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Final Report: W911NF1710137 
 
Nano- and Micro-Scale Patterning of Virus Assembled Enzymatic Cascades for Bio-Energy 
Harvesting 
Culver / Ghodssi, University of Maryland 
 
Introduction: 
There is enormous potential in the development of in vitro enzyme catalytic systems for the 
production of chemicals, materials and energy.  However, to achieve this potential, scalable 
systems for the spatial organization of enzymes within a microdevice are needed.  Efforts in this 
project have investigated the use of virus-based microfluidic systems to control, pattern and 
enhance enzyme-based energy production.  
 
Aim 1.  TMV-VLP based nanoscale enzyme patterning. Studies in this aim investigated 
methods for the directed assembly of segmented tobacco mosaic like particles (TMV-VLPs) as a 
means to pattern selected enzymes across the surface of VLP nanorods. Specific 
accomplishments include: 
 
1.	Charge-Charge	Modifications	for	Directed	Nanorod	Assembly.	The	ability	of	the	TMV	
axial	carboxylate	group	to	control	VLP	assembly	was	investigated	as	a	means	to	control	CP	

self-assembly.	 Initial	 modifications	 were	
directed	 toward	 the	 creation	 of	 novel	 salt	
bridges	between	the	E50	and	D77	carboxylate	
pairs	through	replacements	with	either	D77K	
or	E50K	(Figure	1A).	 Interestingly,	 the	D77K	
substitution	 resulted	 in	 the	 assembly	 of	 rod	
shaped	VLPs	(Figure	1B).	Structural	modeling	
of	 D77K	 indicated	 sufficient	 rotational	 space	
within	 the	 subunit	 interface	 at	 residue	77	 to	
accommodate	 the	 lysine	 residue	 with	 its	
terminal	 amine	 group	 positioned	within	 3	 Å	
of	 an	 opposing	 E50	 carboxyl	 group	 from	 a	
neighboring	 subunit.	 The	 close	 approach	 of	
the	D77K	to	E50	interaction	would	result	in	a	
new	 intersubunit	 salt	 bridge	 that	 is	 of	
sufficient	strength	to	drive	VLP	assemble.				
 

In	 contrast,	 the	E50K	 replacement	did	not	produce	helical	 rod	 assemblies	 (Figure	
1C).	 Structural	 modeling	 indicates	 the	 potential	 for	 repulsive	 electrostatic	 interference	
between	the	lysine	substituted	for	residue	E50	and	residue	R46	situated	on	the	adjacent	α-
helical	 turn	 in	 the	 same	 subunit.	 To	 eliminate	 the	presumed	 electrostatic	 interference	 of	
R46	 and	 to	 accommodate	 the	 E50K	 substitution	 an	 additional	 substitution	 of	 glycine	 for	
R46	was	made,	generating	the	R46G/E50K	CP	variant.	Expression	of	this	variant	produced	
only	limited	rod	assemblies	suggesting	incomplete	compensation	of	the	E50K	substitution	
(Figure	 1D).	 To	 improve	 assembly	 stability	 and	 VLP	 formation,	 a	 third	 targeted	
substitution,	 E97G,	 aimed	 at	 partially	 neutralizing	 the	 laterally	 interacting	 intersubunit	

A

B

E

D

C

D77K	CP R46G/E50K/E97G	CP

R46G/E50K	CP

Figure 1. Locations of TMV CP modifications with corresponding micrographs of
assembly products. (A) Unmodified TMV CP containing negatively charged axial
carboxylates D77 and E50. (B) The D77K CP alone can induce rod production.
(C) The E50K substitution fails to produce rods likely due to repulsive interactions
with neighboring R46. (D) The R46G/E50K substitutions negate this repulsive
interaction, allowing limited rod-like assembles. (E) The addition of an E97G
modification aimed at enhancing lateral intersubunit interactions produces
R46G/E50K/E97G CP that induces virus-like rod production.
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carboxylates	 present	 in	 the	 long	 inner	 loop	was	 added	 to	 create	 R46G/E50K/E97G.	 The	
E97G	substitution	stabilizes	the	long	inner	loop	in	a	virion-like	configuration	that	promotes	
the	helical	ordering	of	subunits	necessary	for	rod	assembly	[1,	2].	This	triple	mutant	was	
found	 to	 produce	 VLP	 nanorods	 in	 quantities	 and	 lengths	 (>1	 µm)	 that	 were	 similar	 to	
those	observed	for	D77K	mutation	(Figure	1E).		This	is	consistent	with	the	stabilization	of	
the	rod	assembly	via	the	new	axially	placed	intersubunit	salt-bridge	and	stabilized	CP	long	
inner	loop.			

