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Fig. S1. A discrepancy exists between key cell junction markers and zinc levels of stem cell derived β 
cells (SC β cells) in 2D and 3D culture systems.  
(A) Representative images and quantification of connexin 36 (CX36) positive SC β cells. 3D culture 
system [e.g., spinner flask (SF)] shows increased β-cell expression of junction markers, E-cadherin (E-cad) 
and CX36 compared with monolayered 2D culture condition. Nuclear back stained with DAPI (n = 4, ***p 
< 0.001 versus 2D).  
(B) Quantitative real-time polymerase chain reaction (qRT-PCR) analyses examine the expression of 
E-cad, CX36, and zinc transporter 8 (ZnT8) in SC β cells were cultured for 2 days before analysis. SC β 
cells in 3D (SF) show a significantly higher gene expression profile of E-cad, CX36, and ZnT8 versus 2D 
systems. (n = 3, *p < 0.05, **p < 0.01 versus 2D). 
(C) 3D system (SF) for SC β cell culture contains higher Zn(II) levels than 2D group as seen by 
representative images and fluorescence intensity measured by FluoZin™-3 indicator dye (n = 4, ***p < 
0.001 versus 2D).  
 

Supplementary Text 1 

Motivation for developing a new 3D screening system 

Within the pancreas, β cells are dispersed in islets of Langerhans that consist of endocrine cells, 

vascularisations, neuronal cells and extensive cell-cell interactions generating a highly distinct pancreatic 



 

niche to support β cell function and viability (19). Specifically, adherent junctions (e.g., E-cad) initiate cell-

cell contacts and maintain cell structure cohesiveness, while gap junctions (e.g., CX36) regulate cell-cell 

signaling pathways that are important for insulin synthesis and release through the exchange of current-

carrying ions between cells (46-48). However, currently existing 2D screening systems often insufficiently 

recapitulate the cell-cell interactions, junction protein, and zinc levels essential for the proper functioning 

and insulin secretion of β-cell islets (11), therefore making them inaccurate for screening and differentiating 

hits within a small molecule library (49-51).  

Due to the nature of our proposed zinc chelators, testing in β cells required physiological zinc levels 

for understanding and differentiating the effects of a zinc-binding prodrugs (ZnPD). Therefore, prior to 

synthesizing and screening ZnPDs, we hypothesized that single cells in 2D would have disrupted cell-cell 

interactions leading to decreased cell function and zinc levels, making them an inappropriate screening 

platform for developing our technology. We initially investigated whether 2D conventional culture systems 

could support the cellular and biophysical environment for accurate screening by comparing levels of key 

systems between 2D and the benchmark 3D culture system. As the 3D system, we chose the most widely 

used for maintaining and differentiating large batches of SC β cells, the SF, which can provide a tunable, 

continuous fluid shear stress to support cell aggregates at similar sizes as SC β clusters. Comparing 

monolayered 2D and 3D (SF) systems, immunofluorescent staining and qRT-PCR analyses revealed 

significantly decreased gene expression of junction protein markers (E-Cad and CX36) in SC β cells in the 

2D group compared to the 3D group (fig. S1A, B). By establishing that cell-cell contacts were increased in 

3D culture systems, we then investigated whether Zn(II) and zinc transporters, which are vital for cell-cell 

signaling and zinc-insulin crystallization within secretory vesicles, were also increased in 3D systems (11). 

Correspondingly, the gene expression of ZnT8, which transports Zn(II) for crystallization and storage of 

insulin (52), was also significantly increased in islets cultured in 3D (fig. S1B). Intracellular zinc fluorescent 

intensity from cells in both 2D and 3D group were measured, and the conventional 2D culture system showed 

significantly lower the Zn(II) than the 3D system (2D: 304.8 ± 64.5 and 3D: 867.3 ± 176.5, 0.35 fold versus 

3D) (fig. S1C). These data suggest that 3D culture environments would provide a more accurate β-cell 

phenotype to more reliably screen ZnPDs.  



 

 

 
Fig. S2. Cell discs in Disque platform (DP) re-establish cell-extracellular matrix (ECM) interactions 
which are critical for pancreatic differentiation. Gene expression of pancreatic and duodenal homeobox 
1 (Pdx-1) and NK6 homeobox 1 (Nkx6.1) from pancreatic progenitor (PP) cells cultured on DP pre-coated 
with Matrigel or Laminin (LM) / Collagen IV (ColIV) for 4 days (n=3, *p<0.05, **p<0.01 versus 2D No 
coating, #p<0.05, ##p<0.01 versus DP No coating).  
 

