Developing Multi-Enzyme Metal-Organic Framework Nanocrystals for Rapid Soybean Biomass Conversion
Zhongyu Yang, Assistant Professor, Department of Chemistry and Biochemistry, North Dakota State University

[bookmark: _GoBack]Technical Report
Introduction
	Soybean is among the most abundant agricultural products in North Dakota (ND). Thus far, the major use of soybean is extracting soybean oil, which has become an important income of ND soybean farmers. After extracting the oil, the residual components, although containing food proteins, valuable polysaccharides, and chemicals of energy resources, are often utilized as
animal foods. This is a tremendous waste given the huge market on food and energy industries
and the high soybean yield in ND. The cause of such a waste is the difficulty in extracting these
valuable components from the intense soybean cellulose network. By far, little success has been
achieved, due to the lack of proper approaches to efficiently and rapidly degrade the cellulose
with low-cost, minimal damage to the valuable portions, and no unwanted side-products. Here,
we will develop a unique nanoscale materials that can overcome these barriers. The key is to
immobilize all enzymes that can degrade the cellulose network on the surface of a recently
developed crystal called Metal-Organic Framework (MOF) as shown in our recent works.1-5 MOFs offer enhanced stability to the trapped enzymes so that the reaction can be carried out under elevated temperatures and acidic pHs to enhance the efficiency of enzymes. The use of enzymes generates no damage to any valuable components. The developed nanoscale crystals are easily recovered for reuse, which increases the cost-efficiency, and produce no pollution, contaminant, or metal-toxicity (because food-grade metals will be utilized). The work will potentially maximize the use of soybean crops for industry and improve the incomes of soybean growers.
Results and Discussions
The central goal of this project is to simultaneously immobilize three key enzymes responsible for degrading cellulose network on a Metal-Organic Framework (MOF) so that their close proximity can help rapidly degrade native cellulose, while the MOF scaffolds can offer certain degree of protection to the enzymes so that elevated temperature can be applied to speed up the cellulose degradation. Furthermore, all enzymes are stabilized on the MOF so that it may be possible to reuse the enzyme@MOF composites after degrading one batch of cellulose samples. The three enzymes are cellulase, hemocellulase, and xylanase. Toward this goal, we have conducted the following, step-wise investigation: I) demonstration of the enzyme activity on free enzymes, II) proving enzyme activity upon immobilization on 3 MOFs, III) proving all enzymes are active when combined on MOFs, IV) determining the long-term stability of the composites, and V) improving the reusability of the composites. This technical report is organized following this order.
I. Positive and negative controls: free enzymes are active in solution.
	Commercial activity assay kits for cellulase, hemicellulose, and xylanase were purchased to confirm that the commercial enzymes are active. The activity of the cellulase is measured as the optical absorption at 340 nm (A340) which indicate the degradation of cellulose and generation of a product that can react with a coloring agent. The activity of cellulase is shown in Figure 1. As is evident from Figure 1, the cellulase itself is active as judged by the increase in A340 due to cellulose degradation (traces labeled as Cell 1, 2 and 3). Interestingly, the presence of hemicellulose (traces labeled as Cell/Hemi 1, 2, and 3 of Figure 1) increases the activity of cellulase. Lastly, the presence of three enzymes in solution resulted in significantly enhanced overall activity (traces labeled as Cell/Hemi/Xyl 1, 2, and 3 of Figure 1).

Figure 1. Activity of three enzymes in solution.
II. Activity of each individual enzyme confined in MOFs.
	We have attempted 3 kinds of MOFs using Ca2+ as the metal and two organic ligands, namely BDC and BPDC, as well as magnetic nanoparticles (MNP): CaBPDC, CaBDC, and CaBDC-MNP. These are investigated to determine the best way to immobilize our enzymes for cellulose biodegradation; MNPs are employed to carry out magnetic separation after a catalytic cycle. CaBPDC was the first MOF we attempted. The advantage is that all three enzymes are active (be aware that a lot more composites are needed as the enzymes are only partially exposed to the surface of the CaBPDC MOF as compared to the complete free enzymes in solution). The activity data of cellulase on CaBPDC is shown in Figure 2. However, the separation of cellulase@CaBPDC after a reaction from unreacted cellulose substrate is difficult, because the composites are smaller in size than the substrates.

Figure 2. Cellulase activity on CaBPDC MOF at different MOF concentrations (x1 to x10).
	CaBDC is known to form larger crystals (micrometer scale), which may help separation. Therefore, we attempted to immobilize enzymes on CaBDC. While the activity was relatively lower, the particle size is larger (see our recent paper probing the particle size).1 Using the same activity kit, we also found the cellulase is active (Figure 3). However, the enzyme@CaBDC composites were mixed with the unreacted substrates, making it difficult to separate and reuse the composites.

Figure 3. Cellulase on CaBDC at different composite concentrations.

Figure 4. Hemicellulase activity on CaBPDC.
	Interestingly, we found it possible to incorporate magnetic properties in CaBDC if MNPs are doped during the formation of enzyme@CaBDC composite.4 We therefore prepared such a complex and found it possible to separate the composite from the substrate. The xylanase activity was found to be reusable (see below).
III. Activity of three enzymes on one MOF.
	We have then immobilized three enzymes together on CaBPDC and CaBDC. The activity of each enzyme was tested using the same commercial kits and each enzyme was found active. 
IV. Activity over time.
	 The cellulase activity was tested as a pilot to show the long-time activity. Basically, we initiated a reaction and let the reaction go for a long time. Over a period of 5 days, we found the activity stabilized at 2-3 days. This indicates that our composites were not disassembled during the reaction.