	
2.	 Reprogrammed	 Carboxylate	 Interactions	 with	 Unique	 Assembly	 /	

Disassembly	Profiles.	Analysis	of	 the	D77K	and	R46G/E50K/E97G	CP	assembly	profiles	
identified	that	each	has	a	unique	environmental	response.	Specifically,	the	D77K	mutation	
disassembles	at	pH	9	while	 the	TMV	and	VLP	E50Q/D77N	rods	remain	assembled	under	
this	 elevated	 pH	 condition	 (Figure	 2).	 Additionally,	 restoring	 the	 disassembled	D77K	 CP	
solution	 to	pH	7	solution	conditions	results	 in	 the	reassembly	of	 the	nanorods.	Similarly,	
the	R46G/E50K/E97G	mutant	CP	also	displays	a	unique	disassembly	behavior	in	response	
to	ionic	strength.	At	low	salt	concentration,	the	R46G/E50K/E97G	CP	disassembles	but	can	
then	rapidly	reassemble	upon	restoration	of	the	solution’s	ionic	strength.	Interestingly,	the	

conditions	 that	 trigger	 disassembly	 in	
each	 of	 these	 CP	 variants	 in	 solution	 is	
not	 shared	 by	 the	 other.	 D77K	 VLP	
nanorods	 are	 primarily	 affected	 by	 pH	
and	 not	 by	 ionic	 strength	 while	 the	
R46G/E50K/E97G	 nanorods	 show	
disassembly	 only	 at	 low	 ionic	 strength	
with	 pH	 having	 little	 effect	 (Figure	 2).		
This	 variation	 in	 required	 assembly	
conditions	 makes	 these	 CPs	 potentially	
useful	 components	 for	 the	 controlled	
assembly	of	chimeric	VLPs.		

	
It’s	 likely	 that	 the	 pH-based	

disassembly	 of	 D77K	 VLP	 results	 from	
the	 deprotonation	 and	 subsequent	 loss	

of	positive	charge	of	the	lysine	sidechain’s	primary	amine	in	alkaline	conditions	around	pH	
9.	The	pKa	of	this	amine	group	in	a	dilute	solution	of	free	lysine	is	~10.5	[3].	However,	this	
value	 can	 change	 considerably	 depending	 on	 the	 local	 microenvironment	 of	 the	 amine	
group	in	the	folded	protein	and	within	the	assembled	rod.	A	similar	deprotonation	of	the	
lysine	 in	R46G/E50K/E97G	CP	may	 also	 occur,	 however	 the	partial	 neutralization	 of	 the	
lateral	 intersubunit	 interaction	via	 the	E97G	substitution	 likely	negates	 the	 impact	of	 the	
engineered	axial	salt	bridge	resulting	in	the	relative	stability	of	this	CP	at	pH	9.		

	
For	 the	 ionic	 strength-based	 disassembly	 of	 R46G/E50K/E97G	 CP,	 structural	

modeling	 indicates	 that	 the	 predicted	 assembly-promoting	 salt-bridge	 between	 the	
introduced	 lysine	 and	 the	 axially	 oriented	 carboxylate	 on	 the	 opposing	 subunit	 could	 be	
additionally	stabilized	by	dissolved	 ions.	While	 the	side	chain	of	 the	E50K	substitution	 is	
thought	to	provide	a	stabilizing	force	when	interacting	with	D77	of	the	opposing	subunit,	

D77K

H2O	(low	salinity) 0.1M	Tris pH7 0.1M	Tris pH9

R46G/E50K/E97G	
Figure 2. Unique differences in the solution assembly charateristics of carboxylate-altered
CPs. (A) D77K-HA and (B) R46G/E50K/E97G-FLAG TEM images showing both
variants exist in an assembled state as elongated VLP rods after dialysis in 0.1 M pH 7
Tris (center images). After dialysis with filtered water D77K-HA CP shows retention of
assembled VLP structure (top left), while R46G/E50K/E97G-FLAG shows significant
loss of assembly structure (bottom left with magnified box). In contrast, dialysis of the
samples from 0.1 M pH 7 Tris (center column) to pH 9 (right column) triggers the
complete loss of virus-like particle structure in D77K-HA CP (top right), while
R46G/E50K/E97G-FLAG CP retains its assembly structure. Bars = 200 nm



	 3	

the	E50K	lysine	is	also	positioned	to	interact	with	R71	of	the	opposing	subunit,	generating	
a	 repulsive	 interaction.	 This	 repulsive	 interaction	may	 be	mitigated	 by	 an	 ion	 screening	
effect	when	sufficient	negative	ions	are	present,	allowing	the	ionic	strength	of	the	solution	
to	control	the	assembly	of	this	nanorod.	The	D77K	lysine,	however,	does	not	interact	across	
an	intersubunit	boundary	with	R71,	and	therefore	VLP	assembly	would	not	be	expected	to	
depend	on	dissolved	ions	for	charge	screening.	
 

