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1. Supporting Discussion 

 

1.1 Swelling ratios 

To measure hydrogel mesh size to prove effective and encapsulation, and to assess the effect of 
the presence of yeast cells on that mesh size, we prepared two hydrogel precursor solutions: 

(1) Yeast-laden hydrogel: 4 ml PEGDA 700, 5.5 ml water, 0.5 g yeast powder, and 0.5 ml PI 
(2) Yeast-free hydrogel: 4 ml PEGDA 700, 5.5 ml water, and 0.5 ml PI 

The compositions of these solutions are selected so that the yeast-laden and yeast-free hydrogel 
have the same quantity of PEGDA and same average chain length between crosslinks, allowing 
for comparison on a uniform basis. The yeast loading in the yeast-laden hydrogel (5% (w/w)) is 
the same as in the yeast-laden beads and capsules studied in our work. The monomer solutions 
were poured into Petri dishes and exposed to UV light (365 nm) for 5 min to prepare two 
cylindrical hydrogel tablets, 3.5 cm in diameter. The original mass of these tablets was recorded, 
and they were immersed in excess deionized water for 24 hours, followed by a second immersion 
in fresh deionized water for another 24 hours to allow them to reach a swollen equilibrium. 
Dimensions and masses of the swollen state were recorded. The hydrogel tablets were 
subsequently dried in an oven, first at 70°C for 6 hours, then at 70°C under a vacuum for 6 hours, 
and finally at 105°C for 36 hours. The dimensions and masses of the dry state were also recorded. 
All dimensions and masses are shown in table 1 and are used to calculate the swelling ratio, which 
is a proxy for the mesh size of these hydrogels. 
  

Yeast-laden hydrogel Yeast-free hydrogel 
  Original Dry Swollen Original Dry Swollen 
H (cm) 0.6 0.4 0.6 0.6 0.5 0.6 
D (cm) 3.5 2.8 3.5 3.5 2.6 3.8 
Mass (g) 4.80 2.26 5.51 5.06 2.19 5.52 
V (cc) 5.77 2.46 5.77 5.77 2.65 6.80 
Density (g/cc) 0.83 0.92 0.95 0.88 0.83 0.81 

 
 
Table 1 | Dimensions and masses of cylindrical yeast-laden and yeast-free hydrogel tablets 
in various states of hydration. 
 
Using these values, we compute two swelling ratios, which are shown in table 2. 

𝑄𝑄 =
𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑

(1.1.1) 

𝑞𝑞 =
𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
(1.1.2) 
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Yeast-laden 

hydrogel 
Yeast-free 
hydrogel 

Q 2.34 2.57 
q 2.44 2.52 

 
Table 2 | Swelling ratios of yeast-laden and yeast-free hydrogels. 
We observed that when yeast-laden and yeast-free hydrogels tablets were synthesized to have the 
same PEGDA content, cross-linking density, and degree of polymerization between junctions at 
synthesis, the yeast-free hydrogel had slightly higher swelling ratios (~5%), indicating a slight 
reduction in mesh size due to the presence of yeast. 

 

1.2 Mesh size 

We use two approaches to estimate the mesh size of yeast-laden and yeast-free hydrogels, as 
described in references [1,2]. Reference [1] presents the classical Canal-Peppas theory and 
evaluates mesh size as: 

𝜉𝜉 = 𝜙𝜙𝑠𝑠
−13𝑙𝑙�2𝐶𝐶∞𝑁𝑁𝑗𝑗�

1
2 (1.2.1) 

Reference [2] corrects for the effects of junction functionality: 

𝜉𝜉 = 𝜙𝜙𝑠𝑠
−13𝑙𝑙 ��1 −

2
𝑓𝑓
�𝐶𝐶∞𝜆𝜆𝑁𝑁𝑗𝑗�

1
2

(1.2.2) 

Here, the Flory characteristic ratio is 𝐶𝐶∞ , the junction functionality is 𝑓𝑓 , the degree of 
polymerization between junctions is 𝑁𝑁𝑗𝑗, the repeating unit average bond length is 𝑙𝑙, the number of 
carbon-carbon bonds per repeating unit is  𝜆𝜆, and the swollen polymer volume fraction is 𝜙𝜙𝑠𝑠. 

