ORIGINAL RESEARCH
Di Si et al
Combining Active Carbonic Anhydrase with Nanogels: Enzyme Protection and Zinc Sensing
Supporting Information
Reagents
Carbonic Anhydrase from bovine erythrocytes, acrylamide, GDMA (glycerol dimethacrylate), AOT (Sodium dioctyl sulfosuccinate), Brij 30 (polyoxyethylene (4) lauryl ether), Tween 80 (polysorbate 80), Span 80 (sorbitan monooleate), PEG 400 (Polyethylene glycol 400), tergitolTM NP-9 (Nonylphenol Ethoxylates), ammonium persulfate, TEMED (N,N,N’,N’-tetraethylmethylenediamine), MOPS (4-morpholinepropanesulfonic acid), p-nitrophennyl acetate, Acetazolamide, bicine (N,N-Bis(2-hydroxyethyl) glycine), NTA (nitrilotriacetic acid), DPA (2,6 pyridine dicarboxylic acid) were purchased from Sigma-Aldrich (St. Louis, MO, USA). APMA (N-(3-aminopropyl) methacrylamide hydrochloride) was purchased from Polyscience (Warrington, PA, USA). Dapoxyl sulfonyl chloride was purchased from Invitrogen (Eugene, OR, USA). Sulfo-SMCC (Sulfosuccinimidyl-4-[N-maleimidomethyl] cyclohexane-1-carboxylate) was purchased from Soltec Ventures (Beverly, MA). Chelex 100 resin was purchased from Bio-Rad (Hercules, CA, USA). Coomassie Plus (Bradford) Assay Reagent was purchased from Thermo Fisher Scientific (Pierce) (Rockford, IL, USA). All buffer solutions were prepared using 18MΩ Milli-Q water purified by a Millipore Advantage A10 system and passed through a Chelex 100 column.
Synthesis of Dapoxyl Sulfonamide
Dapoxyl sulfonamide is not commercially available; therefore, it was synthesized from the commercially available precursor Dapoxyl sulfonyl chloride (DSC). [1] DSC also reacts with water and the side reaction produces a fluorescent by-product, Dapoxyl sulfonyl acid. To reduce the side reaction, a 0.5 M ammonia solution in 1,4-dioxane was used instead of ammonium hydroxide. A 600 µl ammonia dioxane solution was added into a small vial containing 10 mg DSC and the reaction mixture was stirred at ice-cold temperature for 2 hours, in the dark, for the reaction to complete. Then the dioxane was removed by rotary evaporation.
The product was dissolved in 200 µl THF (Tetrahydrofuran), and 2-3 ml water was added. Then the pH of the solution was adjusted to about 5 by adding one drop of 1 M HCl. After sitting at room temperature for about 30 minutes, the DPS precipitated, leaving the Dapoxyl sulfonyl acid in solution. The mixture was then centrifuged at 5000 rpm for 10 minutes and the supernatant was discarded. This procedure was repeated three times and the precipitate was freeze-dried. The product was further purified by an Al2O3 column containing about 50 g Al2O3. The column was first run with 80 ml CH2Cl2, eluting out Dapoxyl sulfonyl acid, and then the mobile phase was changed to methanol (80 ml), eluting out DPS. The elution was collected, and the solvent was rotary evaporated to obtain a dry yellow powder.
Product purity was assessed by Al2O3 TLC plates. DPS was identified by its yellow fluorescence when excited by a hand-held UV light while the Dapoxyl sulfonyl acid exhibits a much weaker, blue fluorescence. An analysis of the product was also performed on a Micromass LCT Time-of-Flight mass spectrometer with Electrospray and APCI and the purity was estimated to be 90 % (m/Z of DPS is 344). The concentration of DPS was determined by its absorbance at 365 nm (ε = 22,000 M-1cm-1). [1]
The interference of surfactants on sulfonamide fluorescence
Solutions of 1% w/v Brij 30, Tween 80, Span 80, Triton X-100, AOT, 1-Hexanol and PEG 400 were prepared in 10 mM MOPS. Solutions of 5 µM sulfonamides were also prepared in 10 mM MOPS. A 2 ml 5 µM sulfonamide solution was transferred into a cuvette, and the fluorescence of DPS (excitation 365 nm, emission 430-700 nm) or Dansylamide (excitation 330 nm, emission 400-650 nm, see Table S-1) was recorded on the fluorometer. Then, 20 µl of each surfactant solution was added to the sulfonamide solution, and the fluorescence changes induced by the surfactants were measured at 535 nm for DPS and at 450 nm for Dansylamide, respectively.
Removal of Zn2+ from CA and nanogels
The preparation of apo CA has been described in the literature. [2] Basically, for free enzyme, a 20-50 µM CA solution was first prepared by dissolving CA in 10 mM MOPS (pH 7.2) containing 25 mM 2,6 pyridine dicarboxylic acid (DPA). This solution was stored at 4°C overnight, and the excess DPA was removed by serial dilution with 10 mM MOPS (pH 7.2). This was followed by concentration in an Amicon Ultra Centrifugal Filter Unit with a 10 kDa membrane cut-off size. The apo-enzyme was then further purified by running it through a 10 cm Sephadex G-25 column. For any experiments involving apo CA, all reagents were of the highest purity available. To minimize metal contamination, all solutions were made using 18 MΩ Milli-Q water treated with Chelex 100 resin, and all the plasticware was pre-treated with 18 MΩ Milli-Q Chelex 100-treated water. The apo CA concentration was determined by a pNPA assay after addition of excess Zn2+.
Regarding the nanogel, a 25 mg/ml nanogel suspension containing CA was prepared in 10 mM MOPS (pH 7.2) and 25 mM DPA, and the suspension was kept at 4°C overnight. The particles were washed with 50~60 ml 10 mM MOPS in a pre-treated low metal Amicon ultra-filtration cell to eliminate excess DPA.
SEM imaging
Nanogels were dispersed in water at a concentration of 0.1 mg/ml, and the sample was sonicated for 30–60 minutes to prevent aggregation of the particles. A drop of the nanogel suspension was placed on a metal grid coated with carbon film and then dried gradually at room temperature. The sample was sputter coated with gold and visualized with a Philips XL30FEG scanning electron microscope.