3.	Directed	Assembly	of	Chimeric	Nanorods.	The	 unique	 pH	 and	 ionic	 strength	
assembly	 profiles	 of	 D77K	 and	 R46G/E50K/E97G,	 respectively,	 were	 investigated	 as	 a	
means	 to	produce	 chimeric	virus	particles.	For	 these	experiments,	 the	D77K	mutant	was	
genetically	 labeled	with	a	C-terminal	HA	peptide	 tag	while	 the	R46G/E50K/E97G	mutant	
was	 similarly	 labeled	using	 a	 FLAG	peptide	 tag.	 Solutions	 containing	unlabeled	TMV	and	
modified	CP	VLPs	were	 combined	 and	dialyzed	 against	 solution	 conditions	 that	 promote	
disassembly	of	the	modified	CP	VLPs.	For	D77K-HA	VLP,	this	entailed	dialysis	to	pH	9	and	
for	R46G/E50K/E97G-FLAG	dialysis	against	filtered	water	adjusted	to	pH	7.	Disassembled	
CPs	were	 then	mixed	with	 TMV	 virions	 and	 buffer	 conditions	 adjusted	 back	 to	 pH	 7	 or	
increased	 salinity	 (0.3M	 NaCl)	 by	 dialysis	 to	 initiate	 reassembly	 of	 the	 D77K-HA	 or	
R46G/E50K/E97G-FLAG	 CP,	 respectively.	 Samples	 were	 then	 immunolabeled	 with	 anti-
FLAG	or	anti-HA	antibodies	and	imaged	by	electron	microscopy.		

	
	
Results	from	the	coassembly	of	D77K-HA	CP	and	TMV	clearly	show	consistent	and	

efficient	assembly	of	D77K-HA	CP	onto	the	unlabeled	TMV	(Figure	3A	and	B).	The	resulting	
hybrid	 unlabeled	 TMV	 –	 D77K-HA	 VLP	 nanorods	 showed	 a	 range	 of	 lengths	 and	 were	
selectively	segregated	 into	unlabeled	and	 labeled	sections	by	 the	anti-HA	antibodies.	 It	 is	
likely	that	strength	of	the	mutant	CP	–	CP	interactions	combined	with	CP	concentration	are	
factors	 affecting	 the	 observed	 length	 of	 the	 hybrid	 nanorod.	 	 In	 addition,	 such	 pH	
treatments	have	been	 shown	 to	expose	 the	5’	 end	of	 the	viral	RNA,	which	 functions	as	a	

C D

B
D77K	- TMV	pH-based	coassembly

D77K	– TMV	coassembly w/RNAse

R46G/E50K/E97G	- TMV	coassembly,		0.2M	NaCL

R46G/E50K/E97G	– TMV	coassembly,	H2O

A

E

D77K	- VLP	coassembly

Figure 3. Solution directed coassembly of carboxylate-altered CPs. (A) TEM images of longitudinally ordered TMV– D77K-
HA hybrid nanorods resulting from pH-based VLP disassembly / reassembly. Samples were dialysis against a pH 9 solution of
0.1 M Tris buffer and then back to pH 7 followed by immunolabeling with anti-HA antibody. (B) RNAase treated TMV prior to
pH directed assembly with D77K-HA CP indicating that any exposure of the viral 5’ end RNA is not required for coassembly.
(C) D77K-HA CP assembled onto a RNA-free VLP based nanorod produced by the neutralization of the lateral carboxylate
cluster, further demonstrating that the viral RNA is not required for coassembly. (D) TEM images of ionic-strength-based
R46G/E50K/E97G-FLAG coassembly with TMV. Samples were dialyzed against deionized water and then back to 0.2M NaCl
followed by immunolabeling with anti-FLAG antibody. (E) Coassembled TMV with R46G/E50K/E97G-FLAG washed with
deionized water after immunolabeling showing loss of VLP assembly structure. Bars = 200 nm
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ribosome	binding	site	during	viral	 infection	[1].	To	determine	if	exposure	of	the	5’	end	of	
the	virus	RNA	genome	during	dialysis	plays	a	role	in	the	coassembly	of	chimeric	D77K-HA	
nanorods,	 RNase	 A	 was	 added	 to	 the	 TMV	 samples	 prior	 to	 coassembly	 and	
immunolabeling	 (Figure	 3B).	 Results	 revealed	 the	 presence	 of	 similar	 end-assembled	
chimeric	 nanorods	 indicating	 the	 genomic	 RNA	 is	 not	 required	 for	 the	 observed	
coassembly.	 To	 further	 determine	 if	 the	 viral	 genomic	 RNA	 contributes	 to	 the	 observed	
chimeric	 nanorod	 assembly	 the	 D77K-HA	 CP	 was	 coassembled	 onto	 a	 RNA-free	 VLP	
produced	 by	 the	 neutralization	 of	 the	 lateral	 carboxylate	 cluster	 through	 CP	 amino	 acid	
substitutions	E106Q/E95Q/E97Q/D109N.	The	D77K-HA	was	 found	 to	 assemble	onto	 the	
E106Q/E95Q/E97Q/D109N	VLP	in	a	manner	similar	to	that	observed	using	TMV	virions	or	
TMV	RNase	A	treated	virions	(Figure	3A,	B	and	C).		Thus,	genomic	viral	RNA	is	not	required	
for	 the	coassembly	of	 these	CPs.	Coassembly	of	R46G/E50K/E97G-FLAG	CP	onto	TMV	by	
the	 depletion	 and	 subsequent	 replenishment	 of	 dissolved	 ions	 also	 produced	 chimeric	
nanorods	(Figure	3C).	Interestingly,	washing	the	electron	microscopy	grids	containing	the	
coassembled	TMV	-	R46G/E50K/E97G-FLAG	CP	with	deionized	water	pH	7	resulted	in	the	
R46G/E50K/E97G-FLAG	CP	section	exhibiting	a	loose	and	fragmented	structure	consistent	