 
 
Fig. S3. Optimization of thickness and diameter of the cell discs in DP for nutrient diffusion and 
differentiation of the cells.  



 

(A) Representative image showing a cell disc disassembled from a DP washer. 
(B) Correlation between the seeding density and the estimated disc thickness (n=3), with representative 
immunofluorescent images showing the side views of cell discs stained with Live/Dead assay. 
(C) Correlation between the thickness in cell disc and the percentage of cells with co-expression of Pdx-
1 and Nkx6.1 after 4 day differentiation [stage 4 day 1 (S4d1) to S4d5)] (n=3).  
(D) Dextran diffusion within SC β clusters taken from SF suspension culture, after a 4 hour incubation 
in 0.125 mg/ml 10-kDa Texas RedTM-dextran (n=3). 
(E) Gene expression of PP cells for Pdx-1 and Nkx6.1 after 4 days (S4d1 to S4d5) grown in 1000, 1500, 
and 3000 μm diameter DPs (n=3).  
 

Supplementary Text 2 

Optimization of thickness and diameter of the cell discs in DP 

While size-controlled pseudo islets have been developed using various islet sources, e.g. 

Aggrewell™, these pseudo islets are still susceptible to necrotic core development (53). This has ultimately 

limited the diameters of these islets (less than 100 μm) in order to maintain homogenous viability. Thus, in 

this study we focused on developing disc-like cell aggregates to maximize surface area for oxygen and 

nutrient diffusion with regulated cell thicknesses and homogenously maintain cell viability. To determine 

optimal dimensions and seeding density of cell discs in the DP, we linearly controlled the thickness of the 

cell discs to observe homogenous distribution of cells within the Disques (fig. S3A, B). Although the cells 

were centrifuged to achieve a rapid spatial re-arrangement in the Disques, we found that their viability profile 

was not extensively compromised at low disc thicknesses. After PP cells were differentiated to the end of 

stage 4, the co-expression of Pdx-1 and Nkx6.1 (54) was comparable between 50-µm cell discs and 3D islets 

from the current gold-standard suspension flask culture system (SF) (fig. S3C). As the thickness increased 

(50 ~ 600 µm), both the viability and differentiation potentials of the SC β cells reduced (fig. S3B, C). As a 

known challenge to cultured embryoids and cell spheroids (55-57), we hypothesized this might be due to the 

diffusion gradient from the periphery to the center of cell discs, especially for the high-molecular-weight 

growth factors that were supplemented during β-cell differentiation, such as activin A (26.2 kDa), KGF (18.9 

kDa), and β-cellulin (10 ~ 15 kDa). We tested this using a 10-kDa Texas RedTM-dextran probe and imaged 

by confocal microscopy. For imaging, the clusters were fixed and cryosectioned. Fluorescence intensity was 

measured, which showed a diffusive gradient through the outermost 50 µm of SC β clusters, which was 

consistent with the diffusion limit observed in literature (fig S3D) (58). Here, the 50 μm-thick discs may 



 

show better diffusion than islets cultured in SF (i.e., 25 μm from each exposed side). However, cell behavior 

does not only depend on 10-kDa sized nutrient diffusion. Other growth factors, biomolecules, and proteins 

of different sizes may be expected to influence β cell behavior such as viability, differentiation, and function. 

On the other hand, the diameter of cell discs (1,000 ~ 3,000 µm) had minimal influence on the 

expression of key β-cell markers (Nkx6.1 and Pdx-1) (fig S3E). Ultimately, we decided to seed at a density 

of 0.8 x 106 cells/Disque (50 μm thickness). If the cells were to be seeded directly in the wells of 96-plate, 

each well would require ~3.6 million cells (44). However, the use of the Disque apparatus has restricted the 

diameter of each cell disc to 3.0 mm and overall reduced the number of cells by ~4.5-fold. To support the 

diffusion of nutrient to this densely packed cell disc, the pedestal design in the Disque apparatus enables 

dual-direction media diffusion to maintain cell viability. 