Table S-1. Dansylamide as a fluorescent binding ligand of CA [3]
	
	
	λEX (nm)
	λEM (nm)
	Quantum Yield
	Kd (µM)

	Dansylamide
	Free
	330
	560
	0.08
	N/A

	
	Bound
	330
	450
	0.55
	0.8


λEX and λEM are the Excitation and the Emission wavelengths of Dansylamide, and Kd is the binding affinity of Dansylamide to CA.


Figure S-1. (a) Adjusted slope versus the concentration of CA. This calibration curve of the enzyme activity assay (pNPA assay) was used for quantifying the active CA inside the nanogels. (b). The pNPA assay of CA encapsulated AOT/Brij-30 nanogels (sample A in Fig 3) (red) and blank nanogels (blue).



Figure S-2. Coomassie Blue protein assay. (a) Coomassie Blue binds with both active and deactivated CA with an absorbance at 595 nm. Therefore, this assay was used for quantifying the total enzyme encapsulated in the CA-encapsulated nanogels (CA-enc-NG) and blank nanogels (Blank NG). (b) AOT and Brij 30 also interact with Coomassie Blue and increase its absorbance at 595 nm in a similar way as CA. For this reason, blank nanogels prepared under the same condition as the CA encapsulated nanogels were tested and used as a background. By subtracting the background caused by the residual surfactants in the blank nanogels, the estimation of the total protein amount in CA encapsulated nanogels became more accurate. (c) The absorbance of Coomassie Blue versus the concentration of CA. This calibration curve of the Coomassie Blue protein assay was used for quantifying the total CA inside the nanogels.