pH	9 pH	7 H2O,	pH	7 pH	7

TMV1cys

Au

R46G/E50K/D97G-FLAG
or	D77K-HA	

H+	or	NaCl HA	or	FLAG	
specific	antibodies

D77K-HA R46G/E50K/D97G-FLAG

A

B C
H2O,	pH	7 pH	9

0.2M	NaCl0.2M	NaCl

Figure 4. Controlled surface assembly of carboxylate-altered CPs. (A) Diagram displaying
assembly steps for the pH or NaCl directed coassembly of D77K-HA and R46G/E50K/E97G-
FLAG onto surface attached TMV1cys. In step one TMV1cys is end attached to gold coated
silicon chip via a thiol – gold bond. In step two, disassembled carboxylate modified CPs are
added to the TMV1cys attached chips. Step three involves the incubation of disassembled CPs
under specific pH and salt buffer conditions that promote CP assembly onto the exposed end of
attached TMV1cys. Step four demonstrates the addition of primary tag specific antibody
(FLAG or HA) followed by the addition of secondary alkaline phosphatase conjugated antibody
that upon substrate addition produces a dark pitant precion the surface of the gold coated chip.
Chips are thoroughly washed after step one, three and four. (B) The pH7 chip, center, represents
two TMV1cys attachment spots showing the directed coassembly of D77K-HA onto attached
TMV1cys under pH 7 buffer conditions. The pH 9 chip, left, shows how subsequently
incubating a similar D77K-HA coassembled chip in pH 9 buffer leads to the disassembly and
loss of the D77K-HACP, while incubation in deionized water, right chip, shows no disassembly
of D77K-HA CP (C) The center 0.2M NaCl chip shows the directed coassembly of
R46G/E50K/E97G-FLAG onto surface attached TMV1cys under salt conditions. The deionized
water chip, left, shows a similar co-assembled chip subsequently incubated under no-salt
conditions, displaying the disassembly and loss of the R46G/E50K/E97G-FLAG CP from the
TMV1cys. The pH 9 chip, right, shows disassembly of R46G/E50K/E97G-FLAG CP from
TMV1cys does not occur in a pH dependent manner.
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with	its	disassembly	at	low	ionic	strength	conditions	(Figure	3D).	Combined	these	results	
indicate	 that	 carboxylate	 alterations	 can	 be	 used	 in	 the	 controlled	 assembly	 and	
disassembly	of	chimeric	VLPs.		

	
4.	 Surface-Bound	 Fabrication	 of	 Coassembled	 Nanoparticles.	 The	 ability	 of	

D77K-HA	 and	 R46G/E50K/E97G-FLAG	 CPs	 to	 coassemble	 onto	 a	 surface-attached	 TMV	
base	layer	in	a	condition-dependent	manner	was	also	investigated.	For	these	studies,	gold-
coated	silicon	wafer	chips	were	spotted	with	3µl	of	0.1mg/ml	TMV1cys	virus	(Figure	4A).	
TMV1cys	 encodes	 a	 novel	 cysteine	 residue	 within	 its	 N-terminal	 arm	 that	 has	 been	
demonstrated	to	function	in	the	attachment	of	the	virus	onto	gold	surfaces	[4].		Specifically,	
the	added	cysteine	thiol	group	is	surface	exposed	only	on	the	TMV	rod	ends,	allowing	for	
the	formation	of	thiol	–	gold	bonds	that	attach	one	end	of	the	virus	rod	to	the	gold	surface	
leaving	 the	 other	 end	 exposed	 for	 further	 modification.	 TMV1cys-spotted	 chips	 were	
incubated	in	1ml	of	Tris	buffer	saline	(0.2M	NaCl),	pH7	followed	by	the	addition	of	20ul	of	
0.5µg	of	D77K-HA	CP,	disassembled	by	dialysis	 in	pH	9	Tris	buffer	or	R46G/E50K/E97G-
FLAG	 CP,	 disassembled	 by	 dialysis	 in	 pH	 7	 deionized	water.	 Added	 CPs	were	 incubated	
overnight	 at	 room	 temperature	 to	 permit	 coassembly	 onto	 surface-attached	 TMV1cys.		
Coassembled	chips	were	incubated	overnight	in	either	Tris	buffer	saline	(0.2M	NaCl),	pH	7	
or	 pH	 9,	 or	with	 deionized	water,	 pH	 7.	 Chips	were	 then	washed	 and	 incubated	 in	 Tris	
buffer	saline	with	primary	tag	specific	antibody	(FLAG	or	HA)	followed	by	the	addition	of	