 Yeast-laden hydrogel  Yeast-free hydrogel  Difference 
(%) 

𝝓𝝓𝒔𝒔 (from section 1.1) 0.427 0.389  
𝒍𝒍 0.15 0.15  
𝒇𝒇 4 4  
𝑪𝑪∞ 4 4  
𝝀𝝀 3 3  
𝑵𝑵𝒋𝒋 13 13  
Canal-Peppas [1] 
mesh size (nm) 

2.03 2.09 2.87 

Richbourg-Peppas [2] 
mesh size (nm) 

1.76 1.81 2.76 

 

Table 3 | Estimated mesh sizes of yeast-laden and yeast-free hydrogels. 
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As can be seen in table 3, the mesh size of yeast-free hydrogels is estimated to be very slightly 
(~2.8%) higher than the yeast-laden hydrogels. 

 

1.3 Isotherm shape 

The capacity of any absorbent or adsorbent is, in general, governed by the Langmuir isotherm or 
a similar isotherm[3]. These isotherms have two limiting regimes: 

(1) At low supernatant concentrations 𝑐𝑐𝑠𝑠𝑜𝑜𝑜𝑜  relative to the number of active sites, these 
isotherms reduce to a linear form for the concentration of absorbed micropollutant 𝑐𝑐𝑖𝑖𝑠𝑠 =
𝐾𝐾𝑐𝑐𝑠𝑠𝑜𝑜𝑜𝑜, where 𝐾𝐾 is the partition coefficient. In this case, the supernatant concentration limits 
micropollutant uptake by the absorbent or adsorbent. 

(2) At high supernatant concentrations, the concentration of absorbed micropollutant is limited 
by the number of active sites available for micropollutant uptake, and 𝑐𝑐𝑖𝑖𝑠𝑠 → 𝑎𝑎, the number 
of active sites per unit volume. 

The hydrogel materials have numerous active sites that weakly bind to lead ions. As such, we 
operate the hydrogels exclusively in the first limiting regime, and the isotherms have a linear 
shape. On the other hand, the yeast cells have a smaller number of strongly binding active sites, 
so we operate across all regimes, and the isotherms have a plateau-like shape (Fig. 3). 

 

1.4 PEGDA content in capsules relative to beads 

Confocal microscopy data shown in Fig. 2e is used to estimate the quantity of PEGDA hydrogel 
in the capsule walls, relative to solid beads. First, the image is split into multiple color channels to 
obtain the contribution of the capsule walls (Nile blue acrylamide) to fluorescence, independently 
of the yeast cells. The intensity of the wall fluorescence is then integrated over the entire area of 
the capsule cross-section, using source code in MATLAB. Selecting an appropriate cross-section 
within the capsule wall, we calculate the integrated fluorescence from fully polymerized PEGDA 
hydrogel. The ratio of the two integrated values yields the fraction (0.3239) of PEGDA hydrogel 
within the capsule, relative to a bead of the same volume. The beads thus contain ~3 times the 
PEGDA hydrogel as the capsules. 