Figure S-3. The fluorescence interference of the sulfonamide fluorophores, Dapoxyl Sulfonamide (DPS) and Dansylamide (DNSA), by the surfactants. Controls are 5 µM DPS/DNSA in 10 mM MOPS buffer, while the final concentrations of surfactants are 0.01% w/v. All non-ionic surfactants used in the nanogel synthesis in this study (Brij 30, Tween 80 and Span 80) enhance the fluorescence of DPS and DNSA. Excitation: DPS 365 nm, DNSA 330 nm; emission DPS 535 nm, DNSA 450 nm.

Figure S-4. Free Zn2+ sensing using the CA encapsulated nanogels (sample D in Figure 2). This graph shows no fluorescence change as Zn2+ is added. The experiment was performed in 10 mM MOPS (pH 7.2) containing 10 mM NTA at 25°C.
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Absorbance

y = 0.001x + 0.4622
5.9045180441195423E-2	6.6108496680330989E-2	1.2741009902410876E-2	1.8230011885167104E-2	9.5043849529221208E-3	2.4027761721253486E-2	1.4047538337136997E-2	2.6576932353703519E-2	9.4516312525052028E-3	5.9045180441195423E-2	6.6108496680330989E-2	1.2741009902410876E-2	1.8230011885167104E-2	9.5043849529221208E-3	2.4027761721253486E-2	1.4047538337136997E-2	2.6576932353703519E-2	9.4516312525052028E-3	1000	750	500	250	125	100	50	25	0	1.4036666666666668	1.1883333333333332	0.99866666666666648	0.72666666666666657	0.56466666666666665	0.61633333333333329	0.5136666666666666	0.46933333333333338	0.40166666666666667	CA (ug/ml)
Absorbance

DPS	Control	Brij 30	Tween 80	Span 80	AOT	100	279.80080741246286	216.40157780888154	125.9575009543199	85.725687977882913	DNSA	Control	Brij 30	Tween 80	Span 80	AOT	100	254.53094128931912	189.4688217737405	168.29974815896176	
Relative Intensity (%)




CA-enc-NP	0	5.7130000000000006E-4	2.856E-3	5.7130000000000007E-2	0.14280000000000001	0.28570000000000001	1.143	2.859	14.35	28.849999999999998	58.3	119	182.3	317.40000000000003	504.1	627.1	714.19999999999993	9807.848	9616.0259999999998	9614.48	9593.1219999999994	9570.8160000000007	9528.0020000000004	9510.3680000000004	9500.0079999999998	9475.5740000000005	9464.0640000000003	9459.5519999999997	9400.5499999999993	9365.232	9304.402	9223.6119999999992	9160.1939999999995	9115.0439999999999	Free Zn2+ (pM)
Intensity (x103 cps)

0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0	2.31E-3	2.8600000000000001E-3	4.1000000000000003E-3	5.62E-3	6.4200000000000004E-3	7.3200000000000001E-3	9.2499999999999995E-3	1.01E-2	1.1509999999999999E-2	1.2699999999999999E-2	CA (mg/ml)
Adjusted Slope