A

1.	TMV1cys

2.	R46G/E50K
/D97G-FLAG

3.	D77K-HA
H2O,	pH	7

H2O,	pH	70.2M	NaCl,	pH	7

B
Probed	⍺HA	Antibody

1.	TMV1cys

2.	D77K-HA

3.	R46G/E50K
/D97G-FLAG

pH	9

pH	7 pH	9

Probed	⍺FLAG	Antibody

Figure 5. Layered assembly of carboxylate altered CPs. (A) Top panel
diagram for the sequential assembly of, step 1, surface attached
TMV1cys followed by, step 2, the addition and coassembly of
R46G/E50K/E97G-FLAG CP in 0.2M NaCl, pH 7 buffer and then, step
3, coassembly of D77K-HA CP in pH7 buffer. Lower panel shows two
gold coated chips each with two TMV1cys attachment spots.
Sequentially assembled chips were probed with anti-HA antibody as
described in Figure 6. The chip on the left was incubated in O.2M NaCl
pH 7 buffer, conditions that promote the stability of both
R46G/E50K/E97G-FLAG and D77K CPs. The chip on the right was
incubated in deionized water pH 7, conditions that result in the
disassembly of R46G/E50K/E97G-FLAG CP but not the D77K-HACP.
The inability to detect assembled D77K-HA CP on the deionized water
treated chip indicates that disassembly of the R46G/E50K/E97G-FLAG
CP layer also results in the loss of the D77K-HA CP layer. (B) Upper
panel diagram for the sequential coassembly onto, step 1, surface
attached TMV1cys, followed by, step 2, D77K-HA CP in pH 7 buffer
and finally, step 3, coassembly with R46G/E50K/E97G-FLAG CP in
0.2MNaCl pH 7 buffer. Lower panel with two coassembled gold coated
chips each with two TMV1cys attachment spots probed with anti-
FLAG antibody. Prior to antibody incubation the chip on the left was
incubated in O.2M NaCl pH 7 buffer, conditions that maintain the
stability of both D77K-HA and R46G/E50K/E97G-FLAG CPs. The
chip on the right was incubated in O.2M NaCl pH 9, conditions for the
disassembly of D77K-HACP but not the R46G/E50K/E97G-FLAG CP.
The inability to detect assembled R46G/E50K/E97G-FLAG CP on pH
9 treated chips indicates that disassembly of the D77K-HA CP layer
also results in the loss of the R46G/E50K/E97G-FLAG CP layer.
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secondary	alkaline	phosphatase	conjugated	antibody	and	finally	the	addition	of	substrate,	
resulting	in	the	production	of	a	dark	precipitant	on	the	surface	of	the	gold	coated	chip.	

	
Results	demonstrate	both	D77K-HA	and	R46G/E50K/E97G-FLAG	CPs	maintain	their	

pH	 and	 ion	 concentration-dependent	 assembly	 and	 disassembly	 features	 when	
coassembled	 onto	 surface	 attached	 TMV1cys	 nanorods	 (Figure	 4B	 and	 C).	 Importantly,	
surface	assembled	D77K-HA	CP	was	only	responsive	to	pH	and	not	to	ionic	strength	while	
assembly	of	the	R46G/E50K/E97G-FLAG	CP	was	affected	only	by	ionic	strength	and	not	pH.	
Thus,	these	CPs	maintain	their	solution	assembly	behaviors	when	coassembled	on	surface	
attached	 TMV1cys	 nanorods.	 Sequential	 assemblies	 composed	 of	 surface-attached	
TMV1cys	coassembled	first	with	either	D77K-HA	and	second	with	R46G/E50K/E97G-FLAG	
CPs	or	first	with	R46G/E50K/E97G-FLAG	and	second	D77K-HA	CPs	were	also	investigated	
as	 a	 means	 to	 control	 the	 layering	 of	 specific	 CPs.	 To	 confirm	 sequential	 assembly,	
individual	chips	were	washed	under	buffer	conditions	that	promote	the	disassembly	of	the	
first	coassembled	CP	layer,	deionized	water	for	R46G/E50K/E97G-FLAG	or	pH	9	for	D77K.		
Washed	 chips	 were	 then	 probed	 using	 antibodies	 against	 the	 second	 coassembled	 CP.		
Results	 demonstrate	 the	 sequential	 assembly	 of	 R46G/E50K/E97G-FLAG	 and	D77K	 onto	
surface	attached	TMV1cys	 (Figure	5A	and	B).	This	 layering	 is	 confirmed	by	 the	ability	of	
wash	conditions	specific	for	the	disassembly	of	the	first	assembled	CP	layer	to	remove	the	
second	 CP	 layer	 (Figure	 5A	 and	 B).	 Thus,	 the	 unique	 assembly	 behaviors	 of	 the	
R46G/E50K/E97G-FLAG	and	D77K	CPs	can	be	used	to	control	the	layering	of	functionally	
distinct	CP	assemblies.			
 
