
𝑆𝐷𝑖 ‒ 𝑆𝐷100%

𝑆𝐷0% ‒ 𝑆𝐷100%
) ∙ 100 %

of mixing was calculated from the relative standard deviation of the first data point (SD0%, fully unmixed) and that of the last data point 
(SD100%, fully mixed). It can be seen that mixing is complete within two cycles of the first device, and within three cycles of the second device 
(which has a higher combined flow rate and thus requires a longer mixing distance). 
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Protease Activity in Gastric Juice (Stomach)

Figure S 10. On-chip fluorescence signals of the pepsin-catalyzed digestion of casein plotted against the cycle number (n = 3, with the negative 
control containing no α-amylase at the bottom right). The legend displays [casein] in the substrate inlet (µg/mL). 
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Protease Activity in Duodenal Juice + Bile (Intestine)

Figure S 11. On-chip fluorescence signals of the protease-catalyzed digestion of casein plotted against the cycle number (n = 3, with the 
negative control containing no α-amylase at the bottom right). The legend displays [casein] in the substrate inlet (µg/mL). Artificial duodenal 
juice contains pancreatin, an animal pancreas extract containing a mixture of enzymes, including proteases (e.g. trypsin). 
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