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	0.41980000000000001	0.41980000000000001	0.41990000000000005	0.41980000000000001	0.42010000000000003	0.42060000000000003	0.42080000000000001	0.42080000000000001	0.42110000000000003	0.4214	0.42170000000000002	0.42170000000000002	0.42200000000000004	0.42200000000000004	0.42220000000000002	0.42220000000000002	0.42260000000000003	0.42320000000000002	0.42320000000000002	0.4234	0.4234	0.42370000000000002	0.42400000000000004	0.42400000000000004	0.42400000000000004	0.42470000000000002	0.42430000000000001	0.42470000000000002	0.4249	0.4249	0.42510000000000003	0.42550000000000004	0.42580000000000001	0.42610000000000003	0.4264	0.42660000000000003	0.42660000000000003	0.42700000000000005	0.42700000000000005	0.42720000000000002	0.42760000000000004	0.42760000000000004	0.42780000000000001	0.42800000000000005	0.42800000000000005	0.4284	0.42870000000000003	0.42910000000000004	0.42920000000000003	0.42920000000000003	0.42970000000000003	0.42970000000000003	0.4299	0.4299	0.43020000000000003	0.4304	0.43060000000000004	0.43110000000000004	0.43110000000000004	0.43140000000000001	0.43160000000000004	0.43160000000000004	0.43190000000000001	0.43210000000000004	0.43260000000000004	0.43280000000000002	0.43280000000000002	0.43310000000000004	0.43310000000000004	0.43340000000000001	0.43410000000000004	0.43370000000000003	0.43410000000000004	0.43430000000000002	0.43430000000000002	0.4345	0.43490000000000001	0.4355	0.4355	0.4355	0.43580000000000002	0.43610000000000004	0.43610000000000004	0.43660000000000004	0.43660000000000004	0.437	0.437	0.43720000000000003	0.43760000000000004	0.43760000000000004	0.43780000000000002	0.43780000000000002	0.43810000000000004	0.4385	0.43870000000000003	0.43870000000000003	0.43930000000000002	0.43930000000000002	0.43960000000000005	0.43960000000000005	0.43990000000000001	0.44059999999999999	0.44059999999999999	0.44090000000000001	0.44090000000000001	0.44140000000000001	0.442	0.442	0.44230000000000003	0.44230000000000003	0.4425	0.4425	0.4425	0.443	0.44280000000000003	0.443	0.44340000000000002	0.44340000000000002	0.44359999999999999	0.44340000000000002	0.44340000000000002	0.44400000000000001	0.44420000000000004	0.44450000000000001	0.44480000000000003	0.44510000000000005	0.44480000000000003	0.44510000000000005	0.44510000000000005	0.44520000000000004	0.44520000000000004	0.4456	0.44580000000000003	0.44620000000000004	0.44640000000000002	0.44640000000000002	0.44670000000000004	0.44700000000000001	0.44700000000000001	0.44730000000000003	0.44800000000000001	0.44850000000000001	0.44900000000000001	0.44900000000000001	0.44920000000000004	0.4486	0.4486	0.44850000000000001	0.4486	0.44920000000000004	0.44900000000000001	0.44950000000000001	0.44950000000000001	0.44950000000000001	0.45010000000000006	0.45010000000000006	0.45050000000000001	0.45070000000000005	0.45090000000000002	0.45090000000000002	0.45090000000000002	0.4516	0.4516	0.45190000000000002	0.45190000000000002	0.45220000000000005	0.45220000000000005	0.45240000000000002	0.45280000000000004	0.45290000000000002	0.45290000000000002	0.4531	0.4531	0.45380000000000004	0.45380000000000004	0.4541	0.4541	0.45440000000000003	0.45469999999999999	0.45469999999999999	0.45520000000000005	0.45520000000000005	0.4556	0.4556	0.45580000000000004	0.45620000000000005	0.45640000000000003	0.45640000000000003	0.45640000000000003	0.45669999999999999	0.45669999999999999	0.45700000000000002	0.45730000000000004	0.4577	0.4577	0.45790000000000003	0.45810000000000001	0.45810000000000001	0.45850000000000002	0.45850000000000002	0.45880000000000004	0.45910000000000001	0.45910000000000001	0.45940000000000003	0.45940000000000003	0.45960000000000001	0.45960000000000001	0.46	0.46020000000000005	0.46060000000000001	