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[00153] In some embodiments, the electrode activation substrate 206 can comprise or consist 

of a photoconductive material.  In such embodiments, the inner surface 208 of the electrode 

activation substrate 206 can be featureless.  For example, the electrode activation substrate 206 

can comprise or consist of a layer of hydrogenated amorphous silicon (a-Si:H).  The a-Si:H can 

comprise, for example, about 8% to 40% hydrogen (calculated as 100 * the number of hydrogen 

atoms / the total number of hydrogen and silicon atoms).  The layer of a-Si:H can have a 

thickness of about 500 nm to about 2.0 μm.  In such embodiments, the DEP electrode regions 

214 can be created anywhere and in any pattern on the inner surface 208 of the electrode 

activation substrate 206, in accordance with the light pattern 218.  The number and pattern of the 

DEP electrode regions 214 thus need not be fixed, but can correspond to the light pattern 218.  

Examples of microfluidic devices having a DEP configuration comprising a photoconductive 

layer such as discussed above have been described, for example, in U.S. Patent No. RE 44,711 

(Wu et al.) (originally issued as U.S. Patent No. 7,612,355), the entire contents of which are 

incorporated herein by reference.  

[00154] In other embodiments, the electrode activation substrate 206 can comprise a substrate 

comprising a plurality of doped layers, electrically insulating layers (or regions), and electrically 

conductive layers that form semiconductor integrated circuits, such as is known in 

semiconductor fields.  For example, the electrode activation substrate 206 can comprise a 

plurality of phototransistors, including, for example, lateral bipolar phototransistors, each 

phototransistor corresponding to a DEP electrode region 214.  Alternatively, the electrode 

activation substrate 206 can comprise electrodes (e.g., conductive metal electrodes) controlled by 

phototransistor switches, with each such electrode corresponding to a DEP electrode region 214.  

The electrode activation substrate 206 can include a pattern of such phototransistors or 

phototransistor-controlled electrodes.  The pattern, for example, can be an array of substantially 

square phototransistors or phototransistor-controlled electrodes arranged in rows and columns, 

such as shown in Fig. 2B.  Alternatively, the pattern can be an array of substantially hexagonal 

phototransistors or phototransistor-controlled electrodes that form a hexagonal lattice.  

Regardless of the pattern, electric circuit elements can form electrical connections between the 

DEP electrode regions 214 at the inner surface 208 of the electrode activation substrate 206 and 

the bottom electrode 210, and those electrical connections (i.e., phototransistors or electrodes) 

can be selectively activated and deactivated by the light pattern 218.  When not activated, each 
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[00162] In some embodiments, the cover 110 of a microfluidic device 200 having an 

electrowetting configuration is coated with a hydrophobic material (not shown) as well.  The 

hydrophobic material can be the same hydrophobic material used to coat the dielectric layer of 

the support structure 104, and the hydrophobic coating can have a thickness that is substantially 

the same as the thickness of the hydrophobic coating on the dielectric layer of the support 

structure 104.  Moreover, the cover 110 can comprise an electrode activation substrate 206 

sandwiched between a dielectric layer and the top electrode 210, in the manner of the support 

structure 104.  The electrode activation substrate 206 and the dielectric layer of the cover 110 

can have the same composition and/or dimensions as the electrode activation substrate 206 and 

the dielectric layer of the support structure 104.  Thus, the microfluidic device 200 can have two 

electrowetting surfaces. 