Figure 5. Longevity of our composites.
V. Reusability of the composites.
	As discussed above, the most challenge of our project is the reusability test, which requires separation of the composites from the substrates, cellulose. We have attempted gravimetric separation which did not work out because the composites and substrates are both large in size and heavy. We have also attempted the magnetic separation using enzyme@CaBDC-MNP composites but this strategy did not result in cellulase reusability data. The Xylanase, on the other hand, was found reusable after the magnetic separation. As shown in Table 1, the xylanase seems to be reusable after 4 rounds.
Table 1. Reusability tested using the xylanase assay on CaBDC-MNP.
	Trial
	BDC-MOF sample 1 (A400)
	BDC-MOF sample 2 (A400)

	1
	0.136
	0.175

	2
	0.119
	0.112

	3
	0.085
	0.079

	4
	0.066
	.071



	We rationalize the loss of reusability of cellulase from the CaBDC-MNP test to the large, viscous unreacted cellulose substrates that even magnetic separation was not able to recycle the composites. One potential solution is to use large magnetic nanoparticles so that the magnetic interaction is stronger to help the separation. The other is to heat the mixture to unwrap the unreacted cellulose from the CaBDC-MNP particles.
Impact of COVID-19 and future plans
	We have submitted samples for the characterization of all particles to the facility centers of SEM/TEM, TGA, and powder X-ray diffraction. However, due to COVID-19 and some instrument repairment, our data acquisition was not as expected. We are waiting for 10-12 data from each of these facility centers. As soon as we obtained all the data, a manuscript will be constructed for submission.
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Cellulase BPDC 