 

1.5 Estimation of capsule wall thickness 

If 𝑅𝑅 is the radius of the hydrogel beads/capsules, and 𝑙𝑙 is the capsule thickness, the volume of 
hydrogel in the capsule and in the solid bead are given by: 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠 =
4
3
𝜋𝜋(𝑅𝑅3 − (𝑅𝑅 − 𝑙𝑙)3) 

𝑉𝑉𝑏𝑏𝑠𝑠𝑐𝑐𝑑𝑑 =
4
3
𝜋𝜋𝑅𝑅3 
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These yield, 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠
𝑉𝑉𝑏𝑏𝑠𝑠𝑐𝑐𝑑𝑑

= 1 − �1 −
𝑙𝑙
𝑅𝑅
�
3

 

Or, 

𝑙𝑙 = 𝑅𝑅�1 − �1 −
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠
𝑉𝑉𝑏𝑏𝑠𝑠𝑐𝑐𝑑𝑑

�
1
3
�  (1.5.1) 

Using the fraction of PEGDA hydrogel in the capsule obtained in  and a mean capsule diameter of 500 
µm, we obtain a capsule wall thickness equal to 30.6 µm. 

 

1.6 Analysis of kinetics data 

Let 𝑐𝑐𝑜𝑜  be the lead concentration in solution at time 𝑡𝑡 , with initial value 𝑐𝑐0 . 𝐾𝐾  is the partition 
coefficient, 𝑘𝑘𝑐𝑐𝑎𝑎 is the mass transfer coefficient, and 𝑐𝑐𝑠𝑠 is the concentration at time 𝑡𝑡 in the solution 
equilibrium which is in equilibrium with the concentration inside the adsorbent. Let the average 
concentration inside the adsorbent be 𝑞𝑞𝑜𝑜. 𝑉𝑉 is the volume of the supernatant and 𝑚𝑚 is the volume 
of equivalent hydrogel. Then, we have the following equations based on equilibrium, mass transfer 
and pollutant mass balance respectively. 

𝑞𝑞𝑜𝑜 = 𝐾𝐾𝑐𝑐𝑠𝑠 (1.6.1) 

𝑑𝑑𝑐𝑐𝑜𝑜
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑐𝑐𝑎𝑎(𝑐𝑐𝑜𝑜 − 𝑐𝑐𝑠𝑠) (1.6.2) 

𝑞𝑞𝑜𝑜 =
𝑉𝑉
𝑚𝑚

(𝑐𝑐0 − 𝑐𝑐𝑜𝑜) (1.6.3) 

Combining these, we get 

𝑑𝑑𝑐𝑐𝑜𝑜
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑐𝑐𝑎𝑎 ��1 +
𝑉𝑉
𝑚𝑚𝐾𝐾

� 𝑐𝑐𝑜𝑜 −
𝑉𝑉
𝑚𝑚𝐾𝐾

𝑐𝑐0� 

Solving this differential equation for 𝑐𝑐(𝑡𝑡), with initial condition 𝑐𝑐(0) = 𝑐𝑐0 yields 

𝑐𝑐𝑜𝑜
𝑐𝑐0

=
𝑉𝑉
𝑚𝑚𝐾𝐾 + 𝑒𝑒−�1+

𝑉𝑉
𝑚𝑚𝑚𝑚�𝑘𝑘𝑐𝑐𝑐𝑐𝑜𝑜

𝑉𝑉
𝑚𝑚𝐾𝐾 + 1

 

Let the dimensionless group 𝛼𝛼 = 𝑉𝑉/𝑚𝑚𝐾𝐾,  

𝑐𝑐𝑜𝑜
𝑐𝑐0

=
𝛼𝛼 + 𝑒𝑒−(1+𝛼𝛼)𝑘𝑘𝑐𝑐𝑐𝑐𝑜𝑜

1 + 𝛼𝛼
(1.6.4) 

We define fitting parameters, 
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𝜙𝜙1 =
𝛼𝛼

1 + 𝛼𝛼
(1.6.5) 

𝜙𝜙2 = (1 + 𝛼𝛼)𝑘𝑘𝑐𝑐𝑎𝑎 (1.6.6) 

yielding, 
𝑐𝑐𝑜𝑜
𝑐𝑐0

= 𝜙𝜙1 + (1 − 𝜙𝜙1)𝑒𝑒−𝜙𝜙2𝑜𝑜 (1.6.7) 

The amount of lead adsorbed by the yeast is given by: 

𝑞𝑞𝑜𝑜 =
𝑉𝑉𝑐𝑐0
𝑚𝑚

�1 −
𝑐𝑐𝑜𝑜
𝑐𝑐0
� =

𝑉𝑉𝑐𝑐0
𝑚𝑚

(1 − 𝜙𝜙1)�1 + 𝑒𝑒−𝜙𝜙2𝑜𝑜� (1.6.8) 

Equation 1.5.8 is fit to the data in Fig. 3f, and 𝜏𝜏 = 1/𝜙𝜙2 are the time constants reported in the 
main text. 