[00163] In some embodiments, the electrode activation substrate 206 can comprise a 

photoconductive material, such as described above.  Accordingly, in certain embodiments, the 

electrode activation substrate 206 can comprise or consist of a layer of hydrogenated amorphous 

silicon (a-Si:H).  The a-Si:H can comprise, for example, about 8% to 40% hydrogen (calculated 

as 100 * the number of hydrogen atoms / the total number of hydrogen and silicon atoms).  The 

layer of a-Si:H can have a thickness of about 500 nm to about 2.0 μm.  Alternatively, the 

electrode activation substrate 206 can comprise electrodes (e.g., conductive metal electrodes) 

controlled by phototransistor switches, as described above.  Microfluidic devices having an opto-

electrowetting configuration are known in the art and/or can be constructed with electrode 

activation substrates known in the art.  For example, U.S. Patent No. 6,958,132 (Chiou et al.), the 

entire contents of which are incorporated herein by reference, discloses opto-electrowetting 

configurations having a photoconductive material such as a-Si:H, while U.S. Patent Publication 

No. 2014/0124370 (Short et al.), referenced above, discloses electrode activation substrates 

having electrodes controlled by phototransistor switches.    

[00164] The microfluidic device 200 thus can have an opto-electrowetting configuration, and 

light patterns 218 can be used to activate photoconductive EW regions or photoresponsive EW 

electrodes in the electrode activation substrate 206.  Such activated EW regions or EW 

electrodes of the electrode activation substrate 206 can generate an electrowetting force at the 

inner surface 208 of the support structure 104 (i.e., the inner surface of the overlaying dielectric 

layer or its hydrophobic coating).  By changing the light patterns 218 (or moving microfluidic 
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opening 234 can be greater than or equal to any of the following ratios:  0.5, 1.0, 1.5, 2.0, 2.5, 

3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, or more.  The foregoing are examples only, and the 

ratio of the length Lcon of a connection region 236 to a width Wcon of the connection region 236 

at the proximal opening 234 can be different than the foregoing examples. 

[00192] In various embodiments of microfluidic devices 100, 200, 230, 250, 280, 290, 300, 

Vmax can be set around 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.5, 2.0, 2.5, 3.0, 

3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.7, 7.0, 7.5, 8.0, 8.5, 9.0, 10, 11, 12, 13, 14, 15 microliters/sec, or 

more. 

[00193]  In various embodiments of microfluidic devices having sequestration pens, the 

volume of an isolation region (e.g., 240) of a sequestration pen can be, for example, at least 

1x105, 2x105, 4x105, 8x105, 1x106, 2x106, 4x106, 6x106, 8x106, 1x107, 5x107, 1x108, 5x108, or 

8x108 cubic microns, or more.  In various embodiments of microfluidic devices having 

sequestration pens, the volume of a sequestration pen may be about 2x105, 5x105, 8x105, 1x106, 

2x106, 4x106, 8x106, 1x107, 3x107, 5x107, or about 8x107 cubic microns, or more.  In some other 

embodiments, the volume of a sequestration pen may be about 0.1 nanoliter to about 50 

nanoliters, 0.2 nanoliters to about 25 nanoliters, 0.5 nanoliters to about 20 nanoliters, about 0.8 

nanoliters to about 15 nanoliters, or about 1 nanoliters to about 10 nanoliters.  

[00194] In various embodiment, the microfluidic device has sequestration pens configured as 

in any of the embodiments discussed herein where the microfluidic device has about 5 to about 

10 sequestration pens, about 10 to about 50 sequestration pens, about 100 to about 500 

sequestration pens; about 200 to about 1000 sequestration pens, about 500 to about 1500 

sequestration pens, about 1000 to about 2000 sequestration pens, about 1500 to about 3000, 

about 2000 to about 4000, about 2500 to about 5000, about 3000 to about 6000, about 3500 to 

about 7000, about 4000 to about 8000, about 4500 to about 9000, or about 5000 to about 10,000 

sequestration pens.  The sequestration pens need not all be the same size and may include a 

variety of configurations (e.g., different widths, different features within the sequestration pen). 

[00195] Figure 2G illustrates a microfluidic device 280 according to one embodiment.  The 

microfluidic device 280 illustrated in Figure 2G is a stylized diagram of a microfluidic device 

100.  In practice the microfluidic device 280 and its constituent circuit elements (e.g. channels 

122 and sequestration pens 128) would have the dimensions discussed herein.  The microfluidic 

circuit 120 illustrated in Figure 2G has two ports 107, four distinct channels 122 and four distinct 
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polyamine polymer. Examples of natural polyamines include spermine, spermidine, and 

putrescine.  