Empty MOF	0	4.9800000000000004	9.98	14.98	19.98	25.05	30	35	40	44.98	50.03	54.98	59.98	64.98	69.98	74.98	80	84.97	89.98	94.98	100	105	110.05	115	120.02	124.98	129.97999999999999	135.02000000000001	139.97999999999999	144.97999999999999	150.03	154.97999999999999	159.97999999999999	165	169.98	175.05	180	185	190.05	195	199.98	205.02	209.98	214.98	220.05	224.98	230.03	234.98	239.98	245	249.98	255	260.05	265	270	275.05	280	284.98	289.98	294.98	300.02	-2.06E-2	-1.8100000000000002E-2	-1.9300000000000001E-2	-1.8200000000000001E-2	-1.7100000000000001E-2	-1.7600000000000001E-2	-1.7999999999999999E-2	-1.61E-2	-1.78E-2	-1.7500000000000002E-2	-1.6899999999999998E-2	-1.7500000000000002E-2	-1.7899999999999999E-2	-1.84E-2	-1.77E-2	-1.7399999999999999E-2	-1.7000000000000001E-2	-1.52E-2	-1.7399999999999999E-2	-1.89E-2	-1.8499999999999999E-2	-1.7899999999999999E-2	-1.83E-2	-1.7000000000000001E-2	-1.83E-2	-1.9E-2	-1.9099999999999999E-2	-1.7500000000000002E-2	-1.89E-2	-1.8599999999999998E-2	-1.8200000000000001E-2	-1.9400000000000001E-2	-1.9199999999999998E-2	-1.9699999999999999E-2	-1.9800000000000002E-2	-1.9599999999999999E-2	-1.95E-2	-1.9900000000000001E-2	-1.9900000000000001E-2	-1.7299999999999999E-2	-1.9900000000000001E-2	-1.7999999999999999E-2	-1.9E-2	-2.0500000000000001E-2	-1.9099999999999999E-2	-1.89E-2	-1.95E-2	-1.9199999999999998E-2	-1.8200000000000001E-2	-1.89E-2	-2.0799999999999999E-2	-1.9300000000000001E-2	-1.9699999999999999E-2	-1.8700000000000001E-2	-1.9400000000000001E-2	-2.0299999999999999E-2	-1.9699999999999999E-2	-2.0199999999999999E-2	-2.0500000000000001E-2	-2.0799999999999999E-2	-2.1399999999999999E-2	MOF x1	0	4.9800000000000004	9.98	14.98	19.98	25.05	30	35	40	44.98	50.03	54.98	59.98	64.98	69.98	74.98	80	84.97	89.98	94.98	100	105	110.05	115	120.02	124.98	129.97999999999999	135.02000000000001	139.97999999999999	144.97999999999999	150.03	154.97999999999999	159.97999999999999	165	169.98	175.05	180	185	190.05	195	199.98	205.02	209.98	214.98	220.05	224.98	230.03	234.98	239.98	245	249.98	255	260.05	265	270	275.05	280	284.98	289.98	294.98	300.02	7.7000000000000002E-3	7.0000000000000001E-3	8.8000000000000005E-3	9.7999999999999997E-3	1.03E-2	1.18E-2	1.18E-2	1.21E-2	1.2800000000000001E-2	1.21E-2	1.3899999999999999E-2	1.2800000000000001E-2	1.2699999999999999E-2	1.3299999999999999E-2	1.3899999999999999E-2	1.6E-2	1.5100000000000001E-2	1.66E-2	1.6E-2	1.67E-2	1.7100000000000001E-2	1.78E-2	1.7600000000000001E-2	1.83E-2	1.9599999999999999E-2	1.9099999999999999E-2	1.9199999999999998E-2	1.95E-2	1.9E-2	2.18E-2	2.0500000000000001E-2	1.95E-2	1.8800000000000001E-2	1.9099999999999999E-2	2.0500000000000001E-2	1.9900000000000001E-2	2.07E-2	2.0500000000000001E-2	2.1000000000000001E-2	2.2200000000000001E-2	2.1899999999999999E-2	2.1399999999999999E-2	2.24E-2	1.9800000000000002E-2	2.1899999999999999E-2	2.0899999999999998E-2	2.3E-2	2.1899999999999999E-2	2.1100000000000001E-2	2.0199999999999999E-2	2.12E-2	2.1999999999999999E-2	2.1299999999999999E-2	2.24E-2	2.1700000000000001E-2	2.24E-2	2.3E-2	2.24E-2	2.3599999999999999E-2	2.3900000000000001E-2	2.3800000000000002E-2	MOF x2	0	4.9800000000000004	9.98	14.98	19.98	25.05	30	35	40	44.98	50.03	54.98	59.98	64.98	69.98	74.98	80	84.97	89.98	94.98	100	105	110.05	115	120.02	124.98	129.97999999999999	135.02000000000001	139.97999999999999	144.97999999999999	150.03	154.97999999999999	159.97999999999999	165	169.98	175.05	180	185	190.05	195	199.98	205.02	209.98	214.98	220.05	224.98	230.03	234.98	239.98	245	249.98	255	260.05	265	270	275.05	280	284.98	289.98	294.98	300.02	-0.01	-6.6E-3	-7.6E-3	-4.7000000000000002E-3	-3.5000000000000001E-3	-1.1999999999999999E-3	-1.1000000000000001E-3	6.9999999999999999E-4	2.5000000000000001E-3	2.3E-3	3.3E-3	4.1999999999999997E-3	5.5999999999999999E-3	8.8999999999999999E-3	8.2000000000000007E-3	9.4999999999999998E-3	1.03E-2	1.1299999999999999E-2	1.21E-2	1.2699999999999999E-2	1.38E-2	1.61E-2	1.55E-2	1.5699999999999999E-2	1.7600000000000001E-2	1.8499999999999999E-2	1.9099999999999999E-2	