 

 
Fig. S4. Assessing the behavior of PP cell differentiation in response to notch signaling inhibition in 
DP. PP cells in DP were treated with notch inhibitor (NI, ɣ-secretase inhibitor, N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), 10 μM) for 4 days in culture. 
(A) Immunofluorescent staining for Pdx-1 and Nkx6.1 markers.  
(B) The relative proportion of Pdx-1 and Nkx6.1 co-positive cells in the DPs (n=4, *p<0.05 versus 
control). 
(C) qRT-PCR analyses to determine the gene expression of Pdx-1, Neruogenin3 (NGN3) and SOX9 
markers in PP cells cultured in DP (n = 3, *p<0.05, **p<0.01 versus control).  



 

(D)  Gene expression profiles for hairy and enhancer of split-1 (Hes1) in the cells in both 2D and DP 
(n=3, **p<0.01 versus DP control). 
 

 
Fig. S5. Selective unmasking of ZnPD4 in SC β cells.  
(A) Representative images showing the selective unmasking of ZnPD4 (20 µM) in PP cells (S4d5) and 
SC β cells (S6d11). The SC β cells in the right most panel was pre-treated with Zn(II) (50 µM) 1 day before 
in culture media. Hoechst nuclear back stain.  
(B) Propensity of SC β cells (C-peptide+, GCG-, and ZnPD4+) treated with ZnPD4 with or without 
pre-treatment of Zn(II) (50 µM) 1 day before in culture media, quantified by flow cytometry (n=3).  
 

 
 

Fig. S6. Representative images showing the selective unmasking of ZnPD4 (20 µM) in SC β cells 
stained with C-peptide and glucagon (GCG). Hoechst used as nuclear back stain.  

 



 

 
  
Fig. S7. Harmine and other β cell proliferation inducing parent small molecules are screened in both 
(A) PP and (B) SC β cells; (C) harmine emerged as the most efficacious for driving PP cell differentiation 
into mono hormonal SC β cells. 
(A) Gene expression of Pdx-1 and Nkx6.1 in PP cells treated in the DP identified harmine as a viable 
candidate. The β cell proliferation agents were treated at 1 and 10 μΜ (n = 3, *p < 0.05, **p < 0.01, 
***p<0.001 versus DMSO). 
(B) Gene expression of Nkx6.1 in SC β cells treated in the DP consistently identified harmine as a viable 
candidate for inducing β-cell differentiation and function. β cell proliferation agents were treated at 1 and 
10 μΜ (n = 3, *p < 0.05, **p < 0.01, ***p<0.001 versus DMSO). 
(C) Flow cytometry data quantified proliferation (EdU+) of SC β cells (C-peptide+ GCG-) after treatment 
of the harmine in the DP. AnnH79 is a harmine analog used as a negative control (n = 4, *p<0.05, 
***p<0.001 versus DMSO). 
 

 
  
Fig. S8. Proposed mechanism of ZnPD8. Proposed mechanism of Zn(II)-mediated hydrolysis of ZnPD8 
which serves as a negative control because it does not release the active cargo. 
 



 

 
 

Fig. S9. Comparison of ZnPD6 dosage between 10 and 20 μΜ in the population of proliferating SC β 
cells (C-peptide+ GCG- EdU+) (n=3, *p < 0.05, **p < 0.01, ***p < 0.001 versus DMSO, #p < 0.05 versus 
10 μΜ ZnPD6). 
 

 

Table S1. Chemical structure of small molecules and ZnPDs. 
(A) List of known β cell proliferating small molecules.  
(B) List of ZnPDs: known β cell proliferating small molecules appended to zinc chelating system. 



 

 

Supplementary Materials and Methods 

All reagents were purchased and used as received from commercial sources without further 

purification. Reactions were performed in round-bottom flasks stirred with Teflon®-coated magnetic stir 

bars. Moisture and air-sensitive reactions were performed under a dry nitrogen/argon atmosphere. Moisture 

and air-sensitive liquids or solutions were transferred via nitrogen-flushed syringes. As necessary, organic 

solvents were degassed by bubbling nitrogen/argon through the liquid. The reaction progress was monitored 

by thin-layer chromatography (TLC) and ultra-performance liquid chromatography mass spectrometry 

(UPLC-MS). Flash column chromatography was performed using silica gel (60 Å mesh, 20–40 µm) on a 