Aim 2.  Interfacing VLP patterned enzyme cascades onto electrodes. The integration of 
enzyme cascades onto device interfaces represents an under-investigated area that is critical to 
any future application of this science. To address this need, efforts in this aim investigated the 
use of our TMV-VLP vertical assembly system to position enzyme-patterned VLPs onto 
electrode surfaces.  
 

1. An on-chip bioconjugation protocol has been developed for the assembly of 
enzymes onto electrode surface using TMV1cys. The molecular bioconjugations components 
of the assembly system are described in Figure 6.  The assembly 
system is illustrated in Figure 7A, I) self-assembly of TMV1cys on 
Au surface was performed by introducing 20 µl of TMV1cys 
solution (0.2 mg/ml in 0.1 M phosphate buffer, pH7) followed by 
an overnight-incubation. Then a successive introduction of II) 
cross-linker (CL, maleimide-PEG-biotin) and III) streptavidin-
conjugated GOx (GOx-STR) finalized the on-chip bioconjugation 
process. Each conjugation step lasted 5 hours at room temperature, 
and the electrode surface was rinsed 3X in PBS after each step to 
remove any unreacted/excess molecules. The simple conjugation 
reactions (thiol-maleimide binding and biotin-streptavidin binding) 
requiring only proper control over pH levels at room temperature 
in the absence of any catalytic reagents was essential for the facile 
bioconjugation process on-chip where control over reaction 
conditions (e.g. mixing between solutions, species concentrations) 

Figure 6. Illustrations of on-chip bioprinting process.
All binding reactions occur sequentially in pH7 PBS at
room temperature: (a) thiol-Au binding; (b) thiether
covalent bond; (c) biotin-strepavidin based binding.
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is not easily obtainable. The enzyme-immobilized electrodes have been evaluated in a 
horseradish peroxidase-luminol based colorimetric assay targeting H2O2 generated from the  

 
Figure 7. A. Illustration of the on-chip bioconjugation steps for enzyme immobilization via TMV1cys. B. A comparison of 
the optical absorption peaks from the colorimetric assays performed with the electrodes prepared in different conditions 
(E1: Bare Au, E2: Au/TMV1cys, E3: Au/TMV1cys/CL, E4: Au/GOx, E5: Au/TMV1cys/GOx, E6: Au/TMV1cys/CL/GOx, 
N=3).  

enzymatic reaction carried by GOx. As shown in Figure 7B, the on-chip bioconjugation method 
resulted in a two-fold increase (E6) compared to the positive controls (E4 and E5) indicating the 
developed method is effective for high density GOx immobilization via TMV1cys.  

Electrochemical characterization was performed 1) to understand the impact of the on-chip 
bioconjugation to the electrode kinetics and 2) to identify an effective charge transfer mechanism 
for the electrochemical conversion of the enzymatic reaction. Comparing the cyclic voltammetry 
(CV) obtained with a redox-couple mediator (ferri/ferro cyanide), the self-assembly of TMV1cys 
and the further conjugation of GOx with CL resulted in a corresponding decrease in charge 
transfer kinetics, showing an increasing separation between the redox peak potentials (Figure 
8A). This is attributed to reduced ion accessibility to the electrode surface resulting in a decrease 
in the rate of electron transfers at the surface (Figure 8B). However, unlike the previously 
reported cases, where electrodes functionalized with smaller thiol molecules showed no 
electrochemical current response, the TMV1cys and the GOx bioconjugation steps still did not 
completely block the electrode surface, likely due to its nanoscale 3-D structure, ultimately 
allowing for electrochemical conversion of the enzymatic reactions.  