2.0500000000000001E-2	2.2599999999999999E-2	2.1000000000000001E-2	2.1100000000000001E-2	2.29E-2	2.1899999999999999E-2	2.4199999999999999E-2	2.3599999999999999E-2	2.46E-2	2.3E-2	2.5100000000000001E-2	2.53E-2	2.5100000000000001E-2	2.7E-2	2.6499999999999999E-2	2.6800000000000001E-2	2.7199999999999998E-2	2.6700000000000002E-2	2.7699999999999999E-2	2.7699999999999999E-2	2.6700000000000002E-2	2.87E-2	2.9000000000000001E-2	2.76E-2	2.8199999999999999E-2	2.9000000000000001E-2	3.1199999999999999E-2	3.1300000000000001E-2	2.8799999999999999E-2	3.1199999999999999E-2	2.9399999999999999E-2	2.8400000000000002E-2	2.9899999999999999E-2	2.98E-2	MOF x5	0	4.9800000000000004	9.98	14.98	19.98	25.05	30	35	40	44.98	50.03	54.98	59.98	64.98	69.98	74.98	80	84.97	89.98	94.98	100	105	110.05	115	120.02	124.98	129.97999999999999	135.02000000000001	139.97999999999999	144.97999999999999	150.03	154.97999999999999	159.97999999999999	165	169.98	175.05	180	185	190.05	195	199.98	205.02	209.98	214.98	220.05	224.98	230.03	234.98	239.98	245	249.98	255	260.05	265	270	275.05	280	284.98	289.98	294.98	300.02	1.18E-2	1.49E-2	1.5599999999999999E-2	1.9E-2	2.0199999999999999E-2	2.3E-2	2.3699999999999999E-2	2.53E-2	2.76E-2	2.9499999999999998E-2	2.98E-2	3.2899999999999999E-2	3.5200000000000002E-2	3.56E-2	3.8800000000000001E-2	4.02E-2	4.3200000000000002E-2	4.3900000000000002E-2	4.5900000000000003E-2	4.6300000000000001E-2	4.8300000000000003E-2	5.0099999999999999E-2	5.2200000000000003E-2	5.4100000000000002E-2	5.4699999999999999E-2	5.7299999999999997E-2	5.67E-2	5.8500000000000003E-2	5.96E-2	6.0600000000000001E-2	6.1699999999999998E-2	6.1100000000000002E-2	6.3500000000000001E-2	6.3799999999999996E-2	6.3600000000000004E-2	6.4199999999999993E-2	6.7799999999999999E-2	6.8699999999999997E-2	6.7000000000000004E-2	6.8000000000000005E-2	6.7799999999999999E-2	6.9099999999999995E-2	6.9400000000000003E-2	7.1099999999999997E-2	7.0599999999999996E-2	6.9699999999999998E-2	7.0599999999999996E-2	7.0099999999999996E-2	7.1999999999999995E-2	7.4800000000000005E-2	7.5600000000000001E-2	7.3200000000000001E-2	7.4499999999999997E-2	7.2599999999999998E-2	7.46E-2	7.3800000000000004E-2	7.4499999999999997E-2	7.4200000000000002E-2	7.3899999999999993E-2	7.5300000000000006E-2	7.5700000000000003E-2	MOF x10	0	4.9800000000000004	9.98	14.98	19.98	25.05	30	35	40	44.98	50.03	54.98	59.98	64.98	69.98	74.98	80	84.97	89.98	94.98	100	105	110.05	115	120.02	124.98	129.97999999999999	135.02000000000001	139.97999999999999	144.97999999999999	150.03	154.97999999999999	159.97999999999999	165	169.98	175.05	180	185	190.05	195	199.98	205.02	209.98	214.98	220.05	224.98	230.03	234.98	239.98	245	249.98	255	260.05	265	270	275.05	280	284.98	289.98	294.98	300.02	-3.5999999999999999E-3	-6.9999999999999999E-4	7.4999999999999997E-3	2.8999999999999998E-3	3.8999999999999998E-3	4.7999999999999996E-3	5.5999999999999999E-3	8.3999999999999995E-3	1.0699999999999999E-2	1.09E-2	1.3599999999999999E-2	1.54E-2	1.89E-2	1.89E-2	2.4500000000000001E-2	2.5100000000000001E-2	2.8199999999999999E-2	2.86E-2	2.9499999999999998E-2	3.09E-2	3.3099999999999997E-2	3.3099999999999997E-2	3.5700000000000003E-2	3.9199999999999999E-2	3.9800000000000002E-2	4.02E-2	4.1200000000000001E-2	4.2900000000000001E-2	4.3700000000000003E-2	4.5699999999999998E-2	4.4999999999999998E-2	4.9500000000000002E-2	4.8300000000000003E-2	5.0500000000000003E-2	5.2999999999999999E-2	5.3800000000000001E-2	5.3600000000000002E-2	5.2499999999999998E-2	5.3600000000000002E-2	5.45E-2	5.5100000000000003E-2	5.4899999999999997E-2	5.67E-2	5.6800000000000003E-2	5.9799999999999999E-2	5.8500000000000003E-2	5.7299999999999997E-2	6.3500000000000001E-2	5.8500000000000003E-2	5.8799999999999998E-2	5.9900000000000002E-2	6.3100000000000003E-2	6.1499999999999999E-2	6.2100000000000002E-2	6.2E-2	6.0499999999999998E-2	6.3899999999999998E-2	6.3100000000000003E-2	6.3100000000000003E-2	6.2199999999999998E-2	6.2100000000000002E-2	Seconds
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BDC Concentrated Cellulase Test