 

1.7 Predicting breakthrough in packed bed biofilters 

With respect to a given micropollutant, breakthrough is complete, and the bed loses all ability to 
absorb that micropollutant when the entire bed has been saturated with that micropollutant. Bed 
saturation occurs when the absorbed micropollutant is in equilibrium with the inlet concentration 
of the micropollutant. Therefore, at the end of bed life, the total amount of micropollutant absorbed: 

𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑑𝑑𝑏𝑏𝑠𝑠𝑑𝑑 = 𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠𝐾𝐾𝑐𝑐0 

Where 𝑐𝑐0 is the concentration at the inlet and 𝐾𝐾 is the partition coefficient. To remove this amount 
of micropollutant from water in which its concentration is 𝑐𝑐0, the volume of water that needs to 
have been cleaned is: 

𝑚𝑚𝑠𝑠𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑 =
𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑑𝑑𝑏𝑏𝑠𝑠𝑑𝑑

𝑐𝑐0
= 𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠𝐾𝐾 

This yields the volume of water cleaned at the end of bed life for any given micropollutant. 
𝑚𝑚𝑠𝑠𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑

𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠
= 𝐾𝐾 (1.7.1) 

On the other hand, breakthrough begins and performance starts decreasing before this volume of 
water has been treated. If the residence time of the bed is 𝜏𝜏𝑏𝑏𝑠𝑠𝑑𝑑 and the time it takes for the hydrogel 
microparticles to equilibrate with the given micropollutant is 𝜏𝜏𝑠𝑠𝑒𝑒, then breakthrough begins when 
that initial portion of the bed which has a residence time of 𝜏𝜏𝑏𝑏𝑠𝑠𝑑𝑑 − 𝜏𝜏𝑠𝑠𝑒𝑒 has been saturated with the 
micropollutant. This implies: 

𝑚𝑚𝑠𝑠𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑𝑐𝑐0 = �1 −
𝜏𝜏𝑠𝑠𝑒𝑒
𝜏𝜏𝑏𝑏𝑠𝑠𝑑𝑑

�𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠𝐾𝐾𝑐𝑐0 
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𝑚𝑚𝑠𝑠𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑

𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠
= �1 −

𝜏𝜏𝑠𝑠𝑒𝑒
𝜏𝜏𝑏𝑏𝑠𝑠𝑑𝑑

�𝐾𝐾 (1.7.2) 

The pre-factor in equation 1.7.2 depends on multiple parameters, such as the flow rate, the volume 
of the bed, the packing fraction (which is a function also of the compression of the hydrogels when 
the bed is pressurized by fluid flow), and the mass transfer coefficient of the micropollutant at the 
relevant flow conditions. 

In reality, the isotherms for yeast-laden hydrogel capsules are not linear, but Langmuir-like 
(supplementary information 1.3), so 𝐾𝐾 refers to the local partition coefficient, or the slope of the 
isotherm at 𝑐𝑐𝑠𝑠 = 𝑐𝑐0 = 100 ppb. The value of 𝐾𝐾 is estimated to be 2500. As described in methods, 
𝜏𝜏𝑠𝑠𝑒𝑒 = 3.83 min, and 𝜏𝜏𝑏𝑏𝑠𝑠𝑑𝑑 = 8.45 min. Therefore, we get, for the end of bed life, 

𝑚𝑚𝑠𝑠𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑

𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠
= 1367 

This value is a good estimate of the point at which the breakthrough curve crosses the USEPA 
threshold (𝑚𝑚𝑠𝑠𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑/𝑚𝑚ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠 = 1200) in Fig. 4e. 