[00217] In other embodiments, the coating material may include a polymer containing 

saccharide moieties. In a non-limiting example, polysaccharides such as xanthan gum or dextran 

may be suitable to form a material which may reduce or prevent cell sticking in the microfluidic 

device.  For example, a dextran polymer having a size about 3kDa may be used to provide a 

coating material for a surface within a microfluidic device.  

[00218] In other embodiments, the coating material may include a polymer containing 

nucleotide moieties, i.e. a nucleic acid, which may have ribonucleotide moieties or 

deoxyribonucleotide moieties, providing a polyelectrolyte surface. The nucleic acid may contain 

only natural nucleotide moieties or may contain unnatural nucleotide moieties which comprise 

nucleobase, ribose or phosphate moiety analogs such as 7-deazaadenine, pentose, methyl 

phosphonate or phosphorothioate moieties without limitation.  

[00219] In yet other embodiments, the coating material may include a polymer containing 

amino acid moieties.  The polymer containing amino acid moieties may include a natural amino 

acid containing polymer or an unnatural amino acid containing polymer, either of which may 

include a peptide, a polypeptide or a protein.  In one non-limiting example, the protein may be 

bovine serum albumin (BSA) and/or serum (or a combination of multiple different sera) 

comprising albumin and/or one or more other similar proteins as coating agents.  The serum can 

be from any convenient source, including but not limited to fetal calf serum, sheep serum, goat 

serum, horse serum, and the like.  In certain embodiments, BSA in a coating solution is present 

in a range of form about 1 mg/mL to about 100 mg/mL, including 5 mg/mL, 10 mg/mL, 20 

mg/mL, 30 mg/mL, 40 mg/mL, 50 mg/mL, 60 mg/mL, 70 mg/mL, 80 mg/mL, 90 mg/mL, or 

more or anywhere in between.  In certain embodiments, serum in a coating solution may be 

present in a range of from about 20% (v/v) to about 50% (v/v), including 25%, 30%, 35%, 40%, 

45%, or more or anywhere in between.  In some embodiments, BSA may be present as a coating 

agent in a coating solution at 5 mg/mL, whereas in other embodiments, BSA may be present as a 

coating agent in a coating solution at 70 mg/mL.  In certain embodiments, serum is present as a 

coating agent in a coating solution at 30%.  In some embodiments, an extracellular matrix 

(ECM) protein may be provided within the coating material for optimized cell adhesion to foster 

cell growth.  A cell matrix protein, which may be included in a coating material, can include, but 
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[00224] In various embodiments, the covalently linked moiety configured to provide a layer 

of organic and/or hydrophilic molecules suitable for maintenance/expansion of biological micro-

object(s) in the microfluidic device may include non-polymeric moieties such as an alkyl moiety, 

a substituted alkyl moiety, such as a fluoroalkyl moiety (including but not limited to a 

perfluoroalkyl moiety), amino acid moiety, alcohol moiety, amino moiety, carboxylic acid 

moiety, phosphonic acid moiety, sulfonic acid moiety, sulfamic acid moiety, or saccharide 

moiety.  Alternatively, the covalently linked moiety may include polymeric moieties, which may 

be any of the moieties described above. 

[00225] In some embodiments, the covalently linked alkyl moiety may comprise carbon atoms 

forming a linear chain (e.g., a linear chain of at least 10 carbons, or at least 14, 16, 18, 20, 22, or 

more carbons) and may be an unbranched alkyl moiety.   In some embodiments, the alkyl group 

may include a substituted alkyl group (e.g., some of the carbons in the alkyl group can be 

fluorinated or perfluorinated).   In some embodiments, the alkyl group may include a first 

segment, which may include a perfluoroalkyl group, joined to a second segment, which may 

include a non-substituted alkyl group, where the first and second segments may be joined 

directly or indirectly (e.g., by means of an ether linkage).  The first segment of the alkyl group 

may be located distal to the linking group, and the second segment of the alkyl group may be 

located proximal to the linking group.     