Empty MOF	0	4.8899999999999997	9.91	14.86	19.88	24.86	29.86	34.880000000000003	39.86	44.86	49.88	54.84	59.84	64.91	69.86	74.88	79.88	84.86	89.91	94.86	99.86	104.88	109.86	114.86	119.91	124.86	129.88999999999999	134.86000000000001	139.86000000000001	144.91	149.88999999999999	154.86000000000001	159.91	164.86	169.86	174.88	179.84	184.84	189.91	194.86	199.88	204.86	209.86	214.88	219.86	224.86	229.88	234.84	239.84	244.91	249.86	254.89	259.86	264.88	269.91000000000003	274.86	279.86	284.88	289.88	294.86	299.92	-1.9E-3	-1.8E-3	-3.3999999999999998E-3	-2.5999999999999999E-3	-2.5000000000000001E-3	-2E-3	-4.0000000000000002E-4	-8.0000000000000004E-4	-4.0000000000000002E-4	-1.5E-3	-1.1999999999999999E-3	-8.9999999999999998E-4	-1.1999999999999999E-3	-2.3999999999999998E-3	-2.2000000000000001E-3	-8.9999999999999998E-4	4.0000000000000002E-4	-2.0000000000000001E-4	-8.0000000000000004E-4	3.8999999999999998E-3	0	-2.0000000000000001E-4	-2.9999999999999997E-4	1E-3	5.0000000000000001E-4	-1.4E-3	1.1999999999999999E-3	4.0000000000000002E-4	6.4000000000000003E-3	-1.2999999999999999E-3	-8.0000000000000004E-4	5.0000000000000001E-4	-8.0000000000000004E-4	-2E-3	-1.8E-3	-8.0000000000000004E-4	-2.0000000000000001E-4	-8.9999999999999998E-4	-2.3999999999999998E-3	2.0000000000000001E-4	-5.0000000000000001E-4	-1.6999999999999999E-3	-1E-3	-6.9999999999999999E-4	8.0000000000000004E-4	-4.0000000000000002E-4	-1E-3	5.0000000000000001E-4	5.0000000000000001E-4	4.0000000000000002E-4	2.0000000000000001E-4	-6.9999999999999999E-4	-1.1000000000000001E-3	6.9999999999999999E-4	-1.6999999999999999E-3	-2.0000000000000001E-4	-5.0000000000000001E-4	-6.9999999999999999E-4	-1E-3	5.9999999999999995E-4	0	x10 	0	5.0199999999999996	9.98	14.98	20.03	24.98	29.98	35.03	39.979999999999997	44.98	50	54.98	59.98	65.03	69.98	75	79.98	84.98	90	94.98	99.98	105.03	109.97	114.97	120.03	124.97	130	134.97999999999999	139.97999999999999	145	149.97999999999999	154.97999999999999	160	164.98	169.97	175.03	179.98	185.05	189.98	194.98	200	204.98	209.98	215.03	220.02	225.02	229.98	235	239.98	245.03	249.98	255.03	259.98	264.98	270	274.98	279.98	285.02999999999997	289.97000000000003	294.97000000000003	300.05	1.1299999999999999E-2	1.23E-2	1.4200000000000001E-2	1.5299999999999999E-2	1.66E-2	1.55E-2	1.7500000000000002E-2	1.9599999999999999E-2	2.0799999999999999E-2	2.06E-2	2.2800000000000001E-2	2.47E-2	2.4E-2	2.64E-2	2.5899999999999999E-2	2.7400000000000001E-2	3.0300000000000001E-2	2.9100000000000001E-2	3.15E-2	3.4200000000000001E-2	3.3399999999999999E-2	3.5099999999999999E-2	3.3000000000000002E-2	3.5000000000000003E-2	3.6299999999999999E-2	3.7400000000000003E-2	3.7499999999999999E-2	4.0800000000000003E-2	4.36E-2	4.19E-2	4.2900000000000001E-2	4.3099999999999999E-2	4.3099999999999999E-2	4.53E-2	4.4400000000000002E-2	4.6199999999999998E-2	4.6100000000000002E-2	4.6300000000000001E-2	4.8399999999999999E-2	4.58E-2	4.7500000000000001E-2	4.9700000000000001E-2	4.9500000000000002E-2	4.9399999999999999E-2	5.0299999999999997E-2	5.1700000000000003E-2	5.0299999999999997E-2	5.0999999999999997E-2	5.16E-2	5.3400000000000003E-2	5.2900000000000003E-2	5.3600000000000002E-2	5.3499999999999999E-2	5.4199999999999998E-2	5.28E-2	5.5E-2	5.4600000000000003E-2	5.57E-2	5.6300000000000003E-2	5.4800000000000001E-2	5.5599999999999997E-2	x12	0	5.08	9.98	14.98	20.03	24.98	29.97	35	40	44.98	50	54.97	59.97	64.98	69.98	75.13	79.98	84.98	90	94.98	99.98	105.03	109.97	114.97	120	124.98	130	134.97999999999999	139.97999999999999	145	149.97999999999999	154.97999999999999	160	164.97	169.98	175.03	179.98	185	189.98	195	200	204.98	209.98	215	219.98	224.98	230.03	235	240	244.98	249.98	255.03	259.98	265	270	274.98	279.98	285.02999999999997	289.97000000000003	294.97000000000003	300.05	1.61E-2	1.7899999999999999E-2	1.7600000000000001E-2	1.89E-2	2.0799999999999999E-2	2.2700000000000001E-2	2.2700000000000001E-2	2.41E-2	2.8500000000000001E-2	2.7699999999999999E-2	2.98E-2	3.0700000000000002E-2	3.0499999999999999E-2	3.2300000000000002E-2	3.2500000000000001E-2	3.4700000000000002E-2	3.6999999999999998E-2	3.7699999999999997E-2	3.8800000000000001E-2	4.2700000000000002E-2	4.0899999999999999E-2	4.3700000000000003E-2	4.3200000000000002E-2	4.2999999999999997E-2	4.53E-2	4.6199999999999998E-2	4.6699999999999998E-2	4.82E-2	5.1700000000000003E-2	4.9700000000000001E-2	5.0900000000000001E-2	5.2200000000000003E-2	5.4399999999999997E-2	5.4399999999999997E-2	5.3900000000000003E-2	5.6500000000000002E-2	5.6800000000000003E-2	5.57E-2	5.74E-2	5.8400000000000001E-2	6.0499999999999998E-2	6.1400000000000003E-2	6.13E-2	6.1600000000000002E-2	6.3100000000000003E-2	6.1899999999999997E-2	6.3E-2	6.1400000000000003E-2	6.3200000000000006E-2	6.4399999999999999E-2	6.5699999999999995E-2	6.5799999999999997E-2	6.6699999999999995E-2	6.6100000000000006E-2	6.6600000000000006E-2	6.8199999999999997E-2	6.8599999999999994E-2	7.2900000000000006E-2	6.8599999999999994E-2	6.9000000000000006E-2	7.0099999999999996E-2	x15	0	4.9800000000000004	9.9700000000000006	14.97	20.02	24.97	29.97	35.020000000000003	39.97	44.97	49.98	54.97	59.98	64.97	69.97	74.98	79.97	84.98	89.98	94.97	99.95	105	109.97	115.02	119.97	124.97	129.97999999999999	134.97	139.97	145	149.97	154.97	160.02000000000001	164.97	169.97	174.98	179.97	184.98	189.97	194.97	199.98	204.97	209.97	215.03	219.97	224.97	230.02	234.97	239.98	244.97	249.97	255.02	259.97000000000003	264.97000000000003	270	274.97000000000003	279.97000000000003	285.02	289.97000000000003	295	299.97000000000003	-4.0000000000000002E-4	-1E-4	1.2999999999999999E-3	5.0000000000000001E-4	2.3E-3	4.4000000000000003E-3	5.0000000000000001E-3	6.6E-3	7.0000000000000001E-3	8.6E-3	9.5999999999999992E-3	1.15E-2	1.18E-2	1.24E-2	1.4800000000000001E-2	1.61E-2	1.6799999999999999E-2	1.6799999999999999E-2	1.9300000000000001E-2	1.8499999999999999E-2	2.1100000000000001E-2	2.24E-2	2.4E-2	2.3E-2	2.5100000000000001E-2	2.4899999999999999E-2	2.6800000000000001E-2	2.81E-2	2.9100000000000001E-2	2.98E-2	3.0499999999999999E-2	3.3099999999999997E-2	3.2899999999999999E-2	3.4099999999999998E-2	3.4299999999999997E-2	3.4299999999999997E-2	3.56E-2	3.6700000000000003E-2	3.6900000000000002E-2	3.8300000000000001E-2	3.8600000000000002E-2	3.9600000000000003E-2	4.0599999999999997E-2	4.07E-2	4.2200000000000001E-2	4.4200000000000003E-2	4.3299999999999998E-2	4.2700000000000002E-2	4.4299999999999999E-2	4.3400000000000001E-2	4.5499999999999999E-2	4.5400000000000003E-2	4.3400000000000001E-2	4.4600000000000001E-2	4.6300000000000001E-2	4.58E-2	4.6899999999999997E-2	4.6800000000000001E-2	4.7199999999999999E-2	4.6899999999999997E-2	4.7600000000000003E-2	seconds
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Hemicellulase BPDC Relative Activity