 

1.8 Stress on capsules, maximum flow rate, and scalability 

Considering the bioreactor's operational parameters and capsule dimensions (𝑄𝑄 = 1.667 ×
10−9𝑚𝑚3/𝑠𝑠 ; 𝑢𝑢 = 2.831 × 10−5 𝑚𝑚/𝑠𝑠 ; 𝑅𝑅𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑 = 4.34 𝑚𝑚𝑚𝑚 ; 𝐿𝐿𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑 = 4.2 𝑐𝑐𝑚𝑚 ; Δ𝑃𝑃 =
29.726 𝑘𝑘𝑃𝑃𝑎𝑎; 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠 = 500 𝜇𝜇𝑚𝑚), we estimated a developed drag force (𝐹𝐹𝑑𝑑𝑑𝑑𝑐𝑐𝑦𝑦) of ~0.8 µN and a 
maximum stress (𝜎𝜎) of ~4.00 Pa on each yeast-laden hydrogel capsule, though the following 
equations: 
 

𝐴𝐴𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑 = 𝜋𝜋𝑅𝑅𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑2  
 

𝑉𝑉𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑 = 𝐴𝐴𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑𝐿𝐿𝑏𝑏𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑠𝑠𝑑𝑑 
 

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠 = 𝜋𝜋 �
𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠

2
�
2

 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠 =
4
3
𝜋𝜋 �

𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠
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 (1.8.1) 

 
𝐹𝐹𝑑𝑑𝑑𝑑𝑐𝑐𝑦𝑦 = 𝜎𝜎𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠 (1.8.2) 

 
For the projections, we approximated the theoretical maximum flow rate Q (𝑄𝑄𝑚𝑚𝑐𝑐𝑚𝑚) that could occur 
corresponding to the maximum load that the capsules can withstand without bursting (𝑃𝑃𝑚𝑚𝑐𝑐𝑚𝑚 =
0.88 𝑁𝑁) (which was acquired by the mechanical testing), assuming that the operating flow rate 
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(𝑄𝑄 = 1.667 × 10−9𝑚𝑚3/𝑠𝑠) corresponds to a drag force of ~0.8 µN, as calculated above. Hence, 
this 𝑄𝑄𝑚𝑚𝑐𝑐𝑚𝑚 was calculated to be equal to 1.86 L/sec or ~160 m3/day. To put this into perspective, 
the standard flow rate for a US household kitchen faucet is 0.18 L/sec [4], while small communities 
(≤ 10,000) have an average daily wastewater flow ≤ 3,800 m3/day [5], so a flow of 160 m3/day 
would correspond to a community with up to 400 people. 
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2. Supporting Figures 

 

 

Fig. S1 | Microfluidics setup. Using multiple microcrosses with the same UV lamp enables rapid 
scale up of hydrogel synthesis. 
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Fig. S2 | Yeast-laden hydrogel capsules visualized using (a) optical microscopy and (b) 
fluorescence microscopy. These capsules contain 1% (w/w) yeast cells, which can be seen 
through the capsule walls. The yeast cells are stained with Calcfluor, resulting in fluorescence as 
seen in (b). No yeast cells or fluorescence is seen outside the capsule walls. 
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Fig. S3 | Individual yeast cells within beads and capsules shown in Fig. 2d,e. The yeast cells 
(cyan) are seen to be intact after polymerization. 
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Fig. S4 | Image of mechanical characterization setup. Yeast-laden hydrogel capsules are lightly 
held between the load cell and the base of the instrument and water is poured into the gap to keep 
the capsules hydrated. Experiments are then performed as described in methods. 

 

 

 

3. Supporting Movie 

 

Movie S1 | Movie showing capsule compression experiments for mechanical characterization of 
yeast-laden hydrogel capsules. 
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