[00226] In other embodiments, the covalently linked moiety may include at least one amino 

acid, which may include more than one type of amino acid.  Thus, the covalently linked moiety 

may include a peptide or a protein.  In some embodiments, the covalently linked moiety may 

include an amino acid which may provide a zwitterionic surface to support cell growth, viability, 

portability, or any combination thereof. 

[00227] In other embodiments, the covalently linked moiety may include at least one alkylene 

oxide moiety, and may include any alkylene oxide polymer as described above.  One useful class 

of alkylene ether containing polymers is polyethylene glycol (PEG Mw <100,000Da) or 

alternatively polyethylene oxide (PEO, Mw>100,000).  In some embodiments, a PEG may have 

an Mw of about 1000Da, 5000Da, 10,000Da or 20,000Da. 

[00228] The covalently linked moiety may include one or more saccharides.  The covalently 

linked saccharides may be mono-, di-, or polysaccharides.  The covalently linked saccharides 

may be modified to introduce a reactive pairing moiety which permits coupling or elaboration for 
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Claims 

1. A method of expanding T lymphocytes in a microfluidic device having a flow path and a 

sequestration pen fluidically connected to the flow path, wherein the flow path comprises a 

microfluidic channel, wherein the sequestration pen comprises an isolation region and a 

connection region fluidically connecting the isolation region to the microfluidic channel, and 

wherein the isolation region of the sequestration pen is an unswept region of the microfluidic 

device, the method comprising: 

introducing one or more T lymphocytes into the sequestration pen in the microfluidic 

device; 

contacting the one or more T lymphocytes with an activating agent; wherein the 

activating agent comprises at least one selected from the group comprising: i)  CD3 and CD28 

agonists, ii) anti-CD3 agonist antibody, iii) anti-CD28 agonist antibody, iv) anti-CD3 agonist 

antibody conjugated to a solid support, v) anti-CD28 agonist antibody conjugated to a solid 

support, vi) anti-CD3 agonist antibody conjugated to a solid support and a solution of soluble 

anti-CD28 agonist antibody, vii) a dendritic cell that has been contacted with an antigen prior to 

contacting the one or more T lymphocytes, viii) a peptide antigen complexed with an MHC 

molecule, and ix) a peptide-MHC complex conjugated to a solid support;  

perfusing culture medium through the flow path of the microfluidic device for a period of 

time sufficient to allow the one or more T lymphocytes introduced into the sequestration pen to 

undergo expansion; and  

exporting the expanded T lymphocytes from the microfluidic device,  

wherein at least one inner surface of the sequestration pen comprises a coating material, 

wherein the coating material is covalently bound to the at least one inner surface of the 

sequestration pen, and wherein the coating material comprises a polymer comprising alkylene 

ether moieties, saccharide moieties, amino acid moieties, or a combination thereof. 

2. The method of claim 1, wherein the sequestration pen has a volume of 5x105 to 5x106 

cubic microns. 

3. The method of claim 1, wherein the coating material comprises one or more proteins.  
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4. The method of claim 1, wherein the coating material comprises dextran or poly-ethylene 

glycol moieties. 

5.  The method of claim 1, wherein the coating material comprises covalently linked 

molecules, wherein each of the covalently linked molecules includes a linking group, wherein 

the linking group is covalently bonded to the at least one inner surface of the sequestration pen.  

6.  The method of claim 5, wherein the linking group is a siloxy linking group. 

7.  The method of claim 1, wherein the coating material comprises molecules having a 

linking group and a cationic moiety and/or an anionic moiety, wherein the linking group is 

covalently bonded to the at least one inner surface. 

8.  The method of any one of claims 1-7, wherein the activating agent is covalently linked or 

stably bound to the coating material.  

9.  The method of claim 8, wherein the activating agent is stably bound to the coating 

material via a biotin-streptavidi linkage. 