Empty MOF +C	0	5.05	9.98	14.98	20	24.98	29.98	35	39.97	44.97	50.03	54.98	60	64.98	69.98	75	79.98	84.98	90	94.98	99.98	105.03	109.97	114.97	120.03	124.97	130.02000000000001	134.97999999999999	139.97999999999999	145	149.97	154.97999999999999	160	164.98	169.98	175.03	179.98	185	189.98	194.98	200	204.98	209.98	215	219.98	224.98	230.03	234.98	240	245	249.98	255.03	259.98	264.98	270	274.98	279.98	285.02999999999997	289.98	295	299.98	304.98	310.02999999999997	314.98	319.98	325	329.98	334.98	340	345	349.98	355.03	359.97	-6.6E-3	-5.4000000000000003E-3	-1.8E-3	-2.0999999999999999E-3	1.2999999999999999E-3	2.5999999999999999E-3	4.0000000000000001E-3	6.7000000000000002E-3	1.12E-2	1.4999999999999999E-2	1.66E-2	2.1899999999999999E-2	2.6499999999999999E-2	2.6800000000000001E-2	3.2199999999999999E-2	3.7400000000000003E-2	3.9800000000000002E-2	4.4400000000000002E-2	4.8800000000000003E-2	5.4699999999999999E-2	5.7799999999999997E-2	6.0900000000000003E-2	6.5500000000000003E-2	7.0099999999999996E-2	7.2599999999999998E-2	7.8700000000000006E-2	8.2600000000000007E-2	8.6800000000000002E-2	9.1899999999999996E-2	9.6699999999999994E-2	9.9099999999999994E-2	0.1032	0.10780000000000001	0.1119	0.1147	0.11940000000000001	0.1226	0.12790000000000001	0.13250000000000001	0.1361	0.13930000000000001	0.14369999999999999	0.14630000000000001	0.1487	0.15459999999999999	0.1585	0.16120000000000001	0.16300000000000001	0.1661	0.16869999999999999	0.1721	0.17549999999999999	0.17730000000000001	0.1792	0.18	0.18479999999999999	0.18729999999999999	0.18959999999999999	0.19159999999999999	0.1951	0.1966	0.19869999999999999	0.20119999999999999	0.2041	0.2049	0.20619999999999999	0.21029999999999999	0.2097	0.21279999999999999	0.2152	0.21729999999999999	0.21879999999999999	0.21959999999999999	MOF x1 + C	0	5	9.9499999999999993	14.95	19.97	24.97	29.95	34.97	39.950000000000003	44.97	49.95	54.95	59.97	64.95	69.95	74.97	79.94	84.94	90	94.95	99.97	104.95	109.95	115	119.94	124.97	130	134.97	139.94999999999999	144.97999999999999	149.94999999999999	154.97	159.94999999999999	164.94	169.97	174.95	179.95	185	189.95	194.95	200	204.94	209.94	214.95	219.95	224.97	229.95	234.95	240	244.95	249.95	255	259.94	264.94	270	274.95	279.97000000000003	284.95	289.97000000000003	295	299.95	304.95	309.98	314.95	319.95	325.02999999999997	329.95	334.95	340	344.97	349.95	355	359.95	1E-4	3.7000000000000002E-3	4.1000000000000003E-3	1.12E-2	7.1000000000000004E-3	8.5000000000000006E-3	1.43E-2	1.5900000000000001E-2	2.0400000000000001E-2	2.4500000000000001E-2	3.0200000000000001E-2	3.4200000000000001E-2	3.6600000000000001E-2	3.9E-2	4.3299999999999998E-2	4.9000000000000002E-2	5.0999999999999997E-2	5.6899999999999999E-2	6.1400000000000003E-2	6.6100000000000006E-2	7.5499999999999998E-2	7.6700000000000004E-2	8.2299999999999998E-2	8.5599999999999996E-2	9.1700000000000004E-2	9.4299999999999995E-2	9.9599999999999994E-2	0.1065	0.1147	0.1164	0.12130000000000001	0.12520000000000001	0.12989999999999999	0.13270000000000001	0.13869999999999999	0.14199999999999999	0.14810000000000001	0.15190000000000001	0.1565	0.1646	0.16569999999999999	0.1706	0.17199999999999999	0.17660000000000001	0.18090000000000001	0.18329999999999999	0.19739999999999999	0.1928	0.19650000000000001	0.2006	0.2031	0.2082	0.2099	0.214	0.21890000000000001	0.22059999999999999	0.22500000000000001	0.22700000000000001	0.23019999999999999	0.23219999999999999	0.2384	0.2399	0.24249999999999999	0.24249999999999999	0.2462	0.24729999999999999	0.25259999999999999	0.25290000000000001	0.25409999999999999	0.25900000000000001	0.25900000000000001	0.26790000000000003	0.26790000000000003	MOF x2 + C	0	5.0199999999999996	9.9700000000000006	14.97	20	24.97	29.97	35	39.97	44.98	49.97	54.97	59.98	64.97	69.95	74.98	79.97	84.98	90.02	94.97	99.98	104.97	109.97	