The ferri/ferrocyanide redox couple was used as an electron mediator to convey enzymatic 
reaction-generated electrons to the Au electrodes (mediated-electron-transfer, MET). This was 
necessary as the direct-electron-transfer (DET) mechanism was not possible as indicated in 
Figure 9A - without the mediator molecule, no redox current peaks were observed in the CV 
curve in the presence of glucose. This is attributed to the use of planar Au as an electrode 
material which does not create a desirable arrangement of GOx on the conductive element - the 
cofactor/redox center, flavin adenine dinucleotide [5], of GOx should be directly accessible by 
the conductive medium with a stringent theoretical distance requirement (<1.5 nm). With the 
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MET, an electrochemical response in CV 
corresponding to the glucose 
concentration was achieved, as shown in 
Figure 9, confirming successful 
electrochemical conversion of the 
enzymatic reaction. Figure 9C plots a 
calibration curve of the absolute reduction 
current corresponding to the glucose 
concentration levels (10 uM – 10 mM) 
demonstrating the excellent performance 
of the Au/TMV1cys/CL/GOx electrodes 
as glucose sensors. It should be noted that 
the reduction current was selected for 
determining the sensing capability as the 
oxidation currents showed rate-determined 
behavior with limited current levels 
compared to the reduction currents. 

Particularly, the results can be compared with a recent similar work by Bäcker et al. 2017 where 
they demonstrated glucose sensing with post-immobilization of TMV1cys/CL/GOx on Pt 
electrodes [6]. Comparing the current densities at the same glucose concentration, more than a 
20-fold increase in current density (~3.4 µA/mm2 vs. ~0.13 uA/mm2 at 10 mM glucose) is 
achieved. The difference is most likely due to 1) the increased GOx immobilization density with 
high-density self-assembly of TMV1cys on Au surface and 2) the advanced generation of 
glucose sensing mechanism (2nd generation of glucose sensors relying on MET) incorporated in 
this work, whereas the previous work relied on direct reduction of H2O2, produced from the 
enzymatic reaction, on Pt electrodes (1st generation of glucose sensors). The combined results 
provide an effective on-chip bioconjugation strategy for high-density immobilization of GOx via 
TMV1cys and provides the fundamental understanding behind the electrode kinetics essential for 
monitoring enzymatic reactions on electrodes.  

 
2. A second approach investigated for the attachment of functional proteins to the 

TMV VLPs involved the use of a split green fluorescent protein (GFP) system. In this 
system the 11 beta-sheet segments of GFP are split into two components, one containing beta-

Figure 9. (a) Electrochemical characterizations (a) determining MET as an effective charge
transfer mechanism and (b) demonstrating the change in redox current response corresponding to
the glucose concentrations (10 uM -10 mM). (c) A calibration curve is generated using absolute
reduction current peaks to highlight the excellent glucose sensing capability (N=3).

Figure 8. Impact of TMV1cys/CL/GOx conjugations on Au electrode to the
electrode reaction kinetics: A. Cyclic voltammograms acquired from Au,
Au/TMV1cys, and Au/TMV1cys/CL/GOx electrodes 1 mM Fe(CN)63-/4-
solution in 1X PBS (pH7) showing increase in the redox peak separation and
decrease in the redox current levels with respect to the on-chip GOx conjugation
steps. B. Illustrations of the increase in the biomolecules (TMV1cys and GOx)
with the sequential bioconjugation steps decreasing the accessibility of reactive
species (e.g. Fe(CN)63-/4-) to the electrode surface causing relatively slower
electrode charge transfer.
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sheet segments 1-10, which were 
expressed as a hexa-his protein for Ni2+ 

column purification and a second peptide 
containing just the number 11 beta-sheet 
segment, which we genetically fused to the 
C terminus of the D77K subunit open 
reading frame to produce D77K-GFP11. 
TMV1cys assembled chips were incubated 
as described in Figure 10 with D77K-
GFP11 to promote chimeric nanorod 
assembly. Subsequently these chimeric 

nanorods were incubated with purified GFP1-10 protein, which binds to the D77K displayed 
GFP11 beta sheet segment to complete the fluorescent protein. GFP1-10 binding is confirmed 
via fluorescence as shown in Figure 10. As the GFP1-10 peptide can be genetically fused with 
another functional peptide this assembly system provides a means to potentially monitor the 
assembly of functional peptides onto the TMV scaffolds through the use of fluorescence.  

Aim 3: Microfluidically controlled compartmentalization of TMV-VLP patterned 
enzymatic cascades.  The compartmentalization of enzymatic cascades is an essential trait 
within biological systems, functioning to concentrate components of the cascade while 
promoting the efficient conversion of substrate and reactant intermediates. Efforts in this aim 
will investigate microfluidic systems for the compartmentalization of VLP-patterned enzymatic 
cascades. 
 