10. The method of any one of claims 1-9, wherein the one or more T lymphocytes are 

isolated from a peripheral blood sample taken from a subject or from a solid tumor sample of a 

subject.  

11. The method of claim 10, wherein the solid tumor is a breast cancer, a cancer originating 

in the urinary tract, ureter, bladder, or urethra, renal cell carcinoma, testicular cancer, prostate 

cancer, or a cancer of the seminal vesicles, seminal ducts, or penis, ovarian cancer, uterine 

cancer, cervical cancer, vaginal cancer, or a cancer of the fallopian tubes, a cancer of the nervous 

system, neuroblastoma, retinoblastoma, intestinal cancer, colorectal cancer, lung cancer, or 

melanoma. 

12.  The method of claim 10, wherein the solid tumor is a medullary breast cancer, a 

mesothelioma, or a melanoma. 

13.  The method of claim 10, wherein the one or more T lymphocytes are from a population 

of T lymphocytes isolated from the peripheral blood sample or the solid tumor sample. 
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14.  The method of claim 13, wherein the population is enriched for CD3+ T lymphocytes. 

15.  The method of claim 13, wherein the population is enriched for CD3+CD4+ or CD3+CD8+ 

T lymphocytes. 

16.  The method of any one of claims 13-15, wherein the population is enriched for 

CD45RA+CD45RO- T lymphocytes. 

17.  The method of any one of claims 13-15, wherein the population is enriched for CD45RA-

CD45RO+ T lymphocytes. 

18.  The method of any one of claims 13-17, wherein the population is enriched for CCR7+ T 

lymphocytes or CD62L+ T lymphocytes. 

19.  The method of any one of claims 13-18, wherein the population is depleted of CD69+ T-

lymphocytes or PD-1+ and/or PD-L1+ T-lymphocytes. 

20.  The method of any one of claims 1-19, wherein introducing the one or more T 

lymphocytes into the sequestration pen comprises flowing a fluid containing the one or more T 

lymphocytes into the microfluidic channel of the microfluidic device, selecting at least one T 

lymphocyte of the one or more T lymphocytes located in the microfluidic channel, and moving 

the at least one selected T lymphocyte into the sequestration pen. 

21.  The method of claim 20, wherein the at least one selected T lymphocyte is selected, at 

least in part, because its cell surface comprises the marker CD3+, CD4+, CD8+, or any 

combination thereof.   

22.  The method of claim 21, wherein (i) the at least one selected T lymphocyte is selected, at 

least in part, because its cell surface comprises the markers CD3+ and CD4+ or (ii) the at least 

one selected T lymphocyte is selected, at least in part, because its cell surface comprises the 

markers CD3+ and CD8+. 

23.  The method of any one of claims 20-22, wherein the at least one selected T lymphocyte is 

selected, at least in part, because its cell surface comprises the marker(s) CD45RA+, CD45RO+, 

CCR7+, CD62L+, or any combination thereof. 
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24.  The method of any one of claims 20-23, wherein the at least one selected T lymphocyte is 

selected, at least in part, because its cell surface is not CD45RO+. 

25.  The method of claim 24, wherein introducing one or more T lymphocytes into the 

sequestration pen comprises labeling CD45RO+ T lymphocytes and introducing one or more T 

lymphocytes not associated with a label indicative of CD45RO into the sequestration pen. 

26. The method of any one of claims 20-23, wherein the at least one selected T lymphocyte is 

selected, at least in part, because its cell surface is not CD45RA+. 

27.  The method of claim 26, wherein introducing one or more T lymphocytes into the 

sequestration pen comprises labeling CD45RA+ T lymphocytes and introducing one or more T 

lymphocytes not associated with a label indicative of CD45RA into the sequestration pen.  

28.  The method of any one of claims 20-27, wherein the at least one selected T lymphocyte is 

selected, at least in part, because its cell surface is not CD69+, not PD-1+, and/or not PD-L1+. 