114.98	119.97	124.97	129.97999999999999	134.97	139.97	145.02000000000001	149.97	154.97999999999999	159.97	164.98	169.98	174.97	179.97	184.98	189.97	194.97	200.03	204.97	209.98	215.02	219.97	225	229.97	234.97	240	244.97	249.97	255.02	259.95	264.95	269.98	274.97000000000003	280.02999999999997	284.97000000000003	289.98	294.98	299.97000000000003	304.97000000000003	310.02999999999997	314.97000000000003	319.98	325.02	329.97	334.97	340.02	344.97	349.97	355.02	359.98	1.11E-2	1.4200000000000001E-2	1.6199999999999999E-2	1.9199999999999998E-2	1.7600000000000001E-2	2.1399999999999999E-2	2.52E-2	2.3699999999999999E-2	3.1E-2	3.2599999999999997E-2	3.6999999999999998E-2	4.2200000000000001E-2	4.4499999999999998E-2	5.11E-2	5.6300000000000003E-2	5.7099999999999998E-2	6.25E-2	6.6100000000000006E-2	7.1999999999999995E-2	7.6100000000000001E-2	8.0500000000000002E-2	8.6099999999999996E-2	9.1200000000000003E-2	9.5600000000000004E-2	9.9699999999999997E-2	0.1075	0.1103	0.1138	0.1188	0.12759999999999999	0.1293	0.1368	0.1399	0.1482	0.15090000000000001	0.15459999999999999	0.1588	0.16370000000000001	0.16930000000000001	0.17319999999999999	0.1779	0.18129999999999999	0.18609999999999999	0.19139999999999999	0.1948	0.19819999999999999	0.20569999999999999	0.2099	0.21129999999999999	0.216	0.22020000000000001	0.22320000000000001	0.224	0.2271	0.2316	0.23530000000000001	0.2384	0.24310000000000001	0.24510000000000001	0.2482	0.251	0.25430000000000003	0.25979999999999998	0.25890000000000002	0.26319999999999999	0.26629999999999998	0.2697	0.27179999999999999	0.27429999999999999	0.2767	0.2777	0.28039999999999998	0.28220000000000001	MOF x5 + C	0	5	9.9499999999999993	14.95	19.97	24.95	29.95	34.97	39.950000000000003	44.95	49.97	54.94	59.98	64.95	69.95	74.97	79.95	84.95	89.97	94.95	99.95	105	109.95	114.97	119.95	124.97	130	134.94999999999999	139.94999999999999	144.97	149.94999999999999	154.94	160	164.95	169.97	174.95	179.95	185	189.95	194.95	200	204.95	209.95	215	219.95	224.95	229.97	234.95	239.98	244.95	249.95	255	259.95	264.95	269.98	274.95	279.95	285	289.95	294.97000000000003	299.95	304.95	309.98	314.95	319.95	325.02	329.95	334.95	339.97	344.95	349.95	354.97	359.95	-1.1000000000000001E-3	0	5.1000000000000004E-3	5.1000000000000004E-3	1.01E-2	1.2E-2	1.23E-2	2.0299999999999999E-2	2.1899999999999999E-2	2.6499999999999999E-2	2.9499999999999998E-2	3.3599999999999998E-2	4.02E-2	4.1500000000000002E-2	4.6600000000000003E-2	5.9299999999999999E-2	5.6899999999999999E-2	6.0699999999999997E-2	6.8000000000000005E-2	7.1099999999999997E-2	7.8100000000000003E-2	8.14E-2	8.7900000000000006E-2	9.0399999999999994E-2	9.3100000000000002E-2	0.1003	0.1036	0.10879999999999999	0.11459999999999999	0.1174	0.1245	0.1278	0.13539999999999999	0.1381	0.14449999999999999	0.15390000000000001	0.15110000000000001	0.15529999999999999	0.16250000000000001	0.16569999999999999	0.17	0.17530000000000001	0.17760000000000001	0.184	0.18920000000000001	0.19320000000000001	0.19800000000000001	0.1981	0.2014	0.20630000000000001	0.2104	0.21360000000000001	0.21759999999999999	0.22	0.22339999999999999	0.2248	0.23730000000000001	0.23269999999999999	0.2344	0.2379	0.2414	0.24640000000000001	0.25030000000000002	0.25369999999999998	0.25280000000000002	0.25419999999999998	0.25580000000000003	0.2586	0.2631	0.26400000000000001	0.26419999999999999	0.26960000000000001	0.2712	MOF x10 + C	0	5.05	10.029999999999999	14.98	19.98	25.03	29.98	34.979999999999997	40	44.98	49.98	55	59.98	64.98	70.03	74.98	80	84.98	89.98	95	99.98	104.98	110.03	114.97	119.97	125.03	129.97999999999999	135	139.97999999999999	144.97999999999999	150	155	159.97999999999999	165.02	169.98	174.98	180.03	184.98	190.02	195	199.97	205.03	209.98	214.98	220	224.98	230	235.03	239.97	244.97	250.03	254.98	260	264.98	269.98	275.02999999999997	