Teledyne Isco CombiFlash Rf system. Analytical TLC was performed using Merck Silica gel 60 F254 pre-

coated plates (0.25 mm); illumination at 254 nm allowed the visualization of UV-active material, and a 

phosphomolybdic acid (PMA) stain was used to visualize UV-inactive material. UPLC-MS was performed 

on a Waters ACQUITY UPLC I-Class PLUS System with an ACQUITY SQ Detector 2. Nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker 400 Spectrometer (1H NMR, 400 MHz; 13C, 100 MHz) 

at the Broad Institute of MIT and Harvard. 1H and 13C chemical shifts are indicated in parts per million (ppm) 

relative to SiMe4 (δ = 0.00 ppm) and internally referenced to residual solvent signals. NMR solvents were 

purchased from Cambridge Isotope Laboratories, Inc., and NMR data were obtained in CDCl3. Data for 1H 

NMR are reported as follows: chemical shift value in ppm, multiplicity (s = singlet, d = doublet, t = triplet, 

dd = doublet of doublets, and m = multiplet), integration value, and coupling constant value in Hz.  

 



 

Synthesis of linkers and Zinc-chelating ligand  

The linker was prepared as described by Gillies et al., and the spectroscopy data was matched as reported 

(59). The zinc-chelating ligand (compounds 3 and 6) were prepared as described by Nam et al., and Karlin 

et al. The spectroscopy data were matched with a report (60,61). 

 

Synthetic route for ZnPD6 

The NaH (52.8 mg, 1.32 mmol) was added to the solution of Harmine (140mg, 0.66mmol) in anhydrous 

dimethylformamide (4.12 mL, 0.1M) at 0 ℃ and the reaction was stirred at the same temperature for 2 hours. 

The linker (431.8 mg, 0.86 mmol) was dissolved in anhydrous dimethylformamide (3.0 mL) and added to 

the reaction mixture. The reaction was slowly warmed to room temperature and stirred for 12 hours. The 

reaction was quenched with an aqueous solution of saturated NaHCO3 and extracted with dichloromethane. 

The organic layers were combined, washed with brine, dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuo to give a crude residue, which was purified by flash column chromatography on silica 

gel, eluting with methanol in dichloromethane. The pale yellow foam product (compound 2) was obtained 

(248.5 mg, 64%) and carried forward to the next step. The carbamate (248.5 mg, 0.43 mmol) was dissolved 

in anhydrous dichloromethane (4.34 mL, 0.1 M) then trifluoroacetic acid (370 mg, 3.25 mmol) was added 

to the reaction mixture. The solution was stirred for 2 hours. The solvent was removed in vacuo, and 

dichloromethane was successively added and evaporated to remove residual trifluoroacetic acid and to 

provide the deprotected product. This product was carried over to the next step without further purification, 

wherein 4-nitrophenyl carbonate (157.4 mg, 0.52 mmol) and N,N-diisopropylethylamine (83.6 mg, 0.65 



 

mmol) were added to the solution of zinc chelating ligand 3 (131.6 mg, 0.43 mmol) in dichloromethane (4.31 

ml, 0.1M) at 0 °C. The reaction mixture was slowly warmed up to room temperature over 3 hours. N,N-

diisopropylethylamine (334.2 mg, 2.59 mmol) and trifluoroacetic acid salt of compound 2 (0.43 mmol) in 

dimethylformamide (3 ml) were added to the reaction mixture and stirred for 12 hours at room temperature . 

The solvent was removed in vacuo, and the residue was purified by flash column chromatography eluting 

with 0 to 10% methanol in dichloromethane (1% NH4OH) to give the pure fraction of ZnPD6 as a yellow 

foam (91.3mg, 26% yield). 1H NMR (400 MHz, CDCl3) δ 8.52 – 8.48 (m, 2H), 8.46 (d, J = 5.1 Hz, 1H), 

7.84 (d, J = 8.6 Hz, 1H), 7.71 – 7.57 (m, 5H), 7.57 – 7.43 (m, 4H), 7.24 – 7.09 (m, 6H), 6.99 (ddd, J = 19.6, 

8.0, 2.2 Hz, 2H), 5.48 (S, 2H), 3.85 – 3.73 (m, 7H), 3.73 – 3.53 (m, 6H), 3.17 -3.02 (m, 6H), 2.72 (S, 3H). 