Progress: 

The ability to bio-print both TMV scaffolds as well as enzymes and cross-linkers as means 
to control the on-chip compartmentalization of these reagents at the microscale level was the 
main focus of this objective. To achieve this goal a fully automated, programmable 3D electro-
bio-printer was developed by revising a standard fused-deposition modeling (FDM) 3-D printer 
(Anycubic kossel delta), with custom-designed bio-ink cartridges and liquid extrusion nozzles. 
As shown in Figure 11a the printer is compatible with a standard 4-inch wafers where 
microfluidic devices will be fabricated and can be installed with 2-3 nozzles/cartridges at a time 
to implement sequential molecular on-chip assemblies that incorporate cycles of “print-incubate-
rinse-print-incubate” - needed for sequential on-chip conjugation of the TMV-VLP and enzymes. 
Figure 11b shows the custom syringe-based nozzles integrated with lead screw connected to a 
stepper motor. This can dispense bio-ink volumes in 10-100 nL range per printing, determined 
based on the lead screw control and syringe volume, and repeat “extrude-retract” for an 
integrated rinsing procedure between each assembly steps.  
 
This “print-assembly” approach was directed onto micropillar (µPA) electrodes created by 
negative photoresist (NR-9 1500py) and deep reactive ion etching. This was followed by surface 
passivation with 500 nm PECVD SiO2 at 300 C, and completed with sputter deposition of Cr (30 
nm)/Au (120 nm). Print-assembly onto these µPA electrodes involved EBP of TMV1cys 
nanorods directly onto the gold coated electrodes followed by successive introductions of cross-
linker maleimide-PEG11-biotin and glucose oxidase–streptavidin (GOx-STR) (Figure. 12). 
Results demonstrated the uniform coating of TMV1cys and conjugated GOx enzyme along the 
length of the µPAs with a 2.2-fold higher colorimetric response in comparison to controls. These 

Figure 10. Chip based split GFP chimeric nanorod assembly system. Split GFP
system, top chip assembled with all components necessary for fluorescence;
bottom chip assembledminus the D77K-GFP11 component.
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findings indicate that the TMV1cys and the print-assembly crosslinking chemistry was effective 
for improved enzyme immobilization. 
	

As a step toward understanding the power performance of the Au/TMV1cys/CL/GOx 
electrodes in this study, the impact of TMV1cys self-assembly on planar Au electrodes was 
investigated for its charge transfer kinetics using cyclic voltammetry (CV:scan range: -0.1 - 0.6 
V vs. Ag/AgCl, scan rate: 100mV/s). Figure 13 shows top-down SEM images of the Au 
electrodes with different densities of TMV1cys particles, achieved by using different TMV1cys 
solution concentrations in the self-assembly step. Figure 13b and 13c show the cyclic 
voltammograms at different TMV1cys surface densities and the electrode charge transfer-
associated parameters, respectively. The correspondence of both the incremental peak potential 
separations and the decrease in current peak intensities, at the same scan rate (100 mV/s), to the 
surface density implies a decrease in electrode kinetics; the rate of electron transfer at the 

Figure 11. Wafer-scale multi-nozzle 3-D electro-bio-printer with designated graphical user
interface. (a) Both the sample stage/aligner and the bio-ink cartridge holder have been custom-
designed using a CAD software and 3-D printed using FDM technology. (b) A standard syringe
and nozzles used for bioprinters have been integrated with a linear motor actuated lead screw to
enable controlled-extrusion of liquid samples/bio-inks. (c) The MATLAB-based GUI allows
programming of the printing process including print, retract, and rinse operations with
parameters including print volume, patterns, sequence and location

Figure 12. Illustration of the 3D-EBP incorporated bioconjugation process on Au-
coated Si µPAelectrodes.
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electrodes is likely reduced due to the surface passivation with TMV1cys. The range of the peak 
separations and the comparable levels between the oxidation and reduction peak intensities imply 
that the charge transfer reaction is in a quasi-reversible regime, indicating that the resulting 
currents are predominately governed by the rate of electron transfer rather than a diffusion-
limited process [7]. Compared to previous studies, using smaller organo-thiol molecules for 
formation of self-assembled monolayers (SAM) of organic molecules, this result indicates that 
there are “pin-holes” between the assembled TMV1cys particles or via the central channels of 
TMV1cys, allowing redox species to access the electrode surface for reactions, In contrast, 
complete coverage achieved using the smaller thiol molecules results in no electrochemical 
current response [8, 9]. Combined these findings suggest that the tube-like structure of the TMV 
rod provides a unique nano-structure for redox transport. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Impact of TMV1cys self-assembly on electrode kinetics: (a) Top-down SEM images of Au

electrodes with different densities of self-assembled TMV1cys particles (scale bar: 5μm, the images are

taken after electroless Ni coating). (b) Cyclic voltammograms acquired from the four different electrodes

in 1 mM Fe(CN)6
3-/4-solution in 1X PBS (pH7) and (c) analysis of the change in peak potential separation

and oxidation peak current density showing shift in electrode kinetics from a diffusion-limited to a rate-

determined process (n=3).
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