0.46080000000000004	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	0.69720000000000004	0.70090000000000008	0.70429999999999993	0.70730000000000004	0.71090000000000009	0.71389999999999998	0.71690000000000009	0.7198	0.72229999999999994	0.72530000000000006	0.72849999999999993	0.7319	0.73550000000000004	0.73849999999999993	0.7419	0.74550000000000005	0.7491000000000001	0.75180000000000002	0.75530000000000008	0.75839999999999996	0.7621	0.76509999999999989	0.76859999999999995	0.77150000000000007	0.77560000000000007	0.77869999999999995	0.78200000000000003	0.78530000000000011	0.78909999999999991	0.79239999999999999	0.79560000000000008	0.79889999999999994	0.80279999999999996	0.80539999999999989	0.8093999999999999	0.81240000000000001	0.81549999999999989	0.81899999999999995	0.82180000000000009	0.82509999999999994	0.82879999999999998	0.83250000000000002	0.83529999999999993	0.83840000000000003	0.84190000000000009	0.84489999999999998	0.84870000000000001	0.8516999999999999	0.85470000000000002	0.85820000000000007	0.86109999999999998	0.86460000000000004	0.86810000000000009	0.87090000000000001	0.87440000000000007	0.87769999999999992	0.88080000000000003	0.8839999999999999	0.88739999999999997	0.8902000000000001	0.89349999999999996	0.89680000000000004	0.90020000000000011	0.90310000000000001	0.90609999999999991	0.90949999999999998	0.9124000000000001	0.91549999999999998	0.91900000000000004	0.92209999999999992	0.92520000000000002	0.92860000000000009	0.93130000000000002	0.93500000000000005	0.93769999999999998	0.94130000000000003	0.94459999999999988	0.94730000000000003	0.95120000000000005	0.95379999999999998	0.95720000000000005	0.9605999999999999	0.96389999999999998	0.96730000000000005	0.97019999999999995	0.97309999999999985	0.97719999999999985	0.98019999999999996	0.98249999999999993	0.98599999999999999	0.98899999999999988	0.99259999999999993	0.99479999999999991	0.99849999999999994	1.0009999999999999	1.0046999999999999	1.0070999999999999	1.0108999999999999	1.0134999999999998	1.0166999999999999	1.0198	1.0225	1.0257000000000001	1.0289999999999999	1.0315999999999999	1.0318000000000001	1.0295999999999998	1.0283	1.0270999999999999	1.0276000000000001	1.0278	1.0278	1.0283	1.0285	1.0288999999999999	1.0295999999999998	1.0304	1.0314999999999999	1.0322	1.0328999999999999	1.0337000000000001	1.0344	1.0354999999999999	1.0358999999999998	1.0369999999999999	1.0373000000000001	1.0384	1.0392999999999999	1.0404	1.0410999999999999	1.0421999999999998	1.0426	1.0436999999999999	1.0442	1.0450999999999999	1.0459000000000001	1.0470999999999999	1.0478000000000001	1.0490999999999999	1.0493999999999999	1.0505	1.0516000000000001	1.0524	1.0530999999999999	1.0541	1.0543	1.0558999999999998	1.0566	1.0573999999999999	1.0586	1.0592999999999999	1.0602	1.0609	1.0615999999999999	1.0628	1.0631999999999999	1.0651999999999999	1.0659000000000001	1.0659000000000001	1.0670999999999999	1.0684999999999998	1.0691999999999999	1.0699000000000001	1.0708	1.0718999999999999	1.0730999999999999	1.0735999999999999	1.0747	1.0750999999999999	1.0764	1.0774999999999999	1.0781999999999998	1.0790999999999999	1.0798000000000001	1.081	1.0819000000000001	1.0825999999999998	1.0840000000000001	1.0847	1.0851999999999999	1.0859999999999999	1.0872999999999999	1.0880999999999998	1.0889	1.0901999999999998	1.0903999999999998	1.0912999999999999	1.093	1.093	1.0941999999999998	1.0955999999999999	1.0960999999999999	1.0973999999999999	1.0983000000000001	1.0985	1.0994999999999999	1.1006999999999998	1.1006999999999998	1.1019000000000001	1.1032999999999999	1.1040999999999999	1.1054999999999999	1.1056999999999999	1.1067	1.1074999999999999	1.1084000000000001	1.1096999999999999	1.1101999999999999	1.1111	1.1117999999999999	1.1126999999999998	Reaction time (s)


Absorbance



36