13C NMR (100 MHz, CDCl3) δ 161.7, 159.8 (2C), 151.8, 149.9, 149.1 (2C), 146.7, 143.5, 141.9, 136.6, 

134.4, 134.1, 131.6, 131.4, 130.5, 130.4(2C), 130.3, 130.2, 128.1, 125.9, 122.9(2C), 122.6(2C), 122.4, 

122.1(2C), 121.9, 117.8, 112.8, 111.2, 100.3, 69.0, 60.5, 60.4, 55.8(2C), 52.5, 47.8, 47.0, 35.6, 35.4, 35.3, 

25.3. 

 

Synthesis of ZnPD7-8 

 

 

 

Synthetic route for ZnPD7-8 



 

ZnPD7: The compound 2 was carried over to the next step without further purification, wherein 4-

nitrophenyl carbonate (157.4 mg, 0.52 mmol) and N,N-diisopropylethylamine (83.6 mg, 0.65 mmol) were 

added to the solution of zinc chelating ligand 3 (131.6 mg, 0.43 mmol) in dichloromethane (4.31 ml) at 0 °C. 

The reaction mixture was slowly warmed up to room temperature over 3 hours. N,N-diisopropylethylamine 

(334.2 mg, 2.59 mmol) and trifluoroacetic acid salt of compound 2 (0.43 mmol) in dimethylformamide were 

added to the reaction mixture and stirred for 12 hours at room temperature . The solvent was removed in 

vacuo, and the residue was purified by flash column chromatography eluting with 0 to 10% methanol in 

dichloromethane (1% NH4OH) to give the pure fraction of ZnPD7 as a pale yellow foam (91.1mg, 27.1% 

yield). 1H NMR (400 MHz, CDCl3) δ 8.50 (t, J = 5.1 Hz, 2H), 8.45 (d, J = 5.1 Hz, 1H), 7.87 – 7.80 (m, 2H), 

7.66 – 7.54 (m, 6H), 7.46 (t, J = 9.0 Hz, 2H), 7.25 – 7.23 (m, 1H), 7.16 – 7.03 (m, 4H), 6.96 (dd, J = 8.6, 2.3 

Hz, 1H), 5.46 (d, J = 5.0 Hz, 2H), 3.85 (s, 4H), 3.79 (d, J = 5.9 Hz, 3H), 3.75 – 3.61 (m, 6H), 3.16 (m, 3H), 

3.04 (m, 3H), 2.71 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 161.7, 159.8, 155.3, 154.1, 152.1, 151.9, 151.8, 

149.2(2C), 146.7, 143.5, 141.9, 140.2, 139.9, 137.0, 136.9, 136.6, 134.3, 134.1, 131.9, 130.5, 130.4(2C), 

123.1, 122.3, 122.0, 121.9, 117.8, 116.7, 112.8, 111.2, 100.3, 69.0, 59.9(2C), 55.8, 51.4, 47.7, 46.5, 37.6, 

35.5, 35.1, 25.3. 

 

ZnPD8: The compound 5 was synthesized in the same way as described in ZnPD5 synthesis. The synthesis 

of ZnPD8 was carried the same as ZnPD7 synthesis. ZnPD7 as a pale yellow foam (118 mg, 29.2 % yield). 

1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 4.8 Hz, 2H), 8.42 (d, J = 5.1 Hz, 1H), 7.83 – 7.77 (m, 2H), 7.62 

– 7.52 (m, 6H), 7.25 – 7.13 (m, 3H), 7.10 – 7.02 (m, 2H), 7.01 – 6.87 (m, 3H), 4.62 (t, J = 7.3 Hz, 2H), 3.82 

(d, J = 8.5 Hz, 7H), 3.73 – 3.54 (m, 7H), 3.16 – 3.00 (m, 7H), 2.69 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 

161.6, 159.5, 155.4, 154.2, 151.9, 151.6, 150.2, 149.0 (2C), 146.2, 142.9, 141.8, 139.8, 139.6, 136.8, 136.5 

(2C), 136.4, 134.2, 134.1, 133.9, 129.8 (2C), 123.0 ((2C), 122.0 (2C), 121.9, 121.8, 117.5, 116.6, 112.2, 

111.2, 100.4, 67.9, 59.7 (2C), 55.7, 51.2, 47.5, 46.3, 37.4, 34.9, 34.5, 24.7.  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H NMR spectrum of ZnPD6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

13C NMR spectrum of ZnPD6 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H NMR spectrum of ZnPD7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13C NMR spectrum of ZnPD7 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1H NMR spectrum of ZnPD8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

13C NMR spectrum of ZnPD8 
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