29.  The method of any one of claims 20-28, wherein the at least one selected T lymphocyte is 

selected, at least in part, because it is labeled with an antigen associated with a fluorescent label.  

30.  The method of claim 29, wherein the antigen comprises a peptide which is complexed 

with a MHC protein. 

31.  The method of any one of claims 1-30, wherein the one or more T lymphocytes are 

contacted with the activating agent prior to being introduced into the sequestration pen.  

32.  The method of claim 31, wherein the one or more T lymphocytes are incubated with the 

activating agent for a period of at least one hour prior to being introduced into the microfluidic 

device or for a period of at least five hours prior to being introduced into the microfluidic device. 

33.  The method of claim 31 or 32, wherein introducing the one or more T lymphocytes into 

the sequestration pen further comprises introducing the activating agent into the sequestration 

pen. 
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34.  The method of any one of claims 1-30, wherein the one or more T lymphocytes are 

contacted with the activating agent after being introduced into the sequestration pen. 

35.  The method of any one of claims 1-34, wherein the activating agent comprises anti-CD3 

and/or anti-CD28 agonist antibodies.  

36.  The method of claim 35, wherein the activating agent comprises an anti-CD3 agonist 

antibody which is conjugated to a solid support, an anti-CD28 agonist antibody which is 

conjugated to a solid support, or soluble anti-CD28 agonist antibodies. 

37.  The method of any one of claims 1-34, wherein the activating agent comprises a dendritic 

cell that has been contacted with an antigen prior to contacting the one or more T lymphocytes, 

wherein the antigen is a tumor antigen identified through genomic analysis of tumor cells.  

38.  The method of claim 37, wherein the analyzed tumor cells are autologous with the one or 

more T lymphocytes. 

39.  The method of any one of claims 1-38, wherein the culture medium is perfused through 

the flow path of the microfluidic device for a period of at least 24 hours. 

40.  The method of any one of claims 1-32, wherein the culture medium comprises IL7, IL15, 

IL21, or any combination thereof. 

41.  The method of any one of claims 1-40, wherein 5 or fewer T lymphocyte(s) are 

introduced into the sequestration pen in the microfluidic device. 

42.  The method of any one of claims 1-41, wherein the expansion comprises at least three 

rounds of mitotic cell division, and/or wherein the method comprises exporting the expanded T 

lymphocytes from the microfluidic device. 

43. The method of any one of claims 1-42, wherein the microfluidic device comprises a 

plurality of sequestration pens, and wherein one or more T lymphocytes is introduced into each 

sequestration pen of the plurality and contacted with the activating agent. 
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44. The method of any one of claims 1 to 43, wherein the connection region 

comprises a proximal opening into the microfluidic channel having a width Wcon ranging 

from 20 microns to 100 microns and a distal opening into the isolation region.  

45. The method of claim 44, wherein a length Lcon of the connection region from the 

proximal opening to the distal opening is as least 1.0 times a width Wcon of the proximal 

opening of the connection region. 

46. The method of claim 45, wherein the length Lcon of the connection region from 

the proximal opening to the distal opening is at least 2.0 times the width Wcon of the 

proximal opening of the connection region. 

47. The method of claim 45 or 46, wherein a height of the microfluidic channel at the 

proximal opening of the connection region is between 20 microns and 100 microns. 

48. The method of any one of claims 1 to 47, wherein the microfluidic device 

comprises an enclosure enclosing a microfluidic circuit comprising the flow region and 

the sequestration pen, wherein the enclosure comprises a base, a microfluidic circuit 

material disposed on the base, and a cover which collectively define the microfluidic 

circuit.   

49. The method of claim 48, wherein the cover and the base are part of a 

dielectrophoresis (DEP) mechanism for selectively inducing DEP forces on a micro-

object, and wherein introducing the one or more T lymphocytes into the sequestration pen 

further comprises using dielectrophoresis (DEP) to select at least one T lymphocyte 

located in the microfluidic channel and move it into the sequestration pen. 
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