280	284.98	290.02999999999997	294.97000000000003	299.97000000000003	305.02999999999997	309.98	315.02999999999997	319.98	324.98	330.03	334.98	339.98	345	349.98	354.98	359.98	-6.9999999999999999E-4	1E-3	5.7999999999999996E-3	6.0000000000000001E-3	0.01	1.44E-2	1.6899999999999998E-2	1.9E-2	2.52E-2	2.8799999999999999E-2	3.2800000000000003E-2	3.5299999999999998E-2	4.3200000000000002E-2	4.5199999999999997E-2	4.9200000000000001E-2	5.5399999999999998E-2	5.8700000000000002E-2	6.5699999999999995E-2	6.9900000000000004E-2	7.4200000000000002E-2	7.8299999999999995E-2	8.4099999999999994E-2	8.8900000000000007E-2	9.4200000000000006E-2	9.9900000000000003E-2	0.10630000000000001	0.109	0.1142	0.1203	0.1249	0.13100000000000001	0.13589999999999999	0.14380000000000001	0.14419999999999999	0.15110000000000001	0.15459999999999999	0.15909999999999999	0.1663	0.16889999999999999	0.1739	0.1772	0.1825	0.18870000000000001	0.191	0.19700000000000001	0.20030000000000001	0.20300000000000001	0.2072	0.21310000000000001	0.21690000000000001	0.22020000000000001	0.2248	0.22839999999999999	0.23139999999999999	0.23619999999999999	0.2389	0.24129999999999999	0.24429999999999999	0.2475	0.25119999999999998	0.25430000000000003	0.2576	0.26019999999999999	0.26529999999999998	0.26889999999999997	0.26889999999999997	0.2742	0.27489999999999998	0.27789999999999998	0.28110000000000002	0.28260000000000002	0.2853	0.28599999999999998	5x Hemi + Cell	0	5.0199999999999996	9.92	14.94	19.920000000000002	24.94	29.91	34.92	39.94	44.92	49.91	54.95	59.92	64.92	69.97	74.92	79.95	84.92	89.92	94.94	99.92	104.92	109.97	114.92	119.92	124.94	129.91999999999999	134.91999999999999	139.97	144.91999999999999	149.94	154.91999999999999	159.91999999999999	164.97	169.92	174.92	179.95	184.91	189.91	194.97	199.92	204.94	209.92	214.94	219.94	224.92	229.92	234.94	239.92	244.92	249.97	254.92	259.95	264.92	269.92	274.98	279.92	284.92	289.94	294.92	299.92	304.95	309.92	314.92	319.94	324.92	329.92	334.94	339.92	344.97	349.92	354.92	359.94	5.8999999999999999E-3	9.1000000000000004E-3	1.35E-2	1.7899999999999999E-2	2.3300000000000001E-2	3.1300000000000001E-2	3.9800000000000002E-2	4.3099999999999999E-2	5.7700000000000001E-2	6.5299999999999997E-2	6.9599999999999995E-2	8.0799999999999997E-2	9.1700000000000004E-2	0.10009999999999999	0.111	0.12559999999999999	0.13830000000000001	0.15029999999999999	0.16200000000000001	0.17230000000000001	0.186	0.1988	0.21490000000000001	0.23019999999999999	0.24440000000000001	0.2571	0.27139999999999997	0.28739999999999999	0.30559999999999998	0.32	0.33310000000000001	0.34720000000000001	0.36080000000000001	0.378	0.3916	0.4133	0.4249	0.44019999999999998	0.45650000000000002	0.46949999999999997	0.48499999999999999	0.50339999999999996	0.51700000000000002	0.53539999999999999	0.54779999999999995	0.56130000000000002	0.57740000000000002	0.59309999999999996	0.60850000000000004	0.62580000000000002	0.63780000000000003	0.6522	0.66830000000000001	0.68140000000000001	0.69479999999999997	0.70889999999999997	0.7248	0.74019999999999997	0.75009999999999999	0.76739999999999997	0.7833	0.79449999999999998	0.80410000000000004	0.82230000000000003	0.83009999999999995	0.84860000000000002	0.85660000000000003	0.87050000000000005	0.88959999999999995	0.89490000000000003	0.90639999999999998	0.91769999999999996	0.93420000000000003	seconds
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Max Activity Over Time

BDC 1	Activity	2	24	48	120	4.8000000000000001E-2	0.19989999999999999	0.29189999999999999	0.41249999999999998	BDC 2	2	24	4.2900000000000001E-2	0.2253	BDC 3	2	24	48	120	4.8899999999999999E-2	0.1903	0.2727	0.38579999999999998	Fresh Cell	2	24	48	120	1.3774	1.1166	1.4954000000000001	1.5325	Old Cell	2	24	48	120	1.3937999999999999	1.032	1.2497	1.2433000000000001	